DTU Mec hanical Engineering
Department of Mechanical Engineering
o

oo
o

Solder flux chemistry and climatic
reliability of electronics: optimization of
flux chemistry for robust performance

Feng Li

PhD Thesis






Technical University of Denmark DTU
=

o>
>

Solder flux chemistry and climatic reliability of electronics

Optimization of flux chemistry for robust performance

PhD Thesis
Feng Li

DTU Mechanical Engineering
Department of Mechanical Engineering







Solder flux chemistry and climatic reliability of electronics

Optimization of flux chemistry for robust performance

PhD Thesis

by
Feng Li

April 2021

Supervisors:
Professor Rajan Ambat

Senior Scientist Morten Stendahl Jellesen

Section of Materials and Surface Engineering
Department of Mechanical Engineering
Technical University of Denmark (DTU)
Produktionstorvet 425

DK-2800, Kgs. Lyngby, Denmark






To see the world

Things dangerous to come to

To see behind walls

Draw closer

To find each other

And to feel

That is the purpose of life

----The Secret Life of Walter Mitty
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ABSTRACT |

Corrosion reliability of electronic devices has become a significant issue today due to the growing
trend towards miniaturization, wide spread use, and issues such as cleanliness of the printed
circuit board assembly (PCBA). Today, 70-80% of the electronic devices are manufactured using
no-clean solder flux, which leave flux residue on printed circuit board assemblies (PCBAs). No-
clean flux residues are hygroscopic; thereby assisting water film formation on the PCBA surface
under humid conditions. Water film connecting between biased points on a PCBA surface can
result in electrochemical failure modes such as leakage current failures due to parasitic circuit

formation and electrochemical migration (ECM).

The motivation of this PhD project is to obtain a deeper understanding of the impact of flux
chemistry in general and particularly the activator chemistry on the solderability and climatic
reliability of electronics with an aim to develop better flux formulation satisfying both aspects. The
no-clean flux chemistry used today introduce different types of flux residues as localized and
potentially corrosive contamination on the PCBA after the soldering process. Some of these
residues are highly harmful from the humidity point of view due to their difference in the
hygroscopic and ionic nature. The main objective of this work is to characterize and optimize flux
formulations by identifying new flux activator compounds or combinations, characterizing the
feasibility of new activator compounds for soldering, and evaluating the climatic reliability of
PCBAs produced by wave soldering process as well as reflow soldering process. Work has also
focused on the corrosion mechanism of Sn-Ag-Cu (SAC) solder alloys and the impact of the flux
residue on the protection performance of conformal coatings, which aims to provide a systematic

understanding of the protective performance.

Chapter 1 provides a brief introduction of the climatic reliability issues of the electronics and scope
of the PhD thesis. Chapter 2 reviews the humidity interaction on a PCBA surface, contamination
(flux residue), and conformal coating, which provide a full picture of humidity impact on electronic
devices. Further, the corrosion failure mode of powered electronic devices, literature on potential
flux activator candidates, and the evaluation methods and techniques for this project was
summarized. Chapter 3 provides a summary of the materials and testing methods used in the

PhD project.

Research work carried out in this thesis has summarized in 6 journal papers listed from Chapter
4-9, which are published or intended for journal publication. Chapter 4 investigated the corrosion

mechanism of five types of SAC solder alloys with Ni, Sb, Bi alloying additives. Chapter 5-7
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investigated the solderability and humidity robustness when using alkanolamines, amino acids
and dicarboxylic acids with amine additives as flux activator in wave solder flux. Chapter 8
investigated the impact of the different types of flux activators on the climatic reliability of surface-
mount devices specially focusing on reflow-soldering process and residue. Chapter 9 focused on
the impact of the flux residue on the protection performance of 3 types of conformal coatings.
Finally, Chapter 10 provides an overall discussion based on the research outcome and Chapter
11 shows the conclusions from the present work and further perspectives in this field.

Overall, investigations showed better humidity performance and solderability when using amino
acid and blend WOA-amine activators in the flux formulation. The combined results from the
investigations show that the solderability of flux activator depend upon the strength of the carboxyl
and amino groups under soldering temperature, while the humidity robustness of the flux residue
depend upon the interaction or reaction between water, dicarboxylic acids, and amines.
Glutamine as amino acid candidate provides good wetting properties and humidity robustness in
comparison with dicarboxylic acids presently used in commercialized flux chemistry.
Diethanolamine and triethanolamine are not feasible from the humidity point of view because of
their hydrophilic character due to the hydroxyl group and strong protonation behavior of amino
group, while 0.2 wt.% tripropylamine and naphthyamine additives were shown to significantly

improve the humidity robustness of succinic acid based wave solder flux.

For the conformal coating investigation, performance depends upon the level of cleanliness of the
PCB and chemistry of flux residue. The presence of highly hygroscopic flux residue increased
moisture absorption to the conformal coating, delamination, and failure. The increased adhesion
of the elastomeric acrylate coating was shown to be a key parameter explaining better

performance even on highly flux contaminated PCB.

Corrosion reliability investigation of SAC solder alloys showed that the corrosion behavior
primarily depends upon the distribution homogeneity of the AgsSn intermetallic compounds. For
InnoLot alloy, Bi additive acted as cathode and form micro-galvanic corrosion cell with Sn/Sb solid

solution and Sb additive reduced the corrosion current density.



RESUME |V

Klimatisk palidelighed af elektronik er blevet et vaesentligt problem i dag pa grund af den voksende
tendens mod miniaturisering, udbredt anvendelse og at sikre renhed af feerdig producerede
printkort. | dag er 70-80% af printkort fremstillet ved hjeelp af sakaldt "no-clean” loddesystemer,
som vil efterlade flusrester pa printkort. S&danne flusrester kan veere hygroskopiske og derved
@ge risiko for dannelse af vandfilm pa printkort under fugtige forhold. En sadan dannet vandfilm
kan danne elektrolytisk forbindelse mellem forskellige metalliske elementer pa printkortet, hvilket

kan resultere i korrosion, laekstramme og elektrokemisk migration.

Motivationen for dette ph.d.-projekt er at opbygge en dybere forstaelse af indflydelsen af fluskemi
generelt med fokus op effekten af aktivatiorer pa loddeevne og klimatisk palidelighed. Pa sigt kan
der udvikles optimerede flus systemer der bade sikrer loddevne og har minimal effekt safremt der
dannes vandfilm pa printkort overfladen. Den “no-clean” flusteknologi, der anvendes i dag,
efterlader forskellige typer flusrester efter loddeprocessen. Nogle af disse rester er meget
skadelige pa grund af deres hygroskopiske og ledningsevnebzaerende egenskaber. Hovedformalet
med projektet er at optimere flusformuleringen ved at identificere nye flusaktivatorforbindelser
eller kombinationer, og karakterisere disse lodningegenskaber samt at evaluere den klimatiske
palidelighed af printkort produceret ved bglgelodningsproces samt reflow-lodningsproces.
Arbejdet fokuserer ogsd pa korrosionsmekanismen af Sn-Ag-Cu (SAC) lodde-legeringer og

indflydelsen af flusrester pa beskyttelsesevnen for laksystemer.

Kapitel 1 giver en kort introduktion af de klimatiske palidelighedsspgrgsmal reevante for
elektronikken samt en afgreensning af ph.d.-afhandlingens omfang. Kapitel 2 gennemgar
interaktion mellem fugt og printkort, effekten af forurening (flusrester) og lak systemer. Desuden
gennemgaes korrosionsfejlstilstande samt litteratur om potentielle flusaktivator-kandidater og
evalueringsmetoder heraf. Kapitel 3 giver et resumé af de materialer og testmetoder, der

anvendes i ph.d.-projektet.

Forskningsarbejde udfart i denne afhandling er opsummeret i 6 tidsskriftsartikler fra kapitel 4-9,
som er publiceret eller beregnet til tidsskriftpublikation. Kapitel 4 undersgger
korrosionsmekanismen for fem typer af SAC lodde legeringer med Ni, Sb og Bi legeringsadditiver.
Kapitel 5-7 undersgger lodbarhed og effekter af fugt ved anvendelse af alkanolaminer, aminosyrer
og dicarboxylsyrer med amintilseetningsstoffer som flusaktivator til brug for bglgelodning. Kapitel
8 undersgger virkningen af de forskellige typer af flusaktivatorer pa den klimatiske palidelighed af

overflademonterede komponenter med specielt fokuserer pa reflow-loddeproces og flusrester.
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Kapitel 9 fokuserer pa virkningen af flusrester pa beskyttelsesevnen for 3 typer af lak systemer.
Endelig giver kapitel 10 en samlet diskussion og kapitel 11 viser konklusionerne fra det
nuveerende arbejde og yderligere perspektiver pa dette felt.

Samlet set viste undersggelser bedre fugt modstandsdygtighed og loddeevne ved anvendelse af
aminosyrer og blandede WOA-aminaktivatorer i flusformuleringen. De kombinerede resultater fra
undersggelserne viser, at lodbarheden afhsenger af styrken af carboxyl- og aminogrupperne
under loddetemperatur, mens ledningsevnen afhaenger af interaktionen eller reaktionen mellem
vand, dicarboxylsyrer og aminer. Glutamin som aminosyrekandidat giver god fugt
modstandsdygtighed og fugtstabilitet i sammenligning med dicarboxylsyrer, der anvendes i
kommercialiseret fluskemi. Diethanolamin og triethanolamin er ikke velegnede pa grund af deres
hydrofile karakter; hydroxylgruppen og den steerke protoneringsadfserd af aminogruppen, mens

0,2 veegtprocent tripropylamin og naphthyaminadditiv viste bedre egenskaber.

Til undersggelse af laksystemer fandtes en sammenhaeng mellem fugtmodstandsdygtighed og
printkortets renhed samt kemiske opbygning af tilbageveerende flusrester. Tilstedevaerelsen af
meget hygroskopiske flusrester ggede fugtabsorptionen til den lakken og resulterer i delaminering
og manglende beskyttelse. God vedheaeftning af den elastomere acrylatbelsegning klarede sig

bedst selv pa ganske hgje koncentrationer af flus forurenende printkort.

Korrosionsundersggelse af SAC-lodde legering viser, at korrosionsadfaerden primeert afheenger
af fordelingen af Ag3Sn intermetalliske forbindelser. For InnoLot-legering fungerede Bi-additiv
som katode og dannede mikro-galvanisk korrosionscelle med Sn/Sh, og det blev vist at Sb-additiv

resulterede i en reduceret korrosionsstremsteethed.
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1. Introduction

1.1. Background

Today, electronic devices are used in a variety of fields, including communication, computer,
business and retail electronics, industrial electronics, instrumentation, aerospace, military etc [1].
Electrification of vehicles is an example, which will increase the use of electronics in the
automotive industry. For lower price, high processing speed, lower energy consumption and
smaller sizes, miniaturization of electronics became the trend today with size reduction at
component level, Printed Circuit Board Assembly (PCBA) level, and device level. Design of the
component also changed over the years from leaded components to Ball Grid Assembly (BGA)
type changing the corresponding soldering process for PCBA, which significantly reduced the
pitch distance of the electrodes (layouts) on PCBA surface. Similar scenario can be seen for

passive chip components mounted PCBA that have undergone severe size reduction.

For many applications, service environment for the electronics could be very harsh, hence require
better corrosion reliability. PCBAs are inherently susceptible to corrosion when exposed to varying
humidity and temperature conditions due to multiple factors, such as base materials and
component material make up, PCBA design such as pitch distance between biased points,
contamination on the PCBA. Figure 1.1 shows a schematic of the multiple factors contributing to
the corrosion reliability of electronics. When the water film forms on the PCBA surface connecting
biased points resulting in electrochemical cell formation, ionic residues on the surface makes the
water film good electrolyte. Residues also determine the humidity boundary for failure due to their
hygroscopic nature.

’ Temperature Humidity

’ Miniaturized Materials and

pitc_h distance (- Contamination
~ & Bias voltage \

Figure 1.1 Factors affecting humidity related corrosion reliability of electronics
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Climatic factors causing corrosion in electronics are related to the varying climate conditions
during service such as day/night humidity and temperature fluctuations and seasonal changes,
precipitation levels, and atmospheric contaminations. Although, electronics parts are protected
by packaging, humidity can enter the device depending on the tightness of the packaging.

Electronic parts are usually never come in contact with large amount of water. However, under
conducive conditions, thin water film can build up on PCBA surface depending on the surrounding
humidity level, differential temperature, and ionic contamination on the surface. Although, the
exact nature of functionality issues arising from the effect of exposure conditions vary depending
on the specificity of the involved electronic part, major influence is due to the metallic parts
undergoing corrosion that leads to total electrical failure and interference on functionality. Such
failures can be intermittent or permanent depending on the existence of the conductive climatic

conditions as well as failure modes.

lonic contaminations on the PCBA acts as accelerators for the electronic corrosion [9]. The source
of ionic contamination on the PCBA can be distinguished as external contamination and intrinsic
contamination. The external contamination was induced by the service environment, including
corrosive salts, dust and corrosive gases etc, while the intrinsic contamination source was mainly
from the presence of the process-related no-clean flux residue [9]. The external contamination
source can be avoided using conformal coating, potting, and robust enclosure design. In
comparison, intrinsic no-clean flux residue contamination play a vital role on electronic corrosion.
Hence, intrinsic contamination existing on the PCBA surface is more important and controlling

this factor will increase overall inherent humidity robustness of the PCBA.

Residue on the PCBA surface can be either ionic or non-ionic in nature, although ionic residues
are more problematic from the point of view of humidity interaction. Cleanliness of materials,
components, and manufacturing processes are integrated together on a PCBA surface with
contribution from each, although the assembling process (last step) namely the automated
soldering process has significantly higher contribution. This has direct connection to the use of
no-clean flux because the removal of flux residue during the soldering process solely depends on
the kinetics of the thermal decomposition process, which is never complete due to variations in

the temperature profile and short exposure time at higher temperatures.

No-clean flux with WOA activators has been occupied 70-80% of the market [12][16] due to the
trend of halogen-free and the elimination of volatile organic cleaning agents [13]. WOAs like linear

dicarboxylic acids, namely: glutaric acid, succinic acid, and adipic acid etc., were used as
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activators in the formulation of commercial solder fluxes [13] today. The WOA flux activators in
flux residue can cause corrosion of electronic system due to the interaction of humidity,
temperature and applied voltage [22]. The WOA activator is hygroscopic in nature [23], which
results in reduction of humidity level required for condensed water film formation. The WOA flux
activators are water soluble [6]. Consequently, the ionization of carboxyl group of WOA increases
the conductivity of the condensed water on the PCB surface, which accelerated the high leakage
current and ECM failures under voltage bias loading [6]. With higher temperature exposure, the
solubility of WOA in water increased, which will increase the risk of the corrosion and decline the

robustness of electronic devices.

The art of the no-clean flux aims at decomposing or evaporating the solid content in the flux after
soldering process to obtain PCB assemblies with minimal flux residue or residue-free surface [6].
However, in reality the manufacturing process conditions are not able to eliminate the presence
of flux residues formed through wave soldering process, selective wave soldering process, rework
& repair process, and reflow soldering process [17]. In general, PCBAs produced due to reflow
soldering process provided better corrosion performance than the other soldering process due to
the special morphology of the residue, however, corrosion failures can occur over extended period
of exposure to humidity [21]. Sometime, PCBAs are protected from humidity using the conformal
coating. However, protection performance of the conformal coatings also depends upon the
cleanliness of the PCBA surface, type of residue present, and compatibility between coating
material and residue. Presence of ionic residues between the PCBA board and conformal coating
results in delamination of the coating, water film build up, and corrosion related failures, while the

humidity boundary for failures depends on the chemistry of the residue.

1.2. Scope of the thesis

The main objective of this PhD project is to build deep understanding on the flux chemistry effect
on humidity related reliability issues of electronics with an aim to develop knowledge that can be
used for making robust flux systems satisfying both climatic reliability requirements and
solderability. Part of the PhD work was focused on investigations about new flux activators based
on Amines and Amino acid systems individually or together with presently used Weak Organic
Activators (WOASs). Overall objective was to develop feasible methods for making optimized flux
formulations better than the one existing today. For flux activator investigations, focus was on
liquid flux systems used for wave soldering process. Effect of flux residue from reflow soldering
process was also investigated as a function activator chemistry and PCBA design effects on

humidity related reliability. Many solder alloy powders are used in flux formulations, which will
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have varying effects on corrosion reliability. Corrosion effects of various solder alloys chemistry
was investigated by correlating microstructure, electrochemical behavior, and effects on humidity
related reliability aspects. Finally the effect of flux residue on the performance of conformal
coating was investigated in detail for 3 different types of conformal coating namely acrylated
polyurethane, silicone rubber, and elastomeric acrylate. The focus different investigations carried
out in this thesis are the as following:

e Influence of Ni, Bi, and Sb additives on the microstructure and the corrosion

behavior of Sh—Ag—Cu solder alloys

This work was aim to investigate the influence of the Ni, Sb, and Bi additives on the
microstructure and corrosion properties of SAC alloy under DC loading. The ECM susceptibility
of SAC alloys were correlated to the micro-galvanic corrosion mechanism by electrochemical
methods and microstructural investigations.

¢ Alkanolamines as activators in no-clean flux systems: investigation of humidity
robustness and solderability

This work focused on comprehensive understanding of the performance of alkanolamines as
potential activators for the flux system with detailed analysis of their behavior under humid
conditions using electrochemical methods, while the solderability effect was investigated using
wetting force measurements and hot plate spreading tests. Properties of alkanolamines were
compared with with typical WOA activators used today.

e Amino acids as activators for wave solder flux systems: Investigation of solderability
and humidity effects

This work focused on understanding the humidity robustness of four amino acids as flux
activators, while the humidity effects and solderability of these activators are compared with
commercial WOA flux activators.

e Comparative study of tripropylamine and naphthylamine as additives in wave solder
flux: investigation of solderability and humidity effect

Tripropylamine and naphthyamine were investigated as representative materials for alkyl-amine
and aromatic amine. This study systematically investigated the function of these amine additives
in WOA activator based flux formulation under wave soldering condition and the effect of flux
residue on humidity robustness of PCBA.

o Effect of reflow process related flux residue on the climatic reliability of surface-mount

electronic devices
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This work investigated the effect of activators in reflow flux paste on humidity related reliability
issues. Work focused on the evolution of flux residue under humidity exposure, and how the
release of activator can cause reliability issues. The role of flux residue spreading and
component stand-off height on the climatic reliability of PCBA were investigated using
electrochemical impedance spectroscopy.

¢ Influence of no-clean solder flux residue on the corrosion protection of conformal
coating used in electronics

This investigation focused on the effect of the flux residue on the moisture barrier properties and
adhesion properties of conformal coating on PCBA surface. Electrochemical impedance
spectroscopy and leakage current testing were used to monitor the water interaction on the
coatings during climatic exposure in relation with the ECM susceptibility of coated PCBA.

1.3. Structure of the thesis

Topic: Solder flux chemistry and climatic reliability of electronics:

optimization of flux chemistry for robust performance

L

Chapter 8 Chapter 9
Effect of flux activator Performance of
in reflow solder paste conformal coating on
on the corrosion the corrosion protection
reliability of electronics of PCBAs

Chapter 4 Solderability and
Corrosion reliability of humidity robustness of
lead free SAC solder novel wave flux
alloys chemistry formulation

Chapter 5 Chapter 6 Chapter 7

Alkyl-ami d ti
yl-amine and aromatic Amino acid

. amine additives .
activators _— in activator packaggrs/_/.f- activators

Chapter 10 Overall discussion
Chapter 11 Overall conclusions and further perspectives

Figure 1.2 Bird view diagram showing structure of the PhD thesis.

Alkanol-amine

Bird view diagram of the PhD thesis is shown in Figure 1.2, which consists of 11 chapters.

Chapter 1 provides the overall introduction to the topic and scope of the thesis. Chapter 2 provide
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detailed background, literature analysis connected to the PhD topic, and discussion of
mechanisms related to electrochemical failure modes. Chapter 3 summarizes the materials and
experimental used as part of various investigations. Outcome of the research activities are
presented as manuscripts published or intended for publication in Journal. Chapter 4-9 cover this.
Chapter 4 presents the investigation of the corrosion of solder alloys. Investigation of different flux
activators effect on humidity robustness and solderability are presented in Chapter 5-7. Chapter
9 presents the investigation on reflow flux residue and humidity effect, while chapter 10 present
the influence of the flux residue on the protection performance of conformal coatings. Finally,
chapter 10 provides the overall discussion on the work and chapter 11 demonstrates the

conclusions and further perspectives.
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2. Literature review

The corrosion reliability of electronics is attributed to the interaction of humidity and other
atmospheric contaminants with parts of the devices under application environment. Among
various components of environmental conditions, humidity plays a big role as in most cases
electronics systems are enclosed, therefore to a large extent filter the particulate contaminations.
PCBA is the most important part of an electronic device, and there are several inherent factors of
the PCBA will influence humidity related reliability issues. lonic contamination one of the key dues
to its influence on the water fill formation and effects on its electrolytic properties. The
contamination such as flux residue with WOA on the PCBA usually is in hygroscopic and ionic
nature, which is able to accelerate the water condensation and increasing the corrosivity by
dissolution. As result, the corrosion related failure such as electrochemical migration, conductive

anodic filament or galvanic corrosion were accelerated on the PCBA under humid conditions.

2.1. Humidity and dew point

Water molecule is a polar molecule and presents as liquid phase under ambient temperature and
pressure. It contains two O-H bonds where the angle in between is 140.45°. The oxygen atom in
the molecule is electronegative, therefore, the oxygen atom has negative charge and hydrogen
atoms possess positive charge. The dipole between hydrogen and oxygen atoms induced
attraction is known as hydrogen bond. The strong hydrogen bonds in water molecule provide the

cohesion between water, other polar molecules, and surfaces.

Water vapour present in the atmosphere as an important trace component, and the volume
fraction in the ambient air is in a range of 0.4 — 1.0%. The concentration of water vapour in the air
is called humidity. Absolute humidity (AH) measures the grams of water vapour in dry air, which
depends on the temperature as hot air can hold more water. The AH value is the mass of the
water vapour (my,o) over the total volume of the air and water vapour mixture (Vatomsphere) @S
shown in Equation 2.1. Equation 2.2 shows that the relative humidity (RH) is the percentage
ratio of partial pressure of the water vapour (py,o) to the equilibrium saturated vapour pressure
of the water (Pequiiprium) at a particular temperature. The Mollier diagram is a graphic
demonstration of the relative humidity, temperature and the enthalpy as shown in Figure 2.1,
which shows that the vapour pressure of water in the air depends on temperature with higher
temperature can carry more water content. Therefore, saturation level of vapor pressure
increases with temperature; hence, vapor pressure corresponds to a particular RH level at low

temperature results, lower vapor pressure and RH at high temperature. Curve corresponding to
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100% RH is corresponds to the dew point under various temperature, where the air cannot hold
more water vapour and hence form liquid water on cooled surface. In the temperature range
between - 45°C and 60°C, the dew point can be approximately calculated using Magnus formula
(Equation 2.3) with an accuracy of +0.35°C, where Ty, is dew point temperature in degree

Celsius, T is ambient temperature in degree Celsius, and RH is relative humidity.

/7’74/ / 30
.Y
v

5
/o
G
[
-
/*5

VA
%\

25

\ .
X

&
™~

o
5
9.

o S

@
=1
<
’00
)
(=7
@

\ \/\\ AL
N :

O,
3

N

gm Water/gm ol Dry Air

7 LS

N

2 N%
\>G

RN
A

%/
T\

0 25 30 35 40 45 50 55
Temperature (°C)

Figure 2.1 Psychrometric chart (Mollier diagram) at 1 atm total pressure, adapted from [1].

AH = —H20 Equation 2.1
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RH = —PH22 _ x 100 Equation 2.2
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2.2. Humidity interaction with PCBAs

Figure 2.2 shows various ways of interaction between water vapour and amorphous solid objects
includes surface interaction, condensed water, and internalized water, which in total sub-divided
into five water-solid interactions modes namely adsorption, deliguescence, capillary condensation,
absorption and crystal hydrate formation [2]. Electronic devices consist of PCBAs, coating
materials, potting materials, and enclosure with a variety of polymers, metals/alloys, ceramics,
and other chemicals [3][4]. Practically, the humidity related failures are related to relative humidity

due to the dew point induced water layer formation between electrodes with bias voltage [5]. The
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water-solid interaction modes are dependent on the materials, chemicals, design of PCBAs as
well as the exposed climate, which may induce parasitic circuit on the surfaces and interfaces
once substantial level of water film forms, hence possibly interfere the function of electronic
devices [6][5]. Moreover, since many types of metals and alloys, for example: copper, tin,
aluminum, silver, nickel, and gold etc., used in the electronics for packaging and functioning
perspective, condensation of water triggered the formation corrosion cell on the PCBAs and lead
to corrosion related failure of electronics [7][8][9]. Therefore, the understanding of the humidity

interaction with different materials and surfaces used for electronics is important.

Water-solid
interactions
Surface :
interaction Condensed water Internalized water
: ; Capillary y
Adsorption Deliquescence condenainas Absorption Crystal hydrate

Figure 2.2 Summary chart of water-solid interaction, adapted from [2].

2.2.1. Humidity interaction with clean surface of PCBAs

Water adsorption

The water activity can be expressed as the equilibrium RH of the atmosphere surrounding the
solid objects. In practice, the water-solid interactions between humidity and surface of PCBAs
include adsorption and water condensation. The water adsorption behavior of PCBAs surface is
related to surface energy and water activity, whereas the condensation is related to exposed

climate, temperature changes, and hygroscopic nature of the surface.

For the water adsorption, many types of semi-empirical isotherm models were used to estimate
the water activity on the solid surface, such as the Brunauer Emmett-Teller (BET) equation, the
Guggenheim-Abserson-de Boer (GAB) model, the Halsey model, the Henderson model, the
Iglesias-Chirife model, the Langmuir Equation, the Oswin model, , the Peleg model, and the Smith
model [10]. Particularly, BET equation is preferred since the fundamental assumption of Langmuir
equation do not hold to estimate the first water monolayer adsorption [11][12]. Figure 2.3 shows
the physical model of BET equation (Equation 2.4), where N represents the number of the water

manolayers formed on the surface of PCBAs, the RH represents the relative humidity in the scale
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of 0-1, Eo represents the energy of water bounding to the surface, E is the energy of water

evaporation [5].

Gold Bond Wire

Al Bond Pad PSG

Water layers

Figure 2.3 The interference of moisture to the surface of PCBA and BET model of multilayer adsorption,
adapted from [12].

Eo-E
K
N = (RH)e &7 ¢ Equation 2.4

(1-RH)[1+(RH)(e kT -1)

For the laminate polymer materials with moderate surface energy, E is equal to Eo. Therefore, the

equation can be expressed to Equation 2.5.

N = RH Equation 2.5
1-RH

For the ceramics and metals materials in PCBAs with high surface energy, the E, is much larger

than E. Therefore, the equation can be simplified to Equation 2.6.

RH
1-RH

N =

+ 1 Equation 2.6

Compared to the moderate laminate polymer materials (regular surface), the hydrophilic materials
(high energy surface) always adsorb one more layer over the low humidity range before saturation,

as shown in Figure 2.4 [5].
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Figure 2.4 BET equation simulated number of water monolayers as function of relative humidity, adapted
from [5].

Water condensation

At equilibrium RH level, water vapour in atmosphere condenses on cold surface at temperature
below the dew point. The water film formation is dependent on the temperature difference
between atmosphere and surface of PCBAs [13][14], surface chemistry [15] and surface

morphology [15].

Figure 2.5 shows the temperature difference on the PCBA surface with ambient condition is kept
at 25°C, while the surface is cooled down below this temperature. Water condensation took place
on the surface of PCBAs at 18°C and more pronounced at 17°C under the exposed climate of 25°C,
60% RH. No significant droplet formed at 19°C and 22°C, because the temperature was higher than
the dew point corresponding to 25°C, 60% RH. Results agrees with the psychrometric chart shown
in Figure 2.1, where the humidity levels are 90% RH and 100 % RH at 19°C and 17°C respectively
[13]. It is found that the water formed as droplet on the surface of PCBASs, as shown in Figure 2.5.

The appearance of the water droplets will depend on the wettability on the surface of PCBAs.
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Figure 2.5 Temperature effect on water condensation of PCBAs, adapted from [13].

The wettability can be evaluated by measuring the contact angle of water droplet and the
solid/liquid interfacial free energy. Figure 2.6 shows that the contact angle of droplet below 90°
means the hydrophilic behavior of the surface and promising wetting, whereas the contact angle
of droplet higher than 90° means hydrophobic behavior and poor wettability. The interfacial
tension of the liquid and smooth surface of solid can be calculated using Young’s equation
(Equation 2.7), where 6 is contact angle, y,, is the sold surface tension, the y,; indicates the
interfacial tension between solid and liquid, the y;,, indicates the liquid surface tension [16]. Since
the liquid is condensed water in all humidity interaction with the surface of PCBAs, the surface of
PCBAs is the only thing that affect the appearance of water droplet under the same exposed
climate. Due to the fact that the surface roughness is one of the key factors influencing the surface
energy, many work was published regarding to the generalization of Young’'s equation for
homogeneous and rough substrate [17][18].

Ysv = ¥s1 + Yiwcos8 Equation 2.7

<900 B> 80°

8 =490°
Vil

Figure 2.6 Three types of interfacial tensions between liquid and solid surface, adapted from [16].
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Piotrowska et al. investigated the water layer formation on solder masks with various surface
energy [15]. Figure 2.7 shows the surface energy of solder mask B is much higher (showing lower
contact angle) than solder mask C. Figure 2.8 shows that the surface roughness of solder mask
B is higher than solder mask C, however they have the same chemical composition. The water
condensation in Figure 2.9 shows that the water spreading and bridging tendency of solder mask
B is much higher than solder mask B under the same climate exposure. Therefore, a smooth
surface is preferred to avoid water connection between charged electrodes. On the other hand,
the surface energy also influenced by the surface chemistry. The hydrophobic SiO, contained
solder mask D possessed the lowest surface energy as shown in Figure 2.7, even though
obtained a high surface roughness as shown in Figure 2.8. Small differences in condensation
time and water droplet formation without bridging has impact on humidity effects on electronics
because the condensation occurs as transient events, therefore only limited amount of water
exists for a limited time interval. The leakage current would be small if the interconnection of
condensation droplets can be avoided as shown in Figure 2.9(d)(e), and hence the humidity

robustness of the PCBA can be improved.

95 =

Solder Fillers SM features 90 - [
mask -
BaSO0, SiO,, N . o 85 o
: - high filler loading ©
A Mg;Sl.zOm(OH)g. f . f' d f s a 80
Mg-O:tygie - very few surface defects g
- = =
B BaSO., SiO, - h¥gh filler amount S 75+
- high amount of surface defects € 70 [ . ]
- high amount of fine filler particles 8
(& BaSO;, SiO, and low amount of larger particles & 65+ increasing
- few surface defects o o Sk ——
D Sio - low filler content = 8y energy
2 - few surface defects 55
E BaSO4, Si0,, - lqw amount of fillers 50 . 5 : 3 a8
Mg;Si40,0(OH), - high amount of surface defects

Different types of solder mask

Figure 2.7 Contact angle of water on the surface of solder masks, adapted from [15].
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Figure 2.9 Appearance of water condensation on five types of solder masks, adapted from [15].

The surface with high roughness also contains small pores as defects as shown in Figure 2.8(b),
which accelerate the capillary condensation. Capillary condensation is the water vapour below
equilibrium relative humidity adsorbed in the pores of surface due to hydrogen bond interaction
of water molecules in atmosphere and the surface of pores, as shown in Figure 2.10. The water

condensation in porous surface can be expressed using Kelvin-Laplace equation (Equation 2.8,
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Equation 2.9), where r represents the radius of maximum stably pore, p; indicates the pressure
in the liquid phase, R indicates ideal gas constant, T indicates the temperature in atmosphere.
g4 indicates the interfacial tension between atmosphere and liquid, v; indicates the molar volume
of liquid [19]. The size of the water condensed pore is proportional to the RH level in atmosphere.
Therefore, the humidity robustness of PCBAs can be improved by adjusting the surface chemistry
and surface morphology.

r= 2014V 1
~ In(RH)XRT In(RH)

Equation 2.8

RTIn(RH
_ RTQRH)

” — In(RH) Equation 2.9
l

b =

Empty pores B Water filled pores
50% RH 81% RH 95% RH 99% RH

Figure 2.10 Capillary condensation in the pores under various RH value, adapted from [19].

2.2.2. Humidity interaction with contamination on PCBAs

Contamination on PCBAs

Figure 2.11 shows the list of contaminations expected on a PCBA surface from service and
manufacturing processes and their origins [20][21]. The contamination from service environment
depend on the place of exposure and enclosure design of the device, which determine the
openings for the contaminations entered through. The contamination includes ionic airborne

particles like salt, dust and dirt [22], sea salt aerosols [23], aggressive gases [21][22]. The
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elemental composition of ionic particles usually contains chloride, sodium, sulphur, ammonium,
calcium, magnesium etc [24]. Many of those particles are in ionic and hygroscopic nature, which
reduce the relative humidity to condensation below equilibrium RH. For instance, the critical
relative humidity for sodium chloride and ammonium nitrite is 75% RH and 65% RH respectively,
therefore water film can build up above this humidity level due to deliquescence. Aggressive
gases include SO,, NOy, or HS etc [21], which are corrosive to metals or alloys under humid
conditions, while they dissolve into the water film forming aggressive acidic species.

Forms corrosion cells
Dissolve residues

Particles with
aggressive ions
e.g. Cl, NH/*,S0,2%

Service related
contamination

Gaseous compounds
e.g. SO,, Cl,, NO,, CO,

Hygroscopic residues
e.g. salts, dust

Contamination e’

PCB substrate
e.g. curing agent
surfactant

chemicals
e.g. chromic acids,

Process related sulfuric acids, florides
contamination

Human handling
e.g. chloride, amino
acids, oils

Flux compounds
e.g. orgainic acids,
halide, polyglyclols

Figure 2.11 Types contamination on PCBAs from service conditions and production process, adapted
from [20].

Another contamination source of the PCBA was the manufacturing process, which is most

important for humidity related reliability issues of electronics. The contamination may come from
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the bare board and component manufacturing, such as flame-proofing additives leach from
insulator material [21][22], chemicals from etching and plating process [20][21][22][25], finger oil
and salt from handling [26], which could be optimized by robust material selection. Nowadays,
the most problematic contamination is the PCBA was from assembling process, which is due to
the no-clean flux residue spreading around or trapping beneath the low stand-off height
component on the PCBAs[21][20]. No-clean flux has been occupied 70-80% of electronic industry
[27][28] due to the elimination of cleaning steps in electronic manufacturing, which aims at
controlling the utility of the volatile organic cleaning agents and eliminate the pollutant in water
[29]. The no-clean flux residue mainly comes from the liquid wave solder flux and reflow solder

flux in the solder paste formulation.

Wave solder flux

No-clean wave solder flux is broadly used in the through-hole electronic manufacturing technique.
The flux was applied on the bottom side of the PCBA before going through wave soldering process.
During wave soldering process oxidation layer and other contaminant on the metal connections
from components and the pads of PCBAs was removed by solder flux [30]. The wave solder flux
acts as a media transfer the heat to joint area and properly wet the surface of joint area. During
the soldering process, the wave solder flux is able to protect the joint area from re-oxidation,
reduce the surface tension, and improve the wetting of melted solder alloy until the solder alloy
re-solidifies [31].

Wave solder flux is a combination of solvent (alcohol, esters, water etc.), vehicles (rosin, resin),
activators (carboxylic acid, amino acid etc.), surfactant, and other additives (thermal stabilizers,
corrosion inhibitors etc.) [31][32]. Solvent in flux acts as a carrier to dissolve and dispense other
agents. Activators in flux is to remove oxidation layer of metal. Surfactant is aim to reduce the

surface tension and enhance the wetting properties during soldering process [31].

The application of no-clean wave solder flux aims to evaporate or decompose the flux substances
at soldering temperature. However, acidic flux residue was also observed on PCBAs as the red
colour region using pH indicator gel in Figure 2.12 [33], and reported aggressive to corrosion of
electronics [34]. The acidic flux residue contains one or several weak organic acid (WOA) flux
activators, such as adipic acid, succinic acid, glutaric acid etc., which possessed the boiling
temperature in arrange from 235 °C-337.5°C [29]. In practice, the soldering temperature is usually
set between 230°C and 250°C to avoid the damage of components on PCBA [35][36], which is

not able to decompose or evaporate the flux activators [37]. The flux residue on PCBAs was also
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effected by the type and amount of flux applied [33], local temperature on PCBAs during soldering
[33], soldering environment (eg. N2, Ar gases) [37], and the configuration of PCBAs (eg. via holes)
[33][38]. Therefore, significant amount of WOA residue was detected on the PCBA, which could
as high as 687.33 ug/in? (106.54 ug/cn?) [39].

1 E33
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Figure 2.12 Acid indicator presents in red colour at the region with flux residue on the wave soldered
PCBAs, adapted from [33].

Reflow flux residue

The reflow solder paste is widely used in surface-mount technology, which allows the small
components to be directly mounted onto the surface of PCBAs. The reflow solder paste is a
blended mixture of solder flux and powders of solder alloys, which contains resins, activators,
solvents, rheological additives, and lead-free solder powders [40]. Flux activators used in reflow
solder paste include 4 categories, which are organic acids, organic amines, organic halogen
compounds, and organic halide salts [40]. Urethane resin, acrylic resin, and styrene-maleic acid
resin etc. are the types of the commercial used resin base material for synthetic resin in the reflow
flux formulation [41], which can be modified with organic acid such as abietic acid etc. [40] to
obtain the function of the conventional natural rosin. During the reflow soldering process, the
activator part removes the oxide film on the metal contacts to ensure the solderability of melted
solder alloy. After reflow soldering process, the reflow flux residue can be distinguished as
spreading around and trapping beneath the components [39][42]. The art of the reflow flux residue

is to encapsulate the corrosive flux activator by the film of resin/rosin part.

Humidity interaction with the flux residue

Figure 2.13 shows the water interaction of various WOAs at 80% RH in the reduction temperature
from 25°C to 20°C, where the water condensation is the most pronounced in glutaric acid
contaminated surface. Water condensation was also observed on succinic acid contaminated

surface, whereas the adipic acid contaminated surface did not show any water droplet. Results
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indicates the hygroscopic nature of WOAs flux residue interfere the water interaction with the
surface of PCBAs. Therefore, the humidity robustness of PCBAs can be improved by the
modification of flux formulation using less hygroscopic WOA flux activator.

Figure 2.13 Water condensation on PCB before (1) and after (2) the exposure of 80% RH in the
reduction temperature from 25 °C to 20 °C, (a) clean surface, (b) 100 pg/cm? adipic acid, (c) 100 pg/cm?
succinic acid, (d) 100 pg/cm? glutaric acid, adapted from [43].

For the reflow solder flux residue, cracking and opening of film of flux residue was observed after
humidity exposure, as shown in Figure 2.14. Consequently, the WOA activators in the resin
encapsulation released to the surface of PCBA and induce the conductive electrolyte for the

corrosion [44].

Figure 2.14 Microscopic inspection on the cracking and opening of reflow flux residue, adapted from [44].
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Deliquescence of the flux residue

The water build up induced by the flux residue on PCBAs is due to deliquescence. Deliquescence
indicates the tendency of water adsorption for crystalline substances to form agueous solution at
a relative humidity [2]. Deliquescence of crystalline substances reduced the water vapour pressue
for water condensation [2]. The deliquescence interaction is expressed in Equation 2.10, where
u indicates the chemical potential for the interaction with humidity, u, indicates the standard
chemical potential, p, indicates vapour pressure, R represents ideal gas constant, T indicates the
temperature in atmosphere [2].

U =uy+RTInpy, Equation 2.10

The difference of chemical potential can be expressed by Equation 2.11, where u, indicates the
chemical potential of solid in saturated aqueous solution, u indicates the chemical potential of
solid in water, p, indicates vapour pressure for saturated aqueous solution, p, indicates vapour
pressure for water. Figure 2.15 shows the deliquescence process, where the water adsorption of
the solid started in the ambient relative humidity (RH;) below equilibrium relative humidity (RHo),
the surface of solid dissolved in to water layer and form saturated solution, the exposed solid
attracted more moisture until the solid substances completely dissolved. The chemical potential

of solid in water and solid in saturated aqueous solution are different.

us — 4 = RT In(ps/pg) Equation 2.11

Water vapor
adsorption at RH; <RHy RH; >RH,

000

Increasing RH >

Figure 2.15 Schematic of deliquescence process for water-solid interaction, adapted from [2].

The deliquescence relative humidity of the WOAs used in no-clean flux activators for PCBA
manufacturing were summarized in Table 2.1. The deliquescence point of WOA flux activators

used in PCBA were in a range from 65-99% RH. Practically, the glutaric acid and DL-malic acid
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bring the water condensation level to 78-85% RH under 25°C. However, the water condensation
only occurred at 99% RH for adipic acid and succinic acid contained flux activator at 25°C. The
water solubility of WOA flux activators exhibited in a range from 0.007 g/kg to 1440 g/kg, which
depend upon the polarity of the molecule. Finally, the flux residue on PCBA reduced the RH level
for water condensation and dissolved in the water, which formed a corrosive and conductive

electrolyte layer on PCBA.

Table 2.1 The deliquescence relative humidity of commercial WOA flux activator in PCBA was
summarized by Ambat et al. [21][45][46][47][48][49][50][51][52][53][54]

WOA activators Deliquescence RH(%) at 25°C Solubility in water (g/kg Hz0) /
temperature
WOA flux activators
Adipic acid 99.6, 299 15/15°C
Succinic acid 98, > 94, 98.8, 2 98 83.5/25°C
Glutaric acid 84, 83.5-85, 88-88.5, 89-99, 8515 1400/ 25°C
DL-malic acid 86, 78 1440/ 26°C
Oxalic acid 97.3 95.2/20°C
Maleic acid 8315 789/ 25°C
Malonic acid 65.2 736/ 20°C
Citric acid 79 1440/ 20°C
Suberic acid =90 2.43 1 25°C
Palmitic acid 0.007 / 20°C
Abietic acid

2.3. Corrosion failures in PCBA

Corrosion is an electrochemical process, which degrade the metal or alloys into metal oxides,
metal hydroxides or salts with a more chemical stable form. In electronics, WOA activator residue
on PCBA promoted the water condensation due to deliquescence, which induced the corrosion
cell formation on the PCBA surface. In consequence, different types of corrosion phenomena was
identified on the PCBAs.

2.3.1. Galvanic corrosion

Galvanic corrosion is an electrochemical process occurred in a corrosion cell with electrolyte and
two or several types of metals. The metal with higher electropotential acts as anodic material,
while the metal with lower electropotential acts as cathodic material. The difference of the
electropotential between anodic material and cathodic materials is the driving force for the

corrosion of anodic material, whereas the cathodic material was protected during the process.

Galvanic corrosion is a typical form of corrosion found in electronic devices due to a variety of
metal or alloys such as Cu, Sn, Ag, Ni, Au, Al etc. used in PCBA under water condensation or

harsh climatic exposure [55]. The galvanic corrosion usually occurred at electrical contacts or the
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multiple metal layer deposited region. Galvanic corrosion in wire bonding depends on the
electropotential difference of Al-Au and Al-Ag couples [56]. The galvanic corrosion on the PCB
with surface finish of electroless nickel/immersion gold (ENIG) depends on the types of defects.
For example, galvanic corrosion of Ni was inspected when coupled Au, which is due to the defect
or porosity of the Au layer on the surface [57][58]. However, when the defect presented on the
whole ENIG layer, the galvanic corrosion occurred on the anodic Cu [59]. The galvanic couple
also can be intermetallic compounds (IMCs) and metal, for example, the anodic CugAls or CuAl
IMCs and cathodic Cu detected in the Cu-Al wire bonding [60]. Galvanic corrosion also occurred
in the SAC solder alloys, which consist of various types of IMC phases.

SAC solder alloy and micro-galvanic corrosion

After the implementation of RoHS and WEEE legislations, SAC solder alloys became the most
prominent replacement of Pb-Sn solder alloy for PCBA manufacturing due to their near eutectic
composition, relative low melting temperature, and promising mechanical properties etc. [61][62].
The ternary phase diagram of SAC alloy was demonstrated in Figure 2.16, where the micro-
constituents in the SAC alloy include pure g-Sn phase, AgsSh and CueSns IMCs. Moon et al.
simulated the eutectic composition of SAC alloy contained 3.5 + 0.3 wt.% Ag and 0.9 £ 0.2 wt.%
Cu, which provides the eutectic melting temperature at 217.2 + 0.2°C [63]. The simulated eutectic
composition result was close to the composition of the commercialized SAC alloys such as Sn-
3Ag-0.5Cu (SAC 305) in Japan, Sn-3.8Ag-0.7Cu (SAC 387) in EU and Sn-3.9Ag-0.6Cu (SAC
396) in USA [64].

wt. % Ag

04 - y —~
0 04 08 12 16 20 24 28
Sn wt.% Cu

Figure 2.16 Ternary phase diagram of SAC alloy, adapted from [61].
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Figure 2.17 shows the poor mechanical shock performance of SAC alloys was attributed to the
formation of brittle CusSn IMC and Kirkendall voids at the interface between solder joints and Cu
trace on the PCBA [65]. Consequently, additive element with various elemental composition has
been used to improve the mechanical properties of SAC alloys. Ni was used as substitutional
element of Cu in the SAC alloy in order to prohibit the growth of CusSn and void formation [66].
Another solution to enhance the mechanical shock resistance of PCBA is using low Ag content
solder alloys [67]; however, the thermal fatigue resistance of low Ag content solder alloy was not
reliable [68]. Therefore, the third generation of solder alloys with Bi and Sb additives were
developed in order to cope with reliability of thermal cycling by introducing the solid solution and
toughening effect [67]. However, the additive in SAC alloy may form new IMCs with different
electropotential, which may influence the galvanic couplings and the corrosion properties in novel
SAC alloys.

Thickness of Cu3Sn = 33.4/27.7
Thickness of CuBSnS = 100.5/27
Thickness of whole IMC layer = {33.44100.5)/27 .5 = 4 87um

Figure 2.17 CusSn IMC and kirkendall voids formation after aging at 150°C for 100h, adapted from [65].

The corrosion behavior of SAC solder alloys was influenced by the microstructure of the solder
alloy. In SAC 305 alloy, microgalvanic couple formed by anodic 8-Sn phase and cathodic AgsSn
IMCs [69]. The corrosion performance of SAC solder alloy was influenced size and distribution of
AgsSn IMCs, which were controlled by adjusting cooling condition [69][70] or aging period [71].
Experiment design in the investigation mainly focused on two aspects. One aspect was to
investigate the solder bulk alloy using electrochemical methods, such as electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization [70] [71]. The limit of the
electrochemical methods was developed for the conventional structural materials. Investigations

reported the corrosion behavior by evaluating the passivation domain [72] and passivation current
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density [73] etc.; however, the service condition with bias loading significantly influenced the
corrosion behavior of solder alloy under humid conditions due to the breakdown of the passivation
layer at high bias voltage. Therefore, another aspect for solder alloy investigation was to introduce
bias voltage loading during the test, which includes thin electrolyte layer (TEL) test [74], water
droplet (WD) test [75], and thermal humidity bias (THB) test using industrialized testing standard
such as IEC 60068-2-14/IEC 60068-2-30 for environmental testing [76], and IPC-TM-650
2.6.3.7/IPC-TM-650 2.6.3.3 for assessing SIR and ECM performance [77][78]. The previous
investigations suggested that better corrosion resistance was obtained by the solder alloys with

fine and homogeneously distributed IMCs [71][79].

2.3.2. Electrolytic corrosion

Reduction of SIR and electrochemical migration

Surface insulation resistance (SIR) test is an IPC standard test designed for quantifying the
deleterious effect of fabrication, process or handing residues of PCBAs under humidity conditions
[80]. SIR comb pattern (test vehicle) is tested at high humidity under bias voltage loading in order
to simultaneously assess leakage current induced by ionized water films, corrosion and

electrochemical degradation.
The conductance of SIR is denoted as Gg;, which can be expressed by Equation 2.12 [81]:
Ggir = ot Equation 2.12

Where ¢ indicates the conductivity of electrolyte layer, t indicates the thickness of electrolyte. The
resistance of SIR comb pattern can be derived as Rgz = i However, the conductivity of water

is very low and the thickness of water on the surface of test vehicle is 8-10 monolayers [82].

Therefore, the effect of humidity on the clean SIR comb pattern is negligible.

The key factor of the reduction of SIR is the deliquescence and solubility of WOA residue on the
PCBA. According to Table 2.1, deliguescence occurred DL-malic acid at 75-84% RH under 25°C,
whereas the deliquescence for adpic acid occurred over 98% RH. The deliquescence result of
two WOASs agreed with the SIR testing results in Table 2.2 for the SIR of adipic acid and DL-malic
acid under various RH level and contamination level. The drop of SIR is obtained at 80% RH for
DL-malic acid and 98 for adipic acid [83].

Table 2.2 SIR response on the adipic acid and DL-malic contaminated test SIR pattern under various RH
value at 25°C with 5 V direct current (DC) loading, adapted from [83].
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Adipic acid

Humidity SIR (MQ) 25ug/cm2 SIR (MQ) 50ug/cm2 SIR (MQ) 75ug/cm2
60% RH 5209.29 3090.50 2798.48

70% RH 4945.24 2157.70 1665.36

80% RH 2865.82 1204.58 922.45

90% RH 504.23 494,56 449.64

95% RH 209.69 263.49 293.21

98% RH 157.32 133.65 194.91

99% RH 102.78 45.73 23.79

DL-malic acid

Humidity SIR (MQ) 25ug/cm?2 SIR (MQ) 50ug/cm?2 SIR (MQ) 75ug/cm?2
60% RH 2902.40 1634.53 602.40

70% RH 2587.40 303.69 39.93

80% RH 2071.03 21.12 3.18

90% RH 781.92 1.58 0.42

95% RH 151.02 0.65 0.32

98% RH 30.83 0.55 0.32

99% RH 6.62 0.52 0.28

The DL-malic acid contaminated SIR pattern shows higher leakage current and form lower SIR
than adipic acid contaminated SIR pattern, as shown in Figure 2.18(a)(b). The higher leakage
current caused short circuit failure is ECM, as shown in Figure 2.18(c)(d). The anodic material
dissolves in to electrolyte and migrates toward the cathode and deposit as a metal-hydroxide. The
metal hydroxide grows back to anode as dendrite, which can reduce the gap size or bridge two
biased electrodes. The actual reactions in the electrochemical cell depend on the local pH, as
shown in Figure 2.19. The localized pH shows red colour at cathode is alkaline, whereas the pH

shows purple colour at anode is acidic.
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Figure 2.18 Leakage current of SIR test vehicle with 100 ug/cm2 of (a) adipic acid, (b) DL-malic acid, (c)
LOM image of ECM dendrite, (d) SEM image of ECM dendrite, adapted from [84].

Figure 2.19 (a) Detection of localized pH, (b) Pourbaix diagram of Tin, adapted from [85].
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The anodic reactions for Sn in the electrolyte (pH = 6.7) can be expressed as Equation 2.13-
2.15 [74]:
Sn - Sn?* + 2e~ Equation 2.13
Sn - Sn** + 4e~ Equation 2.14
2H,0 - 0, + 4H* + 4e~ Equation 2.15

Both of the stannic ions and stannous ions present in the low pH electrolyte, and the oxidation of
stannic ions could take place due to the high potential induced by the DC loading. The oxygen
evolution may take place as well due to the dissociation of water [85]. Therefore, the local acid
environment at anode is due to formation of H*at anode with the reactions as Equation 2.16-
2.17 [74]:

Sn*t +4H,0 - Sn(OH), + 4H* Equation 2.16
Sn + 4H,0 — Sn(OH), + 4H* + 4e~ Equation 2.17
The cathodic reactions can be expressed as Equation 2.18-2.19 [85]:
0, + 2H,0 + 4e~ - 40H~ Equation 2.18
2H,0 +2e~ = H, T +20H~ Equation 2.19

Additionally, the migration of stannic ions, stannous ions, hydroxide ions, and hydrogen ions take
place in the electrolyte due to the electric filed. During the ion migration, precipitation of Sn(OH),
formed. At cathode, the localized alkaline condition could dissolve Sn(OH), to Sn(0OH)¢ 2~, the
negative charge of Sn(OH)¢ >~ migrate toward anode and react with H* in the gap to form
Sn(OH), again until bridge the two electrodes [74]. ECM was found not only in DC biased PCBAs,
but also in AC biased PCBAs [86].

Degradation of laminate and conductive anodic filament formation

The Sn-Pb alloy was phased out due to toxicity according to RoHS legislation. Sn-Ag-Cu (SAC)
solder alloy was utilized as alternative in electronic packaging. The highest peak temperature for
Sn63Pb37 solder alloy and SAC 305 alloy are 215°C and 250°C respectively [36]. The peak
soldering temperature of SAC 305 significantly exceeds the glass transition temperature of FR-4
(200°C) and interferes the cross-linking of epoxy in FR-4 due to extra thermal exposure. Therefore,
the humidity absorption was detected in the PCBAs using SAC alloys [87][88][89].
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The absorption of water in FR-4 laminate is by water diffusion in thermal interfered epoxy bulk.
The driving force of diffusion is concentration gradient. The one dimension water diffusion can be
expressed using Fickian diffusion equation (Equation 2.20) [87], where M, indicate the moisture
content at time t in the object, M, indicates the equilibrium moisture content of object, I indicates
the thickness of the object along the diffusion dimension, D represents diffusion coefficient. The
effect of temperature to diffusion coefficient D can be expressed by Arrhenius equation (Equation
2.21) [90], where D, indicates Arrhenius constant for moisture diffusivity, E; indicates activation

energy of moisture diffusivity, k indicates Boltzmann’s constant, T indicates temperature.

(0]
M _q_ 8 —D(2n+1)?n%t _
=1 Zn=0 G XP(— 5z ——) Equation 2.20

Meo
D = Dy5e¥T  Equation 2.21

Many types of failures were reported according to humidity absorption in FR-4 substrate, as
shown in Figure 2.20. For example, the water content in laminate reduces of the dielectric
constant [90][91], exacerbates the polymer degradation and delamination of FR-4 substrate
(Figure 2.20(a)) [88][92], induces differential swelling and hygroscopic stress [90], induces
interface crack (popcorn cracking) under thermal stress (Figure 2.20(b)) [90][93][94], triggers
corrosion of Cu layer [90] [95].

(C))

L14 -

Corrosion of Cu layer

L12  Polymer degradation

e st P * Gder e - . .

L1

1-5

Figure 2.20 Moisture induced failure in FR-4 laminate: (a) polymer degradation, adapted from [96]; (b)
popcorn crack at polymer-metal interface, adapted from [95].

Conductive anodic filament (CAF) is another humidity induced failure mode under DC bias voltage
loading. As the humidity interaction with laminate discussed in the previous section, the
delamination of substrate materials takes place under humidity exposure, which is the first stage

of the CAF failure. Then, two oppositely biased copper tracks are connected by the water content
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at the delaminated interface [97]. The CAF dendrite is anodic corrosion product, which grows from
anodic copper track to cathodic copper track, as shown in Figure 2.21. The CAF failure mode is
only seen in DC bias loaded PCBAs rather than alternating current (AC) bias loaded PCBAs [97].
The water soluble flux residue, mechanical stress, processing temperature, accelerated aging
temperature, humidity, and the close spacing used in the configuration design of PCBAs could
accelerate the CAF formation [98][99].

(a)

- Cathode

Figure 2.21 (a) Schematic of CAF formation, and (b) cross-section view of CAF failure in laminate,
adapted from [100].

The anodic reaction can be expressed in Equation 2.22-2.23, where the dissolution of Cu and
electrolysis of water took place. Cu ions formed copper compounds at anode, which was pushed

from anode to cathode.
Cu — Cu™* +ne~ Equation 2.22
2H,0 - 0, + 4H" + 4e~ Equation 2.23

The cathodic reaction can be expressed in Equation 2.24, where the hydrogen gas and hydroxide

ions formed as the reduction products.
2H,0 +2e~ - H, T +20H~ Equation 2.24

The mean time to failure (MTTF) indicate the average amount of time for a non-repairable device
operate before it fails. The MTTF of CAF can be expressed by Equation 2.25, where C indicates
the pre-exponential humidity factor, k is the Boltzman constant, T is the temperature in Kelvin, E,
indicates the activation energy of the laminate, L indicates the spacing of oppositely biased Cu
track, V is the applied DC voltage [99]:

Eq 4
MTTF = Cir +3.84 X 1075 Equation 2.25
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2.4. Method of corrosion control for PCBAS

2.4.1.New flux activators with better corrosion properties

The corrosion failure of the electronics was attributed to the water condensation on the PCBA,
which accelerated by the hygroscopic WOA in the flux residue. Therefore, developing new flux
activators with good humidity robustness, while possessing good solderability is important. Some
of the prospective organic molecules from this point of view are reviewed below, some of which

are used for investigating in this thesis.

Organic amine activators

Organic amine is a Brgnsted-Lowry base (accepting hydrogen from acid) and Lewis base (donate
electrons for redox reaction). The copper oxide can be removed by amine under heat conditions
by redox reaction, which can be expressed as Equation 2.26-2.27, where R represents organic

radical group.
A
3Cu0 + 2R"NH, - 2Cu + R,0 + N, + H,0 Equation 2.26

A
3Cu,0 + 2RNH, -»6Cu+ N, + R,0 + 2H,0 Equation 2.27

Shi et al. reported the attempt by using anonymous amines as activators, and obtained good
wetting properties as shown in Figure 2.22 [101]. The chemical reaction and by product can be
variant due to the different reaction conditions such as temperature and solvent media. Cu ions
are possible to form stable copper complex ligand or amine salt with amines as shown in Figure
2.23.

- AA2

AA3 AA4

Figure 2.22 Hot plate spreading testing result of anonymous amines used as flux activators, adapted
from [101].
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Generally, organic amines are classified as primary amines, secondary amines and tertiary
amines depending on the number of H replacement with hydrocarbyl groups. The strength of the
redox activity of amine depend on the activity of the lone pair in amine group. Primary amine is a
stronger base than ammonia due to the long pair in amine is pushed by the alkyl group. The
aromatic amines are less basic due to the attraction of long pair from covalent 1 bond. The general

properties of amines include [102]:

e Lone pairs of amine group is able to form hydrogen bond with water (good solubility).

e Primary and secondary amine can form hydrogen bond with themselves and other amines,
which provide a higher boiling point.

¢ Volatile amines have strong odors.

e Smaller amines are toxic by ingestion, irritating to skin and eyes.

e The reaction with water is a protonation process, and also be able to react with acid.

Figure 2.23 Example of the ligand formation between copper and amines, adapted from [101].
The screening amine candidates should follow:

e Strong lone pair in the amine group.

¢ Possible to form bidentate ligands with Cu or Cu ions.

¢ The functioning temperature and boiling is close to 250 - 255 °C (soldering temperature for
WOA activators [103])

e Halogen, halide free

Blend WOA-amine activators

Amines are used in the WOA activator based flux chemistry as additives or activator to inhibit the
corrosion and ECM [104]. The mixture of amines and WOAs as activator in the flux formulation is
aiming to form neutralized amide by acid and base reaction. While under soldering condition,
amide is expected to degrade into WOA (RCOOH) and amine (MNH,HX), and hence to remove

the oxides layer of metal surface independently [105]. The activators were expected to form amide
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again after the soldering process to provide less hygroscopic behavior. The possible reactions
can be expressed by Equation 2.28-2.31 [105], where R and M represent organic radical group,

Me represents metal :
RCOOH:MNH,HX - ROOH + MNH,HX Equation 2.28
RCOOH - ROO~ + H™ Equation 2.29
MeO + 2H* - H,0 + Me?* Equation 2.30
2MNH,HX + MeO - MNH, + MeX, + H,O0 Equation 2.31

Standardized SIR test [106] and ECM test [104] were used to evaluate the humidity robustness
of blend WOA-amine activators. Figure 2.24 shows the SIR result of blend WOA-amine activator
passed the threshold value of 100 MQ for 3 types of testing kits after simulated soldering condition
without cleaning. And ECM test in Figure 2.25 did not show any dendrite formation on blend
WOA-amine activator contaminated SIR pattern [104]. The corrosion performance of blend WOA-
amine activator package was evaluated using standardized Cu mirror test [105]. No green/blue
corrosion product was formed after test using blend WOA-amine activator contained flux (Figure
2.26(a)) in comparison with the pure WOA contained flux (Figure 2.26(b)). Therefore, blend
WOA-amine can be a suitable flux activator to obtain good wetting properties, corrosion

performance and humidity robustness.
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Figure 2.24 SIR test of anonymous blend WOA-amine activator flux, adapted from [106].
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WOA

WOA + amine

e, T

Figure 2.25 ECM investigation with WOA, WOA + corrosion inhibitor and WOA + amine, adapted from
[104].

Figure 2.26 Copper mirror test of (a) WOA based flux, (b) WOA-amine based flux, adapted from [105].

Amino acid activators

Amino acids obtained both carboxylic group and amino group in the structure, which also
generally water-soluble, mild and biodegradable [107]. According to the neutralized reaction
between carboxylic group and amino group, the pH value of some amino acids could be relatively
neutral. While under soldering conditions, the oxide layer can be removed by both carboxylic
group and amino group. Therefore, the amino acids could be used as reliable activator candidates

for the new flux formulation.

From the solderability point of view, anonymous amino acid may obtained faster wetting speed

than the carboxylic acid. Koon et al. reported the amino acid is more reactive for the oxide layers
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removal than carboxylic acid, which is because the oxide interaction with the positive charge

group of NH;*, as shown in Equation 2.32 [108].
2(TO0OCCH(R)NH;™) + 0, - 2(H,CCH(R)C0O0)™ + H,0 Equation 2.32

From the climatic reliability point of view, example of neutral amino acid is preferred [109]. The
determination factor is isoelectronic point (pI) as shown in Equation 2.33, which indicates the pH

that amino acid does not carry electrical charge. The pK , indicates the dissociation constant

of carboxyl group, the pK , indicates the dissociation constant of amine group.

pl = Im'”;-—pl(az Equation 2.33

2.4.2.Protection of PCBAs from humidity effect using conformal coatings and PCBA
cleanliness

To protect the metal/alloy material in the PCBASs, conformal coating has been broadly used on
PCBAs as a barrier aiming to cope with environmental stress regimes such as airborne chemical
vapours, high atmospheric humidity, corrosive gases, dust and dirt, and environmental
contaminants [110]. The classification of conformal coatings is summarized in Figure 2.27. Six
major conformal coating types includes acrylic, urethane, epoxy, fluoropolymer, silicone, and
parylene [110][111]. Acrylic, urethane, epoxy, fluoropolymer, and silicone based conformal
coatings are in liquid format and applied by spraying, jetting, dipping and brushing, while chemical
vapour deposition (CVD) was usually used for the applying the parylene coating in a vacuum
chamber. The curing mechanism of conformal coating includes solvent evaporation curing, heat
curing, moisture curing, ultraviolet curing and catalyzed curing [112][113][114]. The advantages

and disadvantages for each type of conformal coating are summarized in Table 2.3.
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Figure 2.27 Classification of major conformal coatings and curing methods used in electronics, adapt
from [115].

Table 2.3 Summary of advantages and disadvantages for conformal coatings, adapted from [116][117].

Conformal
coating Advantage Disadvantage
High dielectric strength Low chemical and solvent resistance
Fair moisture and abrasion resistance Low abrasion resistance
Acrylic Resin Easy applied and removed Not ideal for harsh environments
(AR) Easy rework or repair Not ideal for high temperature applications
No shrinkage during curing process
Affordable option
Great chemical resistance Difficult to remove
Great humidity resistance Risk of peeling
Urethane Resin Great abrasion resistance Long curing times
(UR) Turns to brown tint using soldering iron for rework
Great abrasion resistance Difficult to remove
Epoxy Resin Great humidity resistance Shrinkage during curing process
(ER) Great chemical resistance Soldering iron required for rework or repair
Excellent performance in harsh environment
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Good performance in extreme temperature Most difficult to remove
Silicone Resin Excellent humidity resistance Egggﬁl requires strong chemical strippers and harsh
(SR) Good chemical resistance

Good adhesion to most PCB components

and materials

Only localized repair

Best solvent resistance Difficult to remove, must be abraded off
Best extreme temperature resistance Specialized equipment for chemical vapour deposition
High dielectric strength Not ideal for long-term exposure outdoors
Parylene Resin No curing required
(PR) Transparent and colourless
Easy application Low surface protection
Fluoropolym er A minimal amount of hydrophobicity Thin coating with many defects and voids

The protection of conformal coating for PCBAs is based on barrier properties [118]. However, the
humidity is able to diffuse through the conformal coating and reach to the conformal coating-
PCBAs interface over time. The elapsed time can be estimated using Equation 2.34, where L
indicates the thickness of the polymer layer along the diffusion path, D indicates the diffusion
coefficient. The D value of silicone resin is 10° cm?/s, while the D value of urethane and other
organic resin is 10°® cm?/s [119]. Humidity is able to diffuse through the silicone resin with the
thickness of 1 cm in a days, and diffuse through urethane resin with the same thickness in a week
[119]. The equilibrium time of humidity for silicone resin with 1 cm thickness is 6 days, whereas
for urethane resin is 1 month [5]. Since the thickness of conformal coating in application is in a
range from 25 uym to 127 ym [116], the humidity can reach to the urethane-PCBAs interface within
0.4 hours and reach to silicone-PCBAs interface within 2.5 hours. The humidity in the coating is
able to induce hydrolytic degradation of conformal coating [120].

T=2 Equation 2.34
2D

In practice, the conformal coating is directly applied on the PCBAs without cleaning. Therefore,
the adhesion of conformal coating is influenced by the no-clean flux residue at the interface of
conformal coating and PCBAs. For instance, the acrylic conformal coatings are permeable to
WOAs flux residue, and the WOAs are able to accelerate the degradation of the polymer [121]
and trigger the loss of adhesion for conformal coating, as shown in Figure 2.28. In consequence,
the water accumulated at interface induces the ionization of WOAs in flux residue, hence leads
to corrosion of metal in the PCBAs. The ECM was also observed under the acrylic and silicone
conformal coating coated SIR pattern with rosin based no-clean flux residue, as shown in Figure
2.28. Therefore, the effect of the flux residue to the corrosion performance of the conformal

coating need to be addressed for the robust PCBA manufacturing. The ECM was also observed
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under the acrylic and silicone conformal coating coated SIR pattern with rosin based no-clean flux
residue, as shown in Figure 2.29.

Blister formed

Figure 2.28 Effect of flux residue on the blister formation of acrylic conformal coating after humidity

exposure, adapted from [122].

. Cathode

Figure 2.29 ECM on the rosin based no-clean flux contained SIR test vehicle with: (a) acrylic coating
[123], (b) silicone coating [27].

2.5. Evaluation methods and techniques

The selection of the flux activator candidates mainly focused on two aspects, which are

solderability and climatic reliability.
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2.5.1. Solderability testing
From solderability point of view, hot plate spreading test and wetting balance test are the most
commonly used evaluation method [124].

Hot plate spreading test

Hot plate spreading test (IPC-TM-650 2.4.46) was show in Figure 2.30. Before thermal activation,
a circular solder wire formed O-ring was placed on the Cu substrate with applied flux in the center
of O-ring. After preheating step and soldering step, the solder wire melted and spreaded on the
Cu substrate. The wetting properties of the flux can be evaluated using contact angle of the solder
alloy. The wetting properties between solder alloy and Cu substrate are determined by surface
energy, and low contact angle 6 indicates better wettability. Equation 2.35 expressed the
wettability can be improved when increasing yg, or decreasing ys, and y;, . Since constant
volume of the solder alloy was used in the test, the wetting properties can also be evaluated using

the spreading area of melted solder on the Cu susbtrate [125].

cosf = B8YISL Equation 2.35
YLv

Yov

Solder
-

> YsL
Cu substrate

Figure 2.30 Schematic of hot plate spreading test, adapted from [124]. Cu substrate/solder flux (ygy),

melted solder alloy/Cu substrate( (ys;), and melted solder alloy/solder fluxes (v, ).

Wetting balance test

Wetting balance method (IPC-TM-650 2.4.14.2) was used to quantitatively evaluate the wetting
performance of the solder flux. This method was to measure the wetting force of flux applied Cu
substrate during immersion in the melted solder bath in a precisely controlled manner, as shown
in Figure 2.31. The wetting force in negative region shows between step (a) and (b) was due to
the buoyancy. The wetting of the solder alloys started from step (c) and passed the zero wetting
force, and the time to reach zero wetting force was denoted as To. The wetting of the solder alloy
kept increasing and passed the 2/3 of the maximum wetting force. The time reach to 2/3 of the
maximum wetting force was denoted as Tzs. Until step (d), the wetting force reached to the

maximum level, which was denoted as Fmax. To and T3 are the parameters reflecting the wetting
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speed, while the Fmax can be used to evaluate the highest wetting force obtained by each solder

flux.
(e)
Maximum wetting force
R}
~
E
~—
5] ime to reach 2/3 maximum wetting force
5 | = Time (5
1me (S
e w Time to reach zero wetting force
(©)
Cu substrate (b) )
\ Wetted substrate
by molten solder
Molten s{der /
(a) (b) (c) (d) () (0]

Figure 2.31 Schematic of representative steps in wetting balance test curve with the actual position of Cu
substrate during each step, adapted from [124].

2.5.2. Climatic reliability testing
SIR testing

The SIR testing is a DC testing method, which has been broadly used in the electronic
manufacturing society for electrical reliability control. The principle of using SIR testing is to
address the corrosive and conductive effects of solder flux reside on the electrical reliability of the
PCBAs. This technique measured the conductivity of the flux residue in a given area of the
material by counting the movement of electrons on the surface of material, and the result can be
normalized into a unit square for relative comparison [126]. If the contaminants triggered the
breakdown of SIR in testing vehicle, visualization and the growth rate of ECM dendrite can be
used as supplement evaluation factors [104][127]. The standardized SIR configuration of testing
vehicles used in the SIR test was shown in Figure 2.32. The substrate of the testing vehicles is
FR-4 glass fiber reinforce resin, and the electrode material is Cu [128]. The SIR testing standards
was summarized in Table 2.4, which could be used to imitate bias loaded electronic device

exposed under various harsh climatic conditions
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(a) (b)
Figure 2.32 Schematic layout of (a) IPC-B-25 SIR test pattern with line width and track spacing of 0.0125

mm [128], (b) IPC-B-24 SIR test pattern with line width of 0.4 mm and track spacing of 0.5 mm [128], (c)

IPC-B-52 layout for cleanliness and residue evaluation [129].

Table 2.4 Summary of the SIR testing standards [78][130][13][131].

Testing IPC-TM-650 IPC-TM-650 J-STD-001 J-STD-004
methods 2.6.3.3 2.6.14.1
Environmental | 85°C, 85% RH 40°C, 93%RH 85°C, 85% RH | 35°C, 85%RH
testing 65°C, 88%RH
conditions 85°C, 85%RH
Bias voltage 45-50 10 -50 48
V)
Measurement -100 45-100 100 100
voltage (V)
Duration (h) 168 500 168 96
Failure Criteria <100 MQ ECM dendrite Discoluoration

2.5.3. Leakage current measurement

The reason of using SIR method with high DC loading in the past was due to the technical difficulty
of measuring low currents [128]. However, the resolution of the potentiostat used today can easily
reach to pA level. Chronoamperometry (CA) is a DC technique, which can evaluate the leakage
current level on the surface of PCBA under climatic exposure with a relative lower DC voltage in
a range of 0-10 V [132][133][134]. As result, leakage current measurement is the most feasible
DC method to replace conventional SIR methods to evaluate the electrical reliability for low power
electronics. Consequently, qualification equipment suppliers integrated the leakage current
measurement in their Auto-SIR system with the current resolution to pA level under computer

control [128]. The threshold of leakage current level was defined at 1-10 pA due to the increasing
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free ions by dissolution of the anodic materials and ECM dendrite formation [135][132]. A number
of solder flux related investigations were conducted using leakage current measurement on IPC-
B-24 SIR pattern [37] [135] [132][133], and the impact of the flux activators on the climatic
reliability can be distinguished, as shown in Figure 2.33. High leakage current over 10 yA was
observed on the SIR pattern contaminated with glutaric acid flux (Figure 2.33(b)), while the
leakage current of adipic acid based flux located in the safety region (Figure 2.33(a)). Therefore,
leakage current measurement can be used for the qualification of the flux residue under humidity

exposure.
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10° g,
90 -99% RH

072 [ i S S R R i e S e i 107
60% RH

107 107 /—‘—",‘/
107 107F

p ~99% RH . i ) )
10 98% RH|  10™F Flux with glutaric activators
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Figure 2.33 Leakage current result of (a) Flux with adipic acid activators, (b) Flux with glutaric activators,
adapted from [135].

2.5.4. Electrochemical impedance spectroscopy testing

Electrochemical impedance spectroscopy (EIS) is an AC technique, which characterizes the
impedance spectrum of an electrochemical cell by scanning in a wide range of frequencies with
a small amplitude voltage [136]. Compared to the SIR testing and leakage current measurement,
EIS testing is a non-destructive technique, which can provide diffusion kinetics and the evolution
process of electrical signal over testing period in the electrochemical cell [137]. It has been broadly

implemented in the electronic corrosion related research.

Figure 2.34 shows the kinetics of water condensation on PCB as increasing the exposed RH
level, which can be monitored using EIS technique, as shown in Figure 2.35. The EIS equivalent
circuit model of SIR interdigitated pattern was explained in Figure 2.35. In the dry condition, the
equivalent circuit is only represented parallel connection of the surface insulation resistance (Rsir)

and capacitance of substrate (Csubstrate). IN the water condensation condition, the equivalent circuit
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represent the electrochemical process in the condensed water, where the Rsouion represents the
resistance of the solution, which can be affected by the dissolution of the flux residue. R
represents the charge transfer resistance from the electrode to the solution. Zw represents the
Warburg impedance which induced by the diffusion of ions in the solution. Cgq represent double
layer capacitance. Crom represents the total capacitance of the solution and substrate. Under
water condensation condition, the parallel connection of Rsr can be neglected due to its much
larger value compared to other parallel components.

# Metal surf \ i
/ § etal surface Substrate surface ’\\\ Water film
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Figure 2.34 Schematic of water condensation on a PCB surface as function of exposed RH level,
adapted from [138].
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Figure 2.35 Equivalent circuit for the flux residue contaminated SIR pattern at dry condition and water

condensation condition.

In practice, compared to the cleaned SIR pattern in Figure 2.36(a), the drop of the impedance

value was magnificent in the flux residue contaminated SIR pattern as shown in Figure 2.36(b)(c),
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which indicate the flux residue accelerated the water condensation process due to the
hygroscopicity. In the high frequency range at 10-100 kHz, the drop of impedance for glutaric acid
flux contaminated SIR pattern is more pronounced than adipic acid flux contaminated SIR pattern.
The plot in Figure 2.36(d) shows the phase angle of glutaric acid contaminated SIR pattern shifted
towards 0° compared to the adipic acid flux contaminated SIR pattern at nearly -90° under
exposure of 25°C/99%RH. Phase angle results indicate the electrical property of the SIR pattern
transferred from capacitive dominance to resistive dominance due to the water build up on the
PCB surface and the glutaric acid flux residue dissolution.
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Figure 2.36 EIS response of WOA flux residue contaminated SIR interdigitated pattern: (a) no
contamination, (b) adipic acid, (c) glutaric acid, (d) various flux residue contaminated SIR pattern under
climatic exposure of 25°C, 99%RH, adapted from [37].

The phase transition of EIS during water condensation as function of frequency range between
10-100 kHz has been investigated by Lauser et al [139]. Figure 2.37 shows the phase angle
shifted from -90° to 0° during water condensation for the SIR with 100 um gap size in the scanning
frequency range of 10-100 kHz (Figure 2.37(a)), while the phase transition signal at 10 kHz is
more reliable for the SIR with gap size of 300 um (Figure 2.37(b)). Consequently, the single
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frequency EIS scanning at 10 kHz has been applied in the humidity interaction study of WOA flux

activators to evaluate climatic reliability [84][140].
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Figure 2.37 Phase angle response of SIR pattern exposed at 97% RH with temperature ramping,
adapted from [139].
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The EIS testing result is comparable to the leakage current measurement under water

condensation status, shown in Figure 2.38 [139]. The leakage current increased as the water

condensation occurred as shown in Figure 2.38(a). Under same testing condition shown in

Figure 2.38(b), the impedance response at frequency of 22 kHz suddenly dropped when the

water condensation took place, while the phase shifted from -90° to 0°.
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Figure 2.38 The leakage current response and EIS response of SIR pattern under same testing

condition, adapted from [139].
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2.6. Summary of the literature review and approach on PhD project

This chapter provided a fundamental review of the humidity interaction with the PCBA used in
electronic devices (Chapter 2.1-2.2), the corrosion failure of PCBAs (Chapter 2.3), the corrosion
control for PCBA (Chapter 2.4), the evaluation testing methods for no-clean flux (Chapter 2.5).
The comprehensive understanding of the humidity related failure of electronics has brought the
demands to strengthen the corrosion reliability of electronics, which agreed on the objectives of
this PhD project.

The SAC solder alloys has been broadly used in PCBA to joint components. Over the years,
different types of the SAC alloy with alloying additives have been developed based on the
requirement of the mechanical properties, while the corrosion related investigation was limited,
as described in Chapter 2.3.3. ECM (Chapter 2.3.2) susceptibility of the solder alloy is the main
concern on its corrosion performance under service condition with power supply. The ECM
process can be recorded either by leakage current measurement (Chapter 2.5.2), or visualization.
The scope of Chapter 5 is to correlate the corrosion mechanism and ECM behavior of
commercialized Sn-Ag-Cu (SAC) solder with additive element of Ni, Bi and Sb. The focus is on
the electrochemical analysis of the corrosion current density in comparison with the microstructure
and potential of various phases. At mean time, standardized accelerated testing was used to
identify the actual electrochemical and microstructural chatacters which assisted the ECM

dendrite formation.

Hygroscopic and ionic nature of the WOA flux residue induced the reduction of SIR or ECM
dendrite formation (Chapter 2.3.2) as intermittent or permanent failure mode for the electronic
device, which brought the demand of the optimization of no-clean flux formulation. Investigations
focused on obtaining robust climatic reliability of the new activator types (Chapter 2.4.1) when
maintains the solderability as WOA flux provided. In Chapter 6-8, model wave flux was formulated
using amine, blend WOA-amine, and amino acid as flux activators. Thermal degradation of the
flux activators can be simulated in oven and analyzed using fourier transform infrared
spectroscopy (FT-IR) or thermal gravimetric analysis (TGA). The evaluation of solderability was
conducted using hot plate spreading test and wetting balance method (Chapter 2.5.1). The
evaluation of humidity robustness of new flux systems was conducted using leakage current
measurement and EIS testing (Chapter 2.5.2). The current knowledge of WOA flux activators in

Chapter 2.2.2 will be used for quality verification of the new flux activators.

The manufacturing of the surface-mounted PCBA is growing fast and has been expected to

occupy 75% of the electronic market in the near future, which brought the importance of the
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climatic reliability of the reflow flux residue contaminated PCBA. The impact of the flux activator
plays a key role on the humidity robustness of the reflow flux residue, which may break the resin
under humidity exposure (Chapter 2.2.2) and induce reduction of SIR or ECM (Chapter 2.3.2).
Chapter 9 aims to explain the effect of the flux activator in reflow flux residue on the humidity
robustness of PCBA and provides a solution for quality control. The cracking of flux residue and
conductivity of the PCBA surface were monitored during humidity exposure. Leakage current
measurement and EIS testing (Chapter 2.5.2) were exploited to understand the kinetics of the

humidity interaction with different flux activators contained reflow flux residue on PCBA.

No-clean flux dominates 70-80% of the electronic manufacturing. Conformal coating was applied
on the PCBA surface as the last step of manufacturing to improve the reliability of the PCBA.
Investigations reported the flux residue interfered the protection performance of the conformal
coating (Chapter 2.4.2) and induced ECM (Chapter 2.3.2). Therefore, it is important to understand
the role that flux residue play on the failure mechanism of conformal coating protection. Chapter
10 evaluated the performance of three types of conformal coatings with two types of flux residues
contaminated SIR test board. EIS testing and leakage current measurement (Chapter 2.5.2) were
employed in the investigation in order to monitor the water absorption process of conformal
coatings during the climatic exposure in comparison with the visualized surface morphology of

the conformal coating.
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3. Materials and experimental

3.1. Materials used for investigation

This chapter provide an overall summary of the materials and experimental methods used as part
of the studies reported in the appended papers (Chapter 4-9). More detailed presentation of
materials and experimental methods used in connection with each work can be found in individual

chapters.

3.1.1. Materials use for solder alloy investigation

Five commercial SAC alloy reflow solder pastes were used in this investigation and Table 3.1
shows the elemental compositions of the metallic particles in the pastes.

Table 3.1 Elemental composition of five solder alloys used for the investigation.

Solder alloy Sn [wt%] Ag [wt%)] Cu [wt%] | Bi [wt%)] Sh [wt%)] Ni [wt%]
SAC 305 96.5 3.0 0.5 - - -
SACX Plus 0307 98.95 0.3 0.7 - - 0.05
SACX 0807 98.4 0.8 0.7 0.1 - -
SACX Plus 0807 98.45 0.8 0.7 - - 0.05
InnoL ot 90.95 3.8 0.7 3.0 1.4 0.15

The solder alloy ingots were formed by melting commercial solder pastes under 240°C for 30
min using Pyrex® glass tube in a vacuum chamber with Ar gas protection. The melted solder
alloys were cooled in water. The diameter and the height of the ingots were 1.5 cm and 1 cm

respectively.

The SIR patterns shown in Figure 3.1(a) were made by conventional photolithography and wet
etching processes using copper wire contained FR4 (fiber-glass epoxy resin) as a substrate. Five
solder alloy pastes were directly coated on copper traces using stencil printing and reflow
methods. The reflow soldering profile used was shown in Figure 3.1(b). The width of the
interdigitated pattern trace on the FR4 test board is 0.4 mm, and the gap size is 0.2 mm (designed
according to the IPC-B-24 test board). The dimension of the experimental testing region on the
SIR pattern is 8.5 mm x 12 mm with the overlapping length of soldered trace about 7.5 mm. The
total length of the 21 overlapping soldered trace is 157.5 mm, which provides oppositely biased

electrodes for accelerated humidity/temperature cycling tests.

Specimens for potentiostatic pitting test were prepared by soldering a copper wire on back side
of the solder alloy in order to create an electrical connection. The wire connected solder ingots

were cold mounted using epoxy resin. Final surface finishing of the specimen was prepared using
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50 nm neutral alumina suspension. An electrical insulation mask was applied to the surface with

an exposed working area of 28.26 mm?.

For water droplet (WD) testing, the solder alloys were cut along the diameter and copper wires
were connected to two parts of alloy ingots as cathode and anode. Two electrodes were cold
mounted in parallel with a gap size of 0.5 mm as shown in Figure 3.1(c). The surface of WD

samples was prepared using #1000 grinding paper prior to experiments.
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Figure 3.1 (a) Test print circuit board (PCB) with two soldered SIR patterns, (b) reflow soldering
temperature profile used for making the SIR pattern with different solder pastes, (c) epoxy mounted

solder ingot sample for WD testing.

3.1.2. Materials used for flux activator investigation

Table 3.2 shows the chemicals used for the investigations related to flux activator described in
Chapter 5-7. All chemicals used are in analytical grade (Sigma Aldrich, USA). The SIR pattern
shown in Figure 3.2 was used for the electrochemical tests meant to reflect the humidity
robustness of systems containing amine compounds as activators. The interdigitated pattern
comprised of a hot air solder levelled (HASL) Sn-0.7Cu alloy as surface finish plated on copper
tracks with an FR4 laminate as a substrate of IPC-4101/21 test board. The active testing area of
the SIR pattern was 13 mm x 25 mm with a 0.3 mm pitch size and electrode width of 0.4 mm. The
overlapping length of the adjacent pitch lines was 10.8 mm x 41 set, which in total provided 442.8
mm for the DC and AC tests.

Table 3.2. Chemicals used in the flux activator studies.

Alkanolmines Amino acids Alkyl amine Aromatic amine WOAs
Ethanolamine Alanine Tripropylamine Naphthylamine Succinic acid
Diethanolamine Glutamine Adipic acid
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Figure 3.2 Picture of the SIR comb pattern used for electrochemical tests.

The contamination level of the flux activator on The SIR patterns was set at 100 yg/cm?. In order
to simulate the state and the amount of residue left on the PCBA after the wave soldering process,
thermal activation of amine-contaminated SIR patterns was performed at 175°C and 240°C for 45
sec in a Techno HA-06 oven. The thermal activation at 240°C aimed to simulate the proper
soldering temperature existing at the interface between the PCBA and solder wave (in wave

soldering process simulating bottom part of the PCBA).

Solderability assessment was conducted using a wetting balance and hot plate spreading tests.
The wetting balance test was carried out using copper coupons according to the IPC-TM-650
2.4.14.2, i.e. a size of 6 mm x 25 mm x 0.5 mm prepared using electrical discharge machining.
Cleaning of Cu coupons was conducted based on ISO 9455-16 international standard. For the
hot plate spreading test, Cu-37Zn coupon substrate with a size of 40 mm x 75 mm x 1 mm was
prepared. Cleaning of the brass coupons was conducted as described in the ISO 9455-16

standard.

3.1.3. Materials use for reflow flux investigation

Table 3.3 shows the formulation of the solder pastes used in Chapter 8. Figure 3.3 shows the
test vehicles used in the investigation. Before stencil printing, all the test vehicles was cleaned
using isopropanol in ultrasonic bath for 5 min and dried in compressed air. Figure 3.3(a) shows
the SIR interdigitated patterns with 300 uym pitch size and electrode with 400 pm width (IPC-
4101/21). The SIR pattern contains the adjacent pitch lines of 10.8 mm x 41 sets in a testing area
of 13 mm x 25 mm. The surface finishing of the SIR substrate is 1 ym chemical vapor deposited

Sn on 35 ym Cu conductive track. Before going through reflow soldering process, the stencil with
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thickness of 200 um was used for the solder paste printing on SIR pattern. Figure 3.3(b) shows

the open surface of SMT substrate used for flux residue characterization, which contains 9 solder

points with area of 2 mm x 2 mm. The solder area of SMT substrate was printed with 250 ym

thick solder paste using stencil. Figure 3.3 (c)(d) shows the in-house test rig imitating dummy

SMT component design and the electrical connection of two adjacent solder joints. Test rigs with

0.5 mm and 1 mm stand-off heights were manufactured for the investigation of stand-off height

effect on the humidity robustness. The overlapping area of 2 cm x 2 cm for upper part and bottom

part of SMT substrates was used for the testing. Same amount of solder paste was applied on

the solder points for test rigs with both 0.5 mm stand-off height and 1 mm stand-off height using

1 mm stencil. The tested solder joints was on the adjacent position with distance of 2 mm, which

were electrically connected from the back side of upper and bottom FR-4 substrates.

Table 3.3 Formulation of the solder pastes used for Chapter 8.

Solder
paste Solder
(SP) Resin WOA Solvent Amine | Halogen | Halide | Surfactant alloy
Ester, SAC
SP1 v 2 types alcohol v 305
Ester, SAC
SP2 v 1 type alcohol v 305
Ester, SAC
SP3 v 1 type alcohol v v v 305
Ester, SAC
SP4 v 2 types alcohol v v 305

After stencil printing of solder paste, all the test vehicles were subjected to the reflow process in

a Techno HA-06 furnace under air-static condition. During the soldering process, surface

temperature of the test vehicles increased from 25°C to 170°C within 125 sec, then increased to

peak temperature of 248°C within 60 sec, and cooled in the oven for 60 sec.
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Figure 3.3 Test vehicles used in the investigation: (a) SIR pattern with interdigitated electrodes used for
printing the paste and testing, (b) an open pad imitating SMT land pattern for printing paste and
subsequent residue characterization, (c) test rig imitating a dummy SMT component for stand-off height
investigation after soldering, (d) schematic of the dummy SMT component in (c) showing bottom and

upper part and schematic of the cross-sectional view with electrical connection made for testing.

3.1.4. Materials use for conformal coating investigation

Figure 3.4 shows the SIR testing vehicle used for the conformal coating investigation in Chapter
9. The testing area was 13 mm x 25 mm with 0.3 mm of gap size and 0.4 mm of electrode width.
The overlapping length of two electrodes was 10.8 mm x 41 sets. Surface finish for the
interdigitated electrodes was hot air solder leveling using Sn-0.7Cu on the 35 pym thick Cu
conductive lines. To prepare the substrate for the coating, 30 pL flux [35] was applied on
isopropanol cleaned SIR pattern in order to imitate the presence of flux residue after
manufacturing process. Applying 30 L flux resulted in 162 pug/cm? Flux A residue and 372 ug/cm?
Flux B residue on the SIR interdigitated pattern respectively due to different fraction of the solid
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content. Table 3.4 shows the details of the fluxes used for contamination of SIR pattern. Flux A
contains adipic acid as activator, which was known as mild flux with benign corrosivity, low
hygroscopicity, and less active in terms of solderability. Flux B with blend glutaric-adipic acid
activator has higher solid content and acid number than Flux A, which provides better solderability,
but higher hygroscopicity and corrosivity. Another set of clean test vehicles with SIR pattern were

used as reference samples.
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Figure 3.4 Coated PCB board with SIR pattern for the electrochemical testing.

Table 3.4 Fluxes used for imitating contamination on the SIR pattern

) ) Solid Acid number | Applied Contamination
Iigisﬁzgaigg‘l content Activator volume level
(Wt.%) (mg KOH) (ml) (ug/cm?)
Flux A RELO 2.2 Adipic acid 15.80 30 162
Flux B ORMO 40 | Glutaricacid 36.85 30 372
Adipic acid

Conformal coatings used for testing:

Three types of commercial conformal coatings were used in the present work as shown in Table
3.5. The application solutions of coatings were based on the manuals of the actual products,
including thickness, applying method and curing method etc. In parallel, another set of non-coated

PCB panels were used as reference.

Table 3.5 Details of conformal coating application used in the present research.

Conformal coating Thickness over electrodes (um) | Applying method Curing method
Synthetic rubber 60 Spray Ambient

Elastomeric acrylate 80 Spray Ultraviolet
Urethane/acrylate 150 Spray Ultraviolet
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3.2. Electrochemical analysis and climatic reliability assessment

3.2.1. Experimental equipment

Climatic chamber

Humidity robustness assessment was carried out in “Espec PL-3KPH” climatic chamber with a
certainty of £ 0.3°C and + 2.5% RH of the test conditions.

Potentiostat
A multichannel Biologic VSP potentiostat was used for the electrochemical investigation.

3.2.2. Potentiodynamic polarization test

The potentiodynamic polarization tests were performed on the freshly polished surface of solder
alloy with an exposed area of 0.4 cm? and in 100 ml of 3.5 wt.% NaCl aqueous solution. The
voltage-sweep rate was set at 60 mV/min in a potential range from -200 mV to 300 mV. The
reference electrode used was Ag/AgCl (aqueous saturated KCI). Each experiment was repeated
five times to evaluate the standard deviation of the results. Potentiostatic pitting test was
conducted to understand the micro-galvanic effect of different phases in solder alloys under DC
bias loading. For the potentiostatic pittng test, a 50 mV potential over the open circuit potential
was applied potentiostatically, and the test was conducted on a fine polished solder surface for 2

min after 5 min stabilization of open circuit potential.

The polarization of Cu foil was conducted using Paracell (Gamry Instruments, USA) with an
exposed area of 2.85 cm?in 0.1 M amine or WOA aqueous solution. Open circuit potential (OCP)
was record after 30 min stabilization. For the polarization, the scan range of the polarization was
set from -250 mV to 1500 mV vs. OCP using Ag/AgCl electrode as reference electrode (RE). The
scan rate used for the experiment was 60 mV/min. Each experiment was repeated three times

with good consistency.

3.2.3. EIS measurement

EIS experiment was conducted on the two-electrodes system to investigate effect of humidity
exposure on the impedance between adjacent solder joints with different stand-off height.
Scanning range of frequency was set from 100 kHz to 100 mHz with the sinusoidal amplitude of
10 mV over the base potential of 0 V vs. reference electrode. EIS scan was recorded every 24

hours by EC-lab and the total duration of the experiment was 15 days.
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3.2.4. Single frequency EIS measurement

Single frequency EIS at 10 kHz with the amplitude of 10 mV was applied on the flux activator
contaminated SIR pattern in order to record the moisture absorption RH of flux activator during
humidity ramping from 30% RH to 99% RH in 12 hours. The moisture desorption RH was
measured during humidity ramping from 99% RH to 30% RH in next 12 hours. Before subjecting
the single frequency EIS measurement, flux activator contaminated SIR patterns were stabilized
at 30% RH in climatic chamber for 6 hours.

3.2.5. Chronoamperometry (CA) testing

CA technique was used to investigate the leakage current or ECM triggering capacity of flux
activator contaminated SIR pattern under different humidity exposure conditions namely at 60%
RH, 70% RH, 80% RH, 90% RH and 98% RH respectively. Before conducting the CA
measurement, the flux activator contaminated SIR pattern was stabilized in the climatic chamber
for 2 hour. The CA measurement for each type of flux activator contaminated SIR pattern was
conducted under 10 V DC bias loads for 24 hours. Leakage current level of flux activator

contaminated SIR pattern was recorded by EC-lab software.

3.3. Solderability assessment using wetting balance and hot plate test

3.3.1. Wetting balance test

Solderability tests were performed using the “Must 3 wetting balance tester’ (GEN 3, UK), which
allows for the measurement of the extent of wetting of molten solder on the copper coupons,
which surface was initially activated by amine activators. The Cu coupon was initially immersed
in the model flux solution to a depth of 10 mm and drained off the extra flux by keeping it vertically
on a clean filter paper following the procedure described in IPC-TM-650 2.4.14.2. After 20 sec
pre-heating of the SAC 305 solder bath incorporated in the wetting balance equipment occurred
at a temperature of 270°C, which was followed by the Cu samples being dipped in the molten
solder bath for 10 sec with an immersion depth of 5 mm. Both the immersion speed and withdraw

speed of Cu substrate to solder bath were set to 20 mm/s.

3.3.2. Hot plate spreading test

Additional evaluation of amine solderability was conducted using the hot plate spreading test
based on IPC-TM-650 2.4.46 standard using brass coupons. Solderability tests were performed
using a “SD160 digital hotplate” (Stuart Equipment, UK), which allows for visual assessment of
the extent of wetting of molten solder on the brass coupons, which surface was initially activated

by amine activators. The source of molten solder was an O-ring of 1 cm diameter prepared from
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the flux-free SAC 305 alloy and placed on the brass substrate. 50 uL of the model flux was applied
at the center of an O-ring placed on the plate, and subsequently the preheating of the sample was
conducted at 160°C for 2 sec. Subsequently, the test system was transferred to another hotplate
with a precisely controlled temperature of 270°C in order to melt the solder wire and assess the
solder spreading extent when the O-ring melted. The solderability level was visually assessed
based on the description in the IPC-TM-650 number 2.4.46 standard.

3.4. Material characterization methods

3.4.1. Light optical microscopy (LOM)

In order to observe the corrosion of the SIR pattern, reflow flux distribution on reflow pad, solder
quality, and the blisters of the conformal coating, light optical microscopy inspection was
conducted using a VHX digital microscope (Keyence, Japan).

3.4.2. X-ray diffraction (XRD)

The phase analysis of SAC solder alloys was carried out using X-ray diffractometer (D8 Advance,
Bruker, USA) with a molybdenum anode under the power of 40 kV and 40 mA. The scanning
range was set from 10.5° to 35.6°. The increment and scan speed was set as 0.01 and 1

respectively.

3.4.3. Scanning electron microscopy (SEM) and Energy dispersive spectroscopy (EDS)

Corrosion morphology of the solder alloy surface after tests was investigated using scanning
electron microscope (Quanta 200 FEG, FEI, USA) under backscattered electron (BSE) mode at
20 kV. The cross section of soldered Cu coupons, coated PCBA and corrosion product built on
SIR pattern was inspected under secondary electron mode at 15 kV. The surface morphology
The morphology of the climatically exposed coating samples were inspected under secondary
electron mode at 3 kV. Chemical mapping analysis of the solder alloys and corrosion product was

conducted using energy dispersive spectroscopy (EDS) at 15-20 kV (Oxford Instrument, UK).

3.4.4. Scanning kelvin probe force microscopy

The Volta potential mapping was performed using a Multimode 8 atomic force microscopy (AFM)
(Bruker, USA) using the mode of amplitude modulation method. The AFM microscope was
equipped with conductive Point Probe Plus (Nanosensors, Switzerland) electrostatic force
microscopy. The silicon cantilever attached to the AFM was in a radius of 10 nm and coated with
25 nm chromium and platinum. The tip of cantilever possessed a resonance frequency in a range
of 70 - 80 kHz. The dual-scan mode was used over an area of 80 um x 80 um of polished solder
alloys with the scan rate of 0.2 Hz under the ambient condition of 25°C, 60% RH. The Volta
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potential mapping result was collected by lifting the tip 50 - 100 nm above the surface in the
second scan in addition to the obtained surface topography signal in the first mechanical
intermittent AFM scan.

3.4.5. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA)

The nature of amines subjected to varying temperatures were investigated using TGA and DTA
techniques. TGA analysis was aim to investigate the liquid-gas phase transformation temperature
of flux acitvator, whereas DTA analysis was employed to investigate the thermal decomposition
temperature of the flux activators. Flux activators were subjected in a alumina crucible for the
testing. Argon gas was used as a protection gas during the experiments. The experiment was
performed with a temperature ramping rate of 20°C/min in a range from room temperature to
1000°C.

3.4.6. Fourier-transform infrared spectroscopy( FT-IR)
The flux activators and coatings were analyzed using the Nicolet iIN10 MX infrared imaging

microscope (Thermo Fisher Scientific, USA) with a Ge attenuated total reflectance (ATR) tip.
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4. Influence of Ni, Bi, and Sb additives on the microstructure

and the corrosion behavior of Sn-Ag-Cu solder alloys

Feng Li, Vadimas Verdingovas, Kai Dirscherl, Gabor Harsanyi, Balint Medgyes, Rajan Ambat

Abstract: Sn-Ag-Cu solder alloys were usually modified using trace elements to achieve various
properties. This paper investigated the effect of additives of Ni, Bi, and Sb on the microstructure
and corrosion behavior of SAC alloys under application condition. Investigation was carried out
using both solder alloy ingots and reflow-soldered surface insulation resistance interdigitated
patterns by electrochemical methods under humid and corrosive conditions. Microstructure
analysis was performed using X-ray diffraction, scanning electron microscopy, energy dispersive
spectroscopy etc. Volta potential distribution in the bulk of the alloy was analyzed by Scanning
Kelvin Probe Force Microscopy. Results show the passivation domain of five tested solder alloys
did not influence the susceptibility of electrochemical migration under 5 volt DC bias loading. Ni
and Bi additives resulted in lower susceptibility of electrochemical migration due to homogeneity
of the IMCs distribution in the bulk alloys. Bi precipitates in InnoLot alloy participated micro-

galvanic corrosion as cathode rather than Ag containing phase as known before.

Keywords: Electronic corrosion, solder alloy, electrochemical migration, microstructure,

intermetallic compound.

l. INTRODUCTION

The Sn-Pb solder alloys have been widely implemented in the electronic industry due to their low
cost, good wettability as well as excellent thermal and mechanical properties [1-2]. However,
nowadays the conventional Sn-Pb solder alloys are experiencing global phase out due to the
toxicity of lead. Therefore, various Sn based lead-free solder alloys are under development. Most
popular lead-free solder alloy contains Sn, Ag, and Cu, also known as SAC alloy. However, there
is a challenge to find optimum performance of physical, mechanical, and electrochemical
properties, which suggested by alloying Bi, Zn, Sb, Cu, Ag, Ni, and other elements [3]. Since peak
soldering temperature has a significant influence on the printed circuit board assemblies (PCBAS)
and components due to component damaging [4], eutectic or near-eutectic alloys with a melting
temperature close to Sn-37Pb alloys (Te=183°C) are favorable for electronic applications [5]. The
melting temperature of Sn-Bi eutectic alloy is 139°C, which is too low for the loss of mechanical
properties due to the thermal aging by the self-heating of electronic [3]. The melting temperature

of Sn-Zn alloy, in contrast, is 198.5°C, which is close to the Pb-Sn alloy. At the same time, the
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poor wetting properties, severe oxidation during the soldering process, and corrosion issues are
problematic in manufacturing [3][6]. Sn-Sb solder alloys are promising solder alloys, but they are
used usually for high temperature applications due to higher melting temperature [3]. According
to the reasonable melting temperature, superior wettability and mechanical properties, the SAC
alloys are more frequently used today as the most promising alternatives of Sn-Pb solder alloys
for many commercial applications [1][7].

Correspondingly, there are several researchers focusing on the additives and composition effects
of SAC alloys in order to enhance the performance in various aspects. Liu et al. reported the role
of Bi and Ni additives in the improvement of fatigue and joint properties by the refinement of the
microstructure [8].The effect of Cu content on the solidification temperature range of SAC alloy
solder joint was reported by Kotadia [9]. Kanchanomai and Zhao et al. [10-11] reported the
decrease in solidus temperature when increasing Bi content in SAC alloy, whereas the liquidus
temperature is not sensitive to Bi content. In InnoLot alloy, substitutional Sb in B-Sn matrix
provided solid solution strengthening to compensate the loss of strength by the coarsening of
AgsSn phase, while Bi precipitates at grain boundaries to prevent the motion of dislocations
providing improved strength for the alloy [12]. Addition of Ni effectively inhibited the growth of
CusSn brittle phase and improved the drop shock performance [13][14]. However, the influence
of the additives to the corrosion properties of solder alloys was not well explained and the

available literature connected to these aspects are presently very limited.

The corrosion investigation of SAC alloy was mainly focused on the aspects of electrochemical
investigation of conventional SAC alloy bulk materials and as part of the corrosion failure of
electronics under electric field conditions with humidity exposure. For the investigation of the
corrosion performance of the bulk alloys, microstructure was mainly controlled by aging period
and cooling rate [1][15]. Wang et al reported the microgalvanic corrosion decreased by increasing
the size of AgsSn [1], whereas Kaushik et al reported the fine dispersion of AgsSn prohibited the
localized corrosion attack [15]. However, aging and cooling rate control are not feasible in relation
to electronic production and automated soldering process in actual industrial application.
Rosalbino et al reported the corrosion products presented on the surface of Sn-3Ag-3Cu
enhanced corrosion resistance [16], but the high Cu content alloying will increase the pastry range
variation and cause other issues [17]. Therefore, many other properties of solder alloy and
application requirements mentioned above must be taken into consideration when pursuing

corrosion investigation.
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On the other hand, some investigations focused on the corrosion failure of electronics induced by
electrochemical migration (ECM). ECM is a well-known humidity induced corrosion related failure
mechanism for electronics [18]. Usually on PCBAs, voltages are higher than 2 volt, which results
in dissolution of metal ions and hydrolysis of water under humid exposure. The corrosion of metal
at anode generates metallic ions, and hydrolysis generates hydrogen ions. Due to the close
spacing between the positively and negatively biased terminals, metallic ions migrate through
electrolyte layer towards cathode and deposit to form a metal dendrite between anode and
cathode. Electrolysis of water also takes place at the cathode generating hydroxide ions. The
mechanism of ECM is complex, which also depends on the local pH changes caused by the
hydrolysis reactions. Detailed discussion of the ECM mechanism is beyond the scope of this
paper, and can be found elsewhere [18]. The ECM failures on various lead free solder alloys were
investigated using several testing methods under electric field and humid conditions. For example:
thin electrolyte layer method [19-22], water droplet method [21-24], and climatic chamber
exposure test on surface insulation resistance (SIR) pattern with chronoamperometry and
electrochemical impedance spectroscopy techniques [23]. These studies mainly reported ECM
susceptibility [24], dendrite morphology [20], and chemical composition of the dendrites [20][25].
However, none of these works clearly demonstrates the influence of additives on microstructure

of the SAC alloy family used in the industry and their corrosion mechanism.

The present work was aim to investigate the influence of the Ni, Sb, and Bi additives on the
microstructure and corrosion properties of SAC alloy under application condition. Studies were
carried out based on bulk material prepared by five commercialized Ni, Sb and Bi containing SAC
pastes as well as reflow-soldered institute of printed circuits (IPC) standard designed SIR
interdigitated pattern. Corrosion behaviors of the alloys were investigated using electrochemical
methods in bulk electrolyte, while the reflow-soldered SIR patterns were tested under humid
condition adapted from the international electrotechnical commission (IEC) standard. Volta
potential mapping was carried out using scanning Kelvin probe force microscopy (SKPFM) to
understand the influence of Volta potential distribution of alloys on the corrosion behavior.
Corrosion behavior of the alloys under application conditions was correlated to the microstructure

of the alloy and electrochemical behavior.

Il. MATERIALS AND EXPERIMENTAL METHODS

Solder pastes
Five commercial SAC alloy reflow solder pastes were used in this investigation and Table 4.1

shows the elemental compositions of the metallic particles in the pastes.
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Table 4.1 Elemental composition of five solder alloys used for the investigation.

Solder alloy Sn [wit%] Ag [wt%] Cu [wt%] Bi [wt%] Sb [wi%] Ni [wi%]
SAC 305 96.5 3.0 0.5 - - -
SACX Plus 0307 98.95 0.3 0.7 - - 0.05
SACX 0807 98.4 0.8 0.7 0.1 - -
SACX Plus 0807 98.45 0.8 0.7 - - 0.05
InnoLot 90.95 3.8 0.7 3.0 14 0.15

Solder alloy ingots

The solder alloy ingots were formed by melting commercial solder pastes under 240°C for 30 min
using Pyrex® glass tube in a vacuum chamber with Ar gas protection [26]. The melted solder
alloys were cooled in water. The diameter and the height of the ingots were 1.5 cm and 1 cm

respectively.

Specimen preparation for potentiostatic pitting and water droplet testing

Specimens for potentiostatic pitting test were prepared by soldering a copper wire on back side
of the solder alloy in order to create an electrical connection. The wire connected solder ingots
were cold mounted using epoxy resin. Final surface finishing of the specimen was prepared using
50 nm neutral alumina suspension. An electrical insulation mask was applied to the surface with

an exposed working area of 28.26 mm?2,

For water droplet (WD) testing, the solder alloys were cut along the diameter and copper wires
were connected to two parts of alloy ingots as cathode and anode. Two electrodes were cold
mounted in parallel with a gap size of 0.5 mm as shown in Figure 4.1. The surface of WD samples

was prepared using #1000 grinding paper prior to experiments.

Printed circuit board with interdigital electrode structures using solder alloys

The SIR patterns shown in Figure 4.2(a) were made by conventional photolithography and wet
etching processes using copper wire contained FR-4 (fiber-glass epoxy resin) as a substrate. Five
solder alloy pastes were directly coated on copper traces using stencil printing and reflow
methods. The reflow soldering profile used was shown in Figure 4.2(b). The width of the
interdigitated pattern trace on the FR4 test board is 0.4 mm, and the gap size is 0.2 mm (designed
according to the IPC-B-24 test board). The dimension of the experimental testing region on the
SIR pattern is 8.5 mm x 12 mm with the overlapping length of soldered trace about 7.5 mm. The
total length of the 21 overlapping soldered trace is 157.5 mm, which provides oppositely biased

electrodes for accelerated humidity/temperature cycling tests.
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Figure 4.2 (a) testing print circuit board (PCB) with two soldered SIR patterns, (b) reflow soldering

temperature profile used for making the SIR pattern with different solder pastes.

SIR pattern cleaning

In order to avoid the influence of acidic nature of reflow residue on SIR pattern, the flux residue
on the test board was first cleaned in ultrasonic isopropanol bath for 4 hours, then 2 min brush
cleaned with a commercial flux cleaning solution. The chemical composition of the cleaning
solution contains 2-methylpentane (12.0-25.0 wt%), 3-methylpentane (1.0-20.0 wt%), 2,3-
dimethylbutane (1.0-20.0 wt%), 2,2-dimethylbutane (1.0-20.0 wt%), n-hexane (0.1-2.0 wt%),
acetone (20.0-50.0 wt%), and methanol (1.0-2.0 wt%). After immersion in isopropanol for 4 days,
the soldered SIR pattern was rinsed using 98% ethanol and dried by compressing airflow prior to
using for experiments.

Corrosion testing of solder alloys in bulk electrolytes

The potentiodynamic and potentiostatic tests were performed using a “Biologic VSP” multichannel
potentiostat (Bio-Logic Instrument, France). The potentiodynamic polarization tests were

performed on the freshly polished surface of solder alloy with an exposed area of 0.4 cm2 and in
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100 ml of 3.5 wt.% NaCl aqueous solution. The voltage-sweep rate was set at 60 mV/min in a
potential range from -200 mV to 300 mV. The reference electrode used was Ag/AgCl (aqueous
saturated KCI). Each experiment was repeated five times to evaluate the standard deviation of
the results. Potentiostatic pitting test was conducted to understand the micro-galvanic effect of
different phases in solder alloys under DC bias loading. For the potentiostatic pittng test, a 50 mV
potential over the open circuit potential was applied potentiostatically, and the test was conducted
on a fine polished solder surface for 2 min after 5 min stabilization of open circuit potential.

Electrochemical migration behavior under water droplet testing

The experiment was conducted with chronoamperometry technique using a “Biologic VSP”
multichannel potentiostat. For good statistics, 10 WD tests were conducted in parallel under
different electrolyte conditions. 5 volt DC loading was applied to the specimen and the leakage
current (LC) value was recorded using EC-Lab software. Unwanted surface area of the electrode
was masked using electrical insulation tape with an exposed working area of 19.63 mm?. Three
types of electrolytes were used for testing namely: (i) 15 pyL pure water (Millipore, Synergy UV),
(i) 20 pyL of NaCl with concentration of 0.0156 g/L, and (ii) 20 pL of NaCl solution with
concentration of 0.00156 g/L. The WD tests were performed at room temperature (25 £ 1°C) in a
high humidity polystyrene chamber in order to control the effect of airflow and reduce the
evaporation of water droplets. The experiment was in-situ recorded using an “AD7013MZT Dino-
Lite” digital microscope.

Corrosion reliability testing under humid conditions using sir patterns

The accelerated humidity/temperature tests were conducted in “Espec PL-3KPH” climatic
chamber with a certainty of + 0.3°C and + 2.5% RH. Before starting the tests, the samples were
set to equilibrate with the environment in the climatic chamber at 25°C / 97% RH for 1 hour. After
the stabilization period, the testing was conducted under cycling temperature between 25°C and
55°C, while the RH value was set constant at 97%. These cycling test conditions were adapted
from IEC 60068-2-30 environmental testing standard. The duration of the experiment was 168 h.
The temperature cycling at high RH induced transient water condensation on the surface of test
board with SIR pattern, which acted as the medium for ion transport between the interdigitated
electrodes. The leak current measured shows the faradaic current caused by the electrochemical
process between electrodes. If this occurred on an actual electrical circuit, it could have caused
reliability problem due to the interference of this leakage current with electrical functionality.
Therefore, the level of leakage current and sudden increase in leakage current due to ECM are
the guidelines for reliability assessment for the solder material when it is introduced on PCBAs.

The condensation was more pronounced during temperature increase step from 25°C to 55°C
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due to the thermal delay of the PCBAs to change the temperature from 25°C to 55°C. The bias
voltage applied to the SIR pattern was set at 10 V DC using a “Biologic VSP” multichannel
potentiostat. The LC values was recorded using EC-Lab software. The tests automatically
stopped either when the current exceeded 20 mA or after 168 h. After the test, the dendrite
formation was inspected using a Leica light optical microscope with a "Leica DFC 450 C" digital
camera.

Material characterization before and after corrosion

Corrosion morphology of the alloy surface after tests was investigated using scanning electron
microscope (SEM) (Inspect S, FEI, USA) with an energy dispersive spectroscopy (EDS) detector
(50 mm? X-Max, Oxford Instrument, UK). The phase analysis was carried out using X-ray
diffractometer (XRD) (D8 Advance, Bruker, USA) with a molybdenum anode. The Volta potential
mapping was performed using a Multimode 8 atomic force microscopy (AFM) (Bruker, USA) using
the mode of amplitude modulation method. The AFM microscope was equipped with conductive
Point Probe Plus (Nanosensors, Switzerland) electrostatic force microscopy. The silicon
cantilever attached to the AFM was in a radius of 10 nm and coated with 25 nm chromium and
platinum. The tip of cantilever possessed a resonance frequency in a range of 70 - 80 kHz. The
dual-scan mode was used over an area of 80 um x 80 um of polished solder alloys with the scan
rate of 0.2 Hz under the ambient condition of 25°C, 60% RH. The Volta potential mapping result
was collected by lifting the tip 50 - 100 nm above the surface in the second scan in addition to the
obtained surface topography signal in the first mechanical intermittent AFM scan. SEM inspection
was conducted after Volta potential mapping to avoid the contamination of carbon.
. RESULTS

Microstructure of solder alloys

The XRD results in Figure 4.3 indicated that $-Sn, AgsSn, and CueSns presented in all five alloys.
The Bi phase only presented in InnoLot alloy, while SAC 0807 did not show any Bi phase as the
substitutional dissolution of trace level Bi content in B-Sn solution. InnoLot alloy also contains Sb
content, however it is presented in the B-Sn solution as substitutional element. Similarly, Ni was
not visible in any of the phase analysis due to the formation of solid solution with Cu, although

many of the alloys tested contain small amount of Ni.
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Figure 4.3 The XRD result for 5 solder alloy ingots: (a) SAC 305, (b) SACX Plus 0307, (c) SACX 0807,
(d) SACX Plus 0807, (e) InnoLot.

The backscattered electron image in Figure 4.4 shows four phases similar to the XRD result in
InnoLot alloy as well as the EDS mapping result of this region. Additional elements shown in the
EDS mapping is based on the comparison of the XRD results with EDS mapping, which showed
the presence of different elements in the vicinity of various phases. The detailed phase analysis
approach of tested SAC alloys was interfered by the low melting temperature, extremely soft
surface, and extremely low elemental fraction. Thus with the slight variation in composition, the
phases presented in InnoLot alloy possibly were: (Sn, Sh) solid solution region, Bi phase, Ags(Sn,
Shb), and (Cu, Ni)s(Sh, Sb)s.

Figure 4.5 shows the distribution of phases in the ingots of four other alloys. Phases are marked
in the backscattered electron images, which shows a general similarity to the XRD results. In SAC
305 alloy, the B-Sn phase was surrounded by the AgsSn and CusSns ternary eutectic IMCs, as
shown in Figure 4.5 (a) similar to the results from XRD. The size of the AgsSn phase in this alloy
was the smallest among all the five solder alloys. Compared to the size of Ag containing phases

in other four alloys, Ags(Sn, Sb) particles in InnoLot alloy is relatively larger, as shown in Figure
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4.4. While in the case of SACX Plux 0307 and SACX Plux 0807, some phases showed Ni as
substitutional element of Cu, which might be similar to InnoLot alloy and denoted as (Cu, Ni)sSns.
The phase constituents of these two alloys were determined as -Sn, AgszSn and (Cu, Ni)sSns, as
shown in Figure 4.5(b)(d). The phase constituent of SACX 0807 alloy contains 3-Sn, AgszSn and
CueSns, as shown in Figure 4.5(c). But no additional phase corresponding to Bi was observed in
this case.

2 ’(Cu, Ni)é(Sn, Sb)s

Ags(Sn, Sh)
e

. 20pm

Figure 4.4 Typical EDS mapping result of InnoLot alloy. Backscattered electron image shows the area

used for EDS mapping.

Since the Ag was only shown as AgsSn IMCs, therefore Ag distribution also shows the distribution
of AgsSn IMCs. Finer AgsSn IMCs was heterogeneously distributed in the SAC 305 alloy as shown
in Figure 4.6(a). For SACX Plus 0307, distribution of Ag were locally presented in the bulk than
SAC 305 alloy as shown in Figure 4.6(b). The Ag content was more uniformly distributed in the
bulk of SACX 0807 alloys and SACX Plus 0807 alloy, as shown in Figure 4.6(c)(d).
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Figure 4.5 Backscattered electron (BSE) images of solder alloys (top view of polished surface): (a) SAC
305, (b) SACX Plus 0307, (c) SACX 0807, (d) SACX Plus 0807.

Figure 4.6 EDS mapping of Ag element in the regions of Figure 4.5: (a) SAC 305 alloy, (b) SACX Plus

0307alloy, (c) SACX 0807, (d) SACX Plus 0807 alloy.
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Volta potential mapping

Volta potential mapping image in Figure 4.7(b) shows the potential distribution for InnoLot alloy
in the same location as shown in the BSE image in Figure 4.7(a). The potential difference of
various phases in InnoLot alloy was above 200 mV as shown in the scale bar of Volta potential in
Figure 4.7(b). The Volta potential of Bi phase was lowest among all the phases in the alloy under
ambient condition, which presented the darkest colour in Figure 4.7(b). While the (Sn, Sb) phase
obtained the highest Volta potential in InnoLot alloy. This result confirmed pure Bi phase was
more noble in contrast to the anodic (Sn, Sb) solid solution. For SACX Plus 0807 alloy shown in
Figure 4.7(c), the potential difference of various phases was lower than 150 mV. AgsSn IMCs

showed noble Volta potential under ambient condition, while the 3-Sn phase was more anodic.

E (mV) E (mV)

Ag(Sn;Sb) 3
e ,
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© (Cu, Nijesn
(Cu, Ni)s(Sn, Sh)s st §-0e | 2% EhI)eSns
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Figure 4.7 Volta potential mapping using SKPFM in comparison with microstructure: (a) BSE image of
InnoLot alloy, (b) Volta potential mapping of InnoLot alloy, (c) Volta potential mapping of SACX Plus 0807

alloy.

Potentiodynamic/potentiostatic testing and surface morphology characterizations

The polarization curves shown in Figure 4.8 reveal different anodic behavior, while the cathodic
behavior did not show significant difference between alloys. InnoLot showed more noble potential
compared other alloys with high pitting potential (more positive). SACX 0807 and SACX Plus 0807
showed similar polarization behavior with slightly more noble corrosion potential than SAC 305
and SACX Plus 0307. Due to the more active corrosion potential for SAC 305 and SACX Plus
0307, they exhibited longer passive region, while the pitting potential was higher (more positive)
compared to SACX 0807 and SACX Plus 0807. The corrosion parameter summary in Table 4.2
shows InnoLot was the most noble among all the alloys with comparatively lower corrosion current
than SAC 305, SACX Plus 0307, and SACX 0807, while SACX Plus 0807 showed lowest

corrosion current density.
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Figure 4.8 Representative polarization curves of ingot materials of five solder alloys.

Table 4.2 Summary of Ecor and icorr derived from the polarization curves for five alloys. (Each value in the

table is the average value from 5 measurements shown with standard deviation.)

Solder alloy Ecor (MV vs. Ag/AQCI) icorr (WA/cm?)
SAC 305 -505 + 10 8.4+ 2.7
SACX Plus 0307 -503 + 26 7.6+4.0
SACX 0807 -480 + 15 54+20
SACX Plus 0807 -476 + 4 29+0.2
InnoLot -405 £ 8 33+x11

Figure 4.9 shows that surface morphology of alloy after the test. For InnoLot alloy, the pitting

formed at (Sn, Sb) solid solution adjacent to the pure Bi phase as shown in Figure 4.9(e). For the

other four alloys, the pitting formed at 3-Sn phase adjacent to the AgsSn IMCs as shown in Figure

4.9(a-d).
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Figure 4.9 Top view BSE of solder alloys after pitting test: (a) SAC 305, (b) SACX Plus 0307, (c) SACX
0807, (d) SACX Plus 0807, and (e) InnoLot.

ECM susceptibility test using WD test
Typical pictures from an in-situ observation of dendrite formation over time was shown in Figure

4.10. During the WD test, dissolved metal ions from the anodically polarized electrode move
toward the cathodically polarized electrode (under the electric filed) to deposit in the form of
dendrite. Time to failure (TTF) value indicates the first observation of two electrodes bridged by
dendrite. The results from WD tests were summarized in Weibull probability plots. Each point on

the Weibull probability plot indicated a TTF value for one WD test. Scale parameter indicated the
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time estimation at 63.2% failure rate. All the shape parameters in the present work were higher
than 1, which indicates the increase of failure rate over time.

When pure water (Figure 4.11(a)) was used for the WD tests, the ranking of first ECM observation
for each solder alloy was of the order: SAC 305 < SACX 0807 < SACX Plus 0307 < SACX Plus
0807 < InnoLot. The number of failure during WD tests for each solder alloy was of the order:
SACX Plus 0807 < SACX Plus 0307 < SAC 305 < InnoLot < SACX 0807. Figure 4.11(c) shows
the results of test using 0.0156g/L of aqueous NaCl solution. All the tests under this condition
showed ECM failure. The ranking of estimated time to 63.2% failure rate for each alloy under this
condition was of the order: SAC 305 < SACX Plus 0307 < SACX 0807 < SACX Plus 0807 <
InnoLot. Figure 4.11(b) shows the result of experiments with 0.00156 mg/L aqueous NacCl
solution, a similar trend was obtained as the testing results from 0.0156 mg/L NaCl solution except
for the higher estimated time for 63.2% failure, which was summarized in Table 4.3.

Figure 4.10 Selected pictures from in-situ observation of dendrite formation over time during WD test
(SACX 0807 alloy in 0.00156mg/L aqueous NaCl solution).

For the ECM failure in pure water, due to the limited number failures, first observation of time to
failure was used in the Table 4.3, while for the NaCl conditions, the estimated time to 63.2%
failure rate was used. A significant decrease of estimated time to 63.2% failure rate for each alloy
was found when increasing the concentration of NaCl solution as well as comparing the values
for pure water, but the trend of the susceptibility of five alloys were the same under different

concentrations of NaCl solution.
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Figure 4.11 Weibull probability analysis of TTF value under WD tests: (a) ultra-pure water, (b)
0.00156mg/L agueous NacCl solution, (c) 0.0156mg/L aqueous NaCl solution.

Table 4.3 Summary of WD tests for five solder alloys under three WD test conditions showing estimated
time for 63.2% failure rate.

Estimated time to failure in different electrolytes (sec)
SAC 305 SACX Plus 0307 | SACX 0807 | SACX Plus 0807 | InnoLot
Pure water 33.6 92.4 46.6 112.0 118.3
0.00156 mg/L NaCl 36.7 37.2 37.7 46.5 54.1
0.0156 mg/L NaCl 9.1 9.2 9.9 10.5 13.0

Corrosion reliability of reflow-soldered sir pattern under humid conditions

The first ECM failure of SACX Plus 0307 alloy occurred after the first round of temperature cycling
as shown in Figure 4.12(a). The LC measurement of SACX Plus 0307 alloy stopped when the
LC value exceeded 20 mA after 20 round of temperature cycles. The first ECM failure of SAC 305
was obtained after 15 temperature cycles. No failure occurred for SACX 0807, SACX Plus 0807,

and InnoLot alloy (showing only constant leakage current). Based on the result of LC
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measurement, the ranking of charge transferred over time (Figure 4.12(b)) for various alloys was:
SAC 305 > SACX Plus 0307 > SACX 0807 > SACX Plus 0807 > InnoLot.

Figure 4.13 shows the dendrite formation on the interdigitated electrode made of SAC 305 and
SACX Plus 0307 alloys. A number of dendrites on SAC 305 alloy soldered SIR pattern were
heterogeneously distributed between electrodes, whereas SACX Plus 0307 alloy showed only
few dendrites. This is in agreement with the leak current curves shown in Figure 4.12(a).

Current exceeded 20 mA

- SAC 305 . —— SAC 305
“ SACX Plus 0307 10° 4 —— SACX Plus 0307
1077 SACX 0807 SACX 0807
3 SACX Plus 0807 1 —— SACX Plus 0807
13 InnoLot 10 InnoLot
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Figure 4.12 Accelerated humidity/temperature cycling test: (a) Leakage current value, (b) Charge

transferred over time calculated from the leakage current curve.
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Figure 4.13 Surface of the interdigitated electrode showing ECM formation after accelerated
temperature/humidity test: (a) SAC 305 alloy soldered SIR pattern, (b) SACX Plus 0307 alloy.
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V. DISCUSSION

Present work shows the effect alloying elements and microstructure of SAC alloys with varying
alloying addition has significant influence on the electrochemical and corrosion behavior, and
therefore on the corrosion reliability when used on the surface of PCBAs. From the microstructural
point of view, the distribution of silver containing phases and variation of additive alloying
elements such as Bi showed significant effect on the corrosion behavior.

Role of the distribution homogeneity of Ag containing IMCs for the corrosion resistance

The Volta potential mapping result of SACX Plus 0807 alloy indicates that the noble potential of
AgsSn has significantly influenced the corrosion behavior of the alloys. The distribution of AgsSn
influenced corrosion behavior such as Ecor and icor Values according to the surface potential
homogeneity of various solder alloys. For conventional SAC 305 alloy, the corrosion attack was
in correlation with the elemental and phase distribution shown in Figure 4.4(a) and Figure 4.5(a).
Heterogeneously distributed AgsSn IMCs in this alloy accelerated the corrosion attack in the large
grain of the B-Sn phase. This is in agreement with the icor result observed for this alloy in Table
4.2. The SAC 305 alloy also showed highest susceptibility of ECM during WD tests, which triggers
higher dissolution of Sn ions to deposit on the cathode to form dendrite. The intensity of the ECM
attack was high on this SIR pattern under accelerated test as shown in Figure 4.13(a) with
dendrites spreading all over the gaps of SIR electrodes. This result is in agreement with the report
work of Medgyes et al [27], however contradictory result was reported by Medgyes et al [20] for
the SACX Plus 0307 and SACX Plus 0807 alloys. Cleaning of the flux residue prior to testing was
not reported in the previous work [27], which could result in different behavior due to the acidic
nature of the flux residue. Piotrowska et al. reported that acidic residue resulting from the solder
flux [28] can induce corrosion because of the acidic and hygroscopic nature of flux [29], which is

also dependent on the type of flux residue used for reflow soldering process [30].

Between SACX Plus 0307 and SACX Plus 0807 alloy, the only difference is in the level of Ag
content. Therefore, the large difference in corrosion rate might be attributed to the amount of
cathodic silver containing phase distribution. For SACX Plus 0307 alloy, very localized distribution
of cathodic AgsSn phase resulting in localized corrosion in the B-Sn phase, as shown in Figure
4.9(b). The localized galvanic coupling also has resulted in higher icor result (Table 4.2). The
higher corrosion of SACX Plus 0307 alloy soldered interdigital SIR test pattern provides more ions
for ECM resulting in higher susceptibility (Figure 4.13(b)). On the contrary, SACX Plus 0807 alloy

showed lower ECM susceptibility as shown in Table 4.3 during the WD tests and lower corrosion
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current density as shown in Table 4.2. This might be attributed to the relative homogeneity of the
electrochemical potential distribution over the microstructure (Figure 4.7(c)).

Role of the Bi, Sb, and Ni additives and corrosion behavior

The precipitation of Bi phase in InnoLot alloy was attributed to the remarkable decrease of the Bi
solid solubility with decrease in temperature and form Bi supersaturated Sn-rich solid solution [31].
Volta potential mapping result indicates the noble Bi phase in InnoLot alloy, as shown in Figure
4.7(a) and (b). The corrosion pits of InnoLot alloy were induced by galvanic effect of cathodically
active Bi phase and anodic (Sn, Sb) solid solution (Figure 4.9(e)). ECM susceptibility and icorr
value of InnoLot was much lower than the conventional SAC 305 alloy, which was shown in Table
4.2 and Table 4.3 respectively. Since the Bi phase was confirmed as cathodically active in the
Volta potential mapping as shown in Figure 4.7(b), the remaining Bi content in the supersaturated
Sn-rich solid solution could also improve the corrosion resistance of SAC solder alloy by reducing
the electrochemical heterogeneity. Although, Ag content of InnoLot and SAC 305 was similar,
microstructure of InnoLot was homogeneous compared to conventional SAC 305 alloy as shown
in Figure 4.4 and Figure 4.5(a). This could be attributed to effect of Ni on microstructural
refinement [32]. Compared to other four alloys, the dramatically decreased values of icor for
InnoLot might be due to the increasing Sb content. Therefore, the best performance of corrosion
resistance and ECM susceptibility for InnoLot alloy could be broadly associated with the influence
of Bi, Sb, and Ni additives. While for SACX 0807 alloy, the amount of Bi and Ag was much lower.
No Bi phase was observed in the bulk of SACX 0807 alloy due to the dissolution of Bi in Sn as
substitutional element. The improvement of corrosion properties could be either due to better
nobility of Bi content [33] or Bi addition improved the homogeneity of microstructure of the alloy
by increasing melting range and prolonged the growth time of f-Sn phase [8]. The exact reason
for this effect is still not clear, which requires further investigations. In the case of SACX Plus 0807
alloy, the icor value was the lowest among the five solder alloys investigated, which also in
agreement of its low ECM susceptibility as shown in Table 4.3 and low LC values as shown in
Figure 4.12(a). The effect can be attributed to the presence of Ni, which provides more nuclei for
Sn crystallization [8] and enhanced the corrosion resistance by influencing the refinement of
microstructure [32]. The EDS mapping result shown in Figure 4.6(d) confirmed the homogeneity
in the distribution of AgsSn IMCs in the bulk of SACX Plus 0807 alloy, which leads to the
improvement of the corrosion resistance by uniform potential on the surface of material as shown
in Figure 4.7(c). The only difference between SACX 0807 and SACX Plux 0807 alloy is the
addition of trace element of Bi and Ni. The icor result and ECM susceptibility indicate the additive

of Ni performed better than Bi for corrosion resistance.
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Corrosion reliability of solder alloys in connection with applications in electronics

The present work correlated corrosion properties and ECM susceptibility of tested SAC alloys. It
is notice that the difference of icor value of tested alloys are very low, while the difference is
significant in the results of WD and SIR tests. The minor difference in icor could be due to the
small elemental composition in a relative large polarized area of 0.76 mm?, whereas the ECM in
WD tests and SIR tests took place in a much smaller region where the micro-galvanic couples
located (Figure 4.9). However, the minor difference of icor in Table 4.2 still fit to the results of
ECM susceptibility in WD test (Table 4.3). The lowest passive region of InnoLot shows in Figure
4.8 might be influenced by the higher Volta potential difference of the surface as shown in Figure
4.7(b), in contrast, the passive region of SACX Plus 0807 was higher than InnoLot alloy while
possessed a lower Volta potential difference on the surface shown in Figure 4.7(c). Osério et al
evaluated the corrosion resistance by analyzing passivation domain in polarization curves [6], and
in the present work the passivation domain of SAC 305 alloy is much larger than SACX Plux 0807
alloy as shown in Figure 4.8. However, the assessment of ECM susceptibility in the present work
shows better corrosion robustness of SACX Plus 0807 alloy than SAC 305 alloy. This could be
due to the applied DC bias loading on PCBAs usually exceeds the passivation breakdown
potential, and accelerates the corrosion process of solder alloys. Therefore, the corrosion
assessment based only on the polarization curves should be used with caution. Micrograph of
Figure 4.5(a) and (d) shows SACX Plus 0807 alloy possessed a finer AgsSn IMCs dispersion
compared to SAC 305 alloy. Correspondingly, Kaushik et al. [15] reported the fine dispersion of
AgsSn in the matrix inhibited localized corrosion attack and improved corrosion resistance. Since
icorr Value of SACX Plus 0807 ingot was lower than SAC 305 as shown in Table 4.2, the corrosion
rate of SAC 305 alloy was higher than SACX Plux 0807 alloy under same DC bias loading. The
higher corrosion rate of SAC 305 alloy provided sufficient metallic ions in the electrolytes to form
metallic hydroxide dendrites and lead to faster ECM failure compared to SACX Plus 0807. This
is in agreement with the corrosion robustness of SACX Plus 0807, which is better than
conventional SAC 305 alloy under both WD testing conditions and accelerated testing condition
(Table 4.3 and Figure 4.12). The cooling rate of the solder joint on an actual PCBA can be
different due to the difference of the aging period [15][34] and cooling method [1][35]. This could
be attributed to different microstructure in the bulk, for instance, the coarsening of the AgsSn IMCs
by decreasing cooling rate as reported by Wang et al. [35]. In the present study, even though the
volume of the solder ingots was larger than the reflow-produced solder alloy on SIR patterns, the
solder ingots were heat treated under relatively low temperature and solidified under water

guench. Therefore, the difference of the microstructure for reflow processed solder alloys on SIR
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patterns and alloy ingots was assumed to be negligible. The agreement between the corrosion

reliability ranking (Table 4.3) of the reflow-soldered SIR comb patterns with icor Value from the

polarization result (Table 4.2) also shows microstructures are comparable.
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V. CONCLUSIONS

More uniform phase distribution was obtained by the addition of Bi, Sb, and Ni in InnoLot alloy
compared to conventional SAC 305 alloy. Comparing SACX Plus 0307 and SACX Plus 0807
alloy, the difference of Ag content significantly influenced the microstructure homogeneity in
the low Ag content alloys. More uniform microstructure was obtained for 0.05 wt.% Ni addition
rather than for 0.1 wt.% Bi addition in the matrix of Sn - 0.8 wt.% Ag - 0.7 wt.% Cu alloy.
Volta potential mapping result under ambient condition illustrated the galvanic coupling
between cathodic Bi phase and anodic (Sn, Sb) solid solution in InnoLot alloy as well as
cathodic AgsSn IMCs and anodic -Sn phase in the other four alloys.

Potentiodynamic polarization result indicated low corrosion rate of InnoLot alloy and SACX
Plus 0807 compared to other solder alloys. Pitting occurred preferentially on (Sn, Sb) solid
solution adjacent of Bi phase in InnoLot alloy, while on B-Sn phase adjacent to AgzSn IMCs in
other four alloys.

ECM results from WD test and SIR comb pattern test confirmed the ECM failure was more
related to the corrosion current density rather passivation domain of tested SAC solder alloy
under 5 V DC bias loading.
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5. Alkanolamines as activators in no-clean flux systems:

investigation of humidity robustness and solderability

Feng Li, Kamila Piotrowska, Morten Stendahl Jellesen, Rajan Ambat

Abstract: This paper systematically investigates the humidity robustness and solderability of five
alkanolamines used as activators in flux systems, and their effect was assessed along with the
influence of soldering temperature. Electrochemical impedance spectroscopy and
chronoamperometry techniques were used to obtain a better understanding of water adsorption,
absorption, and protonation tendencies of alkanolamine candidates. Potentiodynamic polarization,
hot plate spreading test, and wetting balance test were adapted for the etching ability and
solderability evaluation. Thermal degradation of alkanolamine compounds was analyzed using
thermogravimetric analysis (TGA) and Fourier-transform infrared spectroscopy (FT-IR). The
combined results indicate a strong water absorption and protonation of diethanolamine (DEA),
triethanolamine (TEA), and triisopropanolamine (TIPA), rendering them not reliable and not
feasible as activators. Poor solderability of alkanolamine-based fluxes was inferred based on their

thermal degradation behaviour and poor oxide removal ability under the soldering conditions.
Keywords: Alkanolamine, solder flux, electronic corrosion, humidity, reliability, solderability.

l. INTRODUCTION

No-clean fluxes were developed in 1990s in order to eliminate chlorofluorocarbons (CFCs) from
the production floors according to the Montreal Protocol [1][2]. From then on, no-clean fluxes have
been widely used for print circuit board assemblies (PCBAS) in electronics industry. The idea of
no-clean flux systems was aimed at decomposing and evaporating their activator substances
during the soldering process, and the expectation was to obtain minimal level of the residues or
the residue-free PCBAs. However, in practice, significant levels of residues present on the PCBAs
after the soldering process have been reported in the literature, either related to lab-scale
investigations [3] or directly to the manufacturing process [4]. The amount and type of residue
depend on a number of factors, including the characteristics of the PCBA, type of soldering
process [4], and soldering environment (e.g. nitrogen atmosphere) [5], however, most important
factors are flux chemistry and the amount of flux applied [4]. Design of the PCBA has a significant
influence on trapping the residue under the low stand-off height components or around the

through-hole areas [4][6].
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No-clean flux residues contain various types of resin, solvents, and weak organic acids (WOAS)
[5][71[8]. The typical WOAs used in commercial flux systems include succinic acid, glutaric acid,
adipic acid, and malic acid [2][5]. A number of studies reported that WOA-based solder residues,
arising from the use of no-clean flux systems, can induce various humidity-related reliability issues
due to the electrochemical process occurring upon the residue dissolution into the water layer.
This corrosion phenomenon can lead to a critical reduction of surface insulation resistance (SIR)
[5][9][10] or electrochemical migration (ECM) and related short-circuit failures. In the ECM
process, corrosion of e.g. Sn, Ag, and Cu takes place on the anode and the dissolved metallic
ions migrate towards cathode where the metallic ions can deposit and grow back to anode in the
form of metallic dendrite [11]. The corrosivity of the flux residues is directly related to the properties
of WOASs remaining on the PCBAs , for example: hygroscopicity and ionic nature of various WOAs
[9][12], their solubility, the amount of WOAs present on the PCBAs [10], potential bias on the
PCBAs [9][13], service temperature and humidity levels [9][10][12]. The WOAs with longer carbon
chain usually possess lower polarity and exhibit higher moisture absorption point (high critical
relative humidity level) [9], meaning lower extent of moisture absorption and lower degree of
ionization. For instance, Verdingovas et al. [13] reported that the moisture absorption relative
humidity (RH) for adipic and succinic acids were 99%RH and 98%RH, respectively, while the
moisture absorption point of glutaric acid was between 75%RH to 89%RH. Similar observation
was made by Conseil et al. in the investigations on the flux residue and humidity interaction [3].
As shown, the chemistry of the residue strongly defines the reliability of the devices operating

under humid conditions.

The type of WOAs chosen for the flux formulation is based on the WOA'’s strength of oxide layer
etching ability that is necessary for performing a successful soldering process. This strength can
be characterized by the acid dissociation constant (pKa) value describing the general strength of
an acid in a solution. The WOAs with low polarity (e.g. low amount of carbon-oxygen bonds)
generally exhibit low pKa values, therefore, exhibit low acid strength and low ability for oxide layer
removal. However, WOAs with low pKa values show better humidity robustness due to their high
moisture absorption RH level and lower dissociation possibilities [14]. In order to balance both
good solderability and humidity robustness, no-clean flux system formulations use various blends
of WOAs [14]. Thermodynamically, the ionic mixture shows the moisture absorption point for
blends below the levels found for the individual components. Specifically, in relation with no-clean
flux systems, Marcolli et al. [15] and Piotrowska et al. [14] reported that the moisture absorption
RH of binary mixtures of weak organic acids shift to lower humidity range compared to the levels

exhibited by any of the individual constituents. This phenomenon indicates the potential humidity-
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related reliability issues for electronics occurring at lower RH levels when mixtures of activators

are used in no-clean flux systems.

Recently, driven by the need for better humidity robustness of devices together with a need for
good solderability of the flux formulations used for the assembling purposes, organic amines use
as activators have attracted the attention of flux manufacturers [16]. Amines can remove the oxide
layer from a copper surface (a common material on the printed circuit board assembly) following
the Bronsted-Lowry acid base reaction as reported by Shi et al. [16]. Vaynman et al. reported the
improvement of wetting properties of Cu surface using ethanolamine, diethanolamine, and
triethanolamine in the solder flux system [17]. Tolla et al. reported the reduction of dendrite growth
during ECM testing when amines were used as additives to the flux formulation due to the
formation of complexes between amine with metallic ions [18]. The anonymous amine candidates
tested as activators or as additives in activator package in these reports might show the possibility
of obtaining amine-based flux systems, which can provide good humidity robustness and desired
solderability properties. Corrosion reliability of these amines were further investigated using the
Cu mirror test [18], surface insulation resistance (SIR) test [18], and electrochemical methods
such as potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), and linear
polarization resistance (LPR) methods [19]. Oxidation layer removal process of WOAs and
anonymous amine candidates have been investigated using potentiodynamic polarization test
[20][19], hot plate spreading test [16][18] and solderability test methods [18]. The type of amines
used in these investigations was not reported, while these investigations were mainly focused on
the soldering aspects and direct measurements of corrosion attack, for example on the copper
substrate. However, none of these studies investigated the humidity robustness and solderability
aspects of amines in comparison with the commonly used WOAs in the flux systems, which is an
important aspect in order to determine whether their use as activators alone or in combination
with the WOAs provides better reliability. Further, the lone pair of the amino group in amine usually
attracts a proton to form a conjugate acid and the hydroxide ions according to the Brgnsted-Lowry
acid base reaction in the condensed water, which is known as protonation behavior [21],
increasing the conductivity of the electrolyte. Therefore, it is also important to investigate the
moisture interaction capability of amines together with their protonation effects on electronics
reliability, such as leakage current and electrochemical migration tendency, directly on the surface
of PCBAs.

Present investigation focuses on a comprehensive understanding of the performance of

alkanolamines as potential activators for the flux system with detailed analysis of their behavior
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under humid conditions and the link to their solderability properties being relatively compared with
typical WOA activators used in the industry. Potentiodynamic polarization, hot plate spreading
test, and wetting balance test methods were used for understanding the ability of amines to etch
the copper surface and provide good surface wettability for soldering purposes (solderability). The
thermal decomposition behavior of the amines tested under soldering temperature regime was
investigated using thermogravimetric (TGA) and differential thermal analysis (DTA) analysis
techniques, and Fourier-transform infrared spectroscopy (FT-IR) technique. Electrochemical
methods such as EIS and chronoamperometry (CA) were employed in order to evaluate the
extent of humidity interaction with the alkanolamines as well as their ability to initiate

electrochemical failure modes such as ECM.

Il MATERIALS AND EXPERIMENTAL METHODS

Alkanolamine candidates used for the investigations

Five alkanolamines of analytical grade (Sigma Aldrich, USA) were tested in the present study.
Molecular formula, molecular weight, melting point, boiling point, and pKa values at 25°C are
shown in Table 5.1. All of the amines possess hydroxyl functional groups attached to the
hydrocarbon chain, and the number of these —OH groups varies between the amines. The boiling
point characterizes how easy amine will vaporize/decompose during the soldering process. Due
to the higher melting points of DIPA and TIPA, they are present as solids at room temperature,
while EA, DEA and TEA exhibit liquid state at room temperature. The pKa-values determines the
reactivity of the amines in terms of their alkaline strength, and as such can be used as an

expression for their etching ability.

Table 5.1. Physical and chemical properties of amines used in the study. Data adapted from [22].

Molecular Molecular Melting Boiling pKa at
formula weight (g/mol) | Point (°C) | Point (°C) 25°C
Ethanolamine (EA) NH2CH2CH20H 61.083 10.5 171 9.5
Diethanolamine (DEA) NH(CH2CH20H): 105.136 28 268.8 8.96
Triethanolamine (TEA) N(HOCH2CHz2)s3 149.188 20.5 335.4 7.76
Diisopropanolamine (DIPA) | NH[CH2CH(OH)CHzs]. 133.186 44.5 248 9.1
Triisopropanolamine (TIPA) N[CH3CH(OH)CHz2]s 191.268 45 305 8.06

Materials preparation

a) Cu substrate for etching ability evaluation

Pure copper foil (Goodfellow, USA) was used as test substrates for the evaluation of amine

etching ability. The surface of the Cu foil was polished using #4000 SiC grit paper.
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b) Cu alloy substrate for solderability evaluation

Solderability assessment was conducted using a wetting balance and hot plate spreading tests.
The wetting balance test was carried out using copper coupons according to the IPC-TM-650
2.4.14.2, i.e. a size of 6 mm x 25 mm x 0.5 mm prepared using electrical discharge machining.
Cleaning of Cu coupons was conducted based on ISO 9455-16 international standard. For the
hot plate spreading test, Cu-37Zn coupon substrate with a size of 40 mm x 75 mm x 1 mm was
prepared. Cleaning of the brass coupons was conducted as described in the ISO 9455-16
standard.

c) SIR pattern for the electrochemical evaluation of humidity robustness

The SIR pattern shown in Figure 5.1 was used for the electrochemical tests meant to reflect the
humidity robustness of systems containing amine compounds as activators. The interdigitated
pattern comprised of a hot air solder levelled (HASL) Sn-0.7Cu alloy as surface finish plated on
copper tracks with an FR-4 laminate as a substrate of IPC-4201/21 test board. The active testing
area of the SIR pattern was 13 mm x 25 mm with a 0.3 mm pitch size. The overlapping length of
the adjacent pitch lines was 10.8 mm x 41 set, which in total provided 442.8 mm for the DC and
AC tests. A detailed description of the pattern can be found elsewhere [23].

Figure 5.1 Picture of the SIR comb pattern used for electrochemical tests.

The SIR patterns were pre-contaminated with the respective alkanolamines in isopropanol
solution after evaporation and the level of alkanolamine used for testing was 100 ug/cm?. In order
to simulate the state and the amount of residue left on the PCBA after the wave soldering process,
thermal activation of amine-contaminated SIR patterns was performed at 175°C and 240°C for 45
sec in a Techno HA-06 oven. The thermal activation at 240°C aimed to simulate the proper
soldering temperature existing at the interface between the PCBA and solder wave (in wave
soldering process simulating bottom part of the PCBA). Moreover, the solder flux sprayed during
the wave soldering process to the bottom part of the PCBA can reach the top side through via-

holes. The temperature experienced by the top side of the PCBA is approximately 170°C [24].
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Therefore, an additional thermal activation of the test boards at 175°C was carried out in order to
simulate the thermal conditions of the top side of PCBA during the soldering process [6].

Etching ability evaluation using potentiodynamic polarization test

Etching ability of five alkanolamines was evaluated by potentiodynamic polarization
measurements using a “Biologic VSP” multichannel potentiostat (Bio-Logic Instruments, France).
The polarization of Cu foil was conducted using Paracell (Gamry Instruments, USA) with an
exposed area of 2.85 cm?in 0.1 M amine or WOA aqueous solution. Open circuit potential (OCP)
was record after 30 min stabilization. For the polarization, the scan range of the polarization was
set from -250 mV to 1500 mV vs. OCP using Ag/AgCIl electrode as reference electrode (RE). The
scan rate used for the experiment was 60 mV/min. Each experiment was repeated three times
with good consistency.

Solderability assessment using wetting balance and hot plate test

a) Wetting balance test

Solderability tests were performed using the “Must 3 wetting balance tester’ (GEN 3, UK), which
allows for the measurement of the extent of wetting of molten solder on the copper coupons,
which surface was initially activated by amine activators. A model flux formulation was created by
mixing 4 wt.% of amine as activator and 96 wt.% isopropanol alcohol of analytical grade. The Cu
coupon was initially immersed in the model flux solution to a depth of 10 mm and drained off the
extra flux by keeping it vertically on a clean filter paper following the procedure described in IPC-
TM-650 2.4.14.2. After 20 sec pre-heating of the SAC 305 solder bath incorporated in the wetting
balance equipment occurred at a temperature of 270°C, which was followed by the Cu samples
being dipped in the molten solder bath for 10 sec with an immersion depth of 5 mm. Both the

immersion speed and withdraw speed of Cu substrate to solder bath were set to 20 mm/s.

Following the wetting balance test, the Cu coupons were exposed to 40°C/99% RH for 24 h in
accordance with the copper mirror method (IPC-TM-650 2.3.32) in order to additionally evaluate

the corrosion extent induced by the alkanolamines and WOAs based fluxes.

b) Hot plate spreading test

Additional evaluation of amine solderability was conducted using the hot plate spreading test
based on IPC-TM-650 2.4.46 standard using brass coupons. Solderability tests were performed
using a “SD160 digital hotplate” (Stuart Equipment, UK), which allows for visual assessment of
the extent of wetting of molten solder on the brass coupons, which surface was initially activated
by amine activators. The source of molten solder was an O-ring of 1 cm diameter prepared from
the flux-free SAC 305 alloy and placed on the brass substrate. 50 yL of the model flux was applied

at the center of an O-ring placed on the plate, and subsequently the preheating of the sample was
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conducted at 160°C for 2 sec. Subsequently, the test system was transferred to another hotplate
with a precisely controlled temperature of 270°C in order to melt the solder wire and assess the
solder spreading extent when the O-ring melted. The solderability level was visually assessed
based on the description in the IPC-TM-650 number 2.4.46 standard.

Analysis of corrosion products morphology and etching ability

The surface morphology of the samples subjected to solderability test and following the exposure
to humidity has been examined using a VHX digital microscope (Keyence, Japan). For the
assessment of the quality of amine-based model flux on etching ability, the cross section of the
soldered copper coupons used for wetting balance testing and polarized samples were inspected
using a Quanta 200 FEG scanning electron microscope (FEI, USA) under secondary electron

mode.

Thermal decomposition behavior of amine activators

a) Thermal analysis using thermogravimetric analysis (TGA) and differential thermal
analysis (DTA)

The nature of amines subjected to varying temperatures were investigated using TGA and DTA
techniques. TGA analysis was aim to investigate the liquid-gas phase transformation temperature
of alkanolamines, whereas DTA analysis was employed to investigate the thermal decomposition
temperature of the alkanolamine candidates. Pure alkanolamine candicates were subjected in a
alumina crucible for the testing. Argon gas was used as a protection gas during the experiments.
The experiment was performed with a temperature ramping rate of 20°C/min in a range from room

temperature to 1000°C.

b) Structural analysis using FT-IR technigue

In order to further assess the thermal decomposition tendencies and structural changes of
alkanolamines upon their exposure to soldering temperature profile, spectroscopic analysis of the
aged activators was conducted after their initial thermal treatment. Thermal activation of the
amines was carried out under simulated wave soldering temperatures corresponding to the top
and bottom of the PCBA surface [24]. The amines were analyzed using the Nicolet iIN10 MX
infrared imaging microscope (Thermo Fisher Scientific, USA) with a Ge attenuated total
reflectance (ATR) tip. The activation was conducted by placing respective amine compounds on
a glass substrate and conducting thermal activation at 175°C and 240°C for 100s in the Techno
HA-06 oven. 10 wt.% water in alkanolamine solution were used for water interaction analysis.
Alkanolamine candidates that have not undergo a thermal exposure were used as reference in

the spectral analysis.
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Humidity robustness evaluation of amines using electrochemical techniqgues

Humidity robustness assessment was carried out in “Espec PL-3KPH” climatic chamber with a

certainty of £ 0.3°C and + 2.5% RH of the test conditions.

a) Single frequency EIS measurement

The interdigitated two electrodes SIR pattern shown in Figure 5.1 was used for electrochemical
testing with one of the electrodes used as a reference and counter, rendering the other electrode
as working electrode. EIS technique was used in order to evaluate the interaction of amine residue
with water vapour under varying humidity and temperature levels. The interaction relied on the
absorption of moisture by the alkanolamine and its protonation, which was manifested during the
electrochemical testing, allowing for the determination of the critical RH for moisture absorption

and moisture drying under various thermal activation and test temperatures.

Testing was initiated after humidity stabilization at 30% RH for 6 hours, and the EIS response was
recorded at a frequency of 10 kHz over the humidity ramping from 30% RH to 99% RH in 12
hours, followed by a ramp-down to 30% RH with the same rate at a testing temperature of 25°C,
40°C, and 60°C. Testing temperatures of 25°C and 40°C meant to simulate the range of
temperatures, at which the electronic equipment is used in different climatic locations worldwide,

while 60°C temperature was used for simulating the self-heating of the device.

A signal of a single frequency level of 10 kHz with the amplitude of 25 mV was used for impedance
testing, and the level is based on the results obtained in previous investigations that used
impedance technique for assessing the humidity boundaries for various flux activators [9][14][22].
Typically, the critical humidity level for moisture absorption by hygroscopic substances is called
deliguescence relative humidity (DRH) and the humidity level, at which desorption of uptaken
water occurs is designated as efflorescence relative humidity (ERH). Some of the amines used in
these investigations are liquid at room conditions, and it is not correct to use DRH and ERH terms,
therefore, the RH level for moisture absorption is designated in this paper as “moisture absorption

RH” and the RH level when the water desorption occurs is termed as “moisture drying RH”.

b) Chronoamperometry (CA) measurement

The CA measurements were carried out in order to understand the corrosivity of alkanolamines
and their potential effect on ECM occurrence. A 5V DC potential bias was applied to the SIR
pattern pre-contaminated with various amines mimicking the residue remaining on the PCBA
surface, and the resulting leakage current of the SIR pattern was collected at varying RH levels
of 60%, 70%, 80%, 90%, and 98%, under 25°C, 40°C, and 60°C. The initial stabilization of the test
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boards was carried out for 2 hours at 30% RH. The water film build-up on the SIR pattern under

”

various conditions and ECM occurrence were visualized in-situ using an “AD7013MZT Dino-Lite
digital microscope.

Il. RESULTS

Etching ability evaluation of alkaolamines and WOAs

The amine etching ability was investigated by by anodic polarization. Figure 5.2(a) shows the
results of etching ability testing for alkanolamines performed using the potentiodynamic
polarization, and a comparison between various activators can be inferred from the anodic
polarization curves for Cu. The OCP result in Figure 5.2(a) shows that the primary amine EA
solution induced the most negative OCP of Cu, while secondary amines (DEA, DIPA) exhibited
slightly higher OCP values. Tertiary amines (TEA, TIPA) exhibited the highest OCP values among

the tested alkanolamines.

The electrochemical parameter leads to the dissolution of Cu was denoted as etching current
density (Figure 5.2(b)), which was calculated by Tafel analysis from EC-Lab software. From this
perspective, tertiary amines (TEA, TIPA) showed the lowest values compared to secondary
amines (DIPA, DEA) or primary EA at any anodic potential level. Among the amines, the primary

amine EA showed the highest current density.

The overall OCP values for copper induced by five amine solutions are more negative than the
values induced by two WOAs. However, the polarization curves indicate that the anodic activity
of WOAs is higher than the activity of all the tested alkanolamines over 0.2 V, which indicates
high anodic dissolution rate for WOAs compared to amines over this range of voltage. The shorter
glutaric acid showed higher current density during the Cu polarization over the same potential

ranges compared to adipic acid.

Figure 5.3 shows the surface morphology of Cu samples after polarization in alkanolamines and
glutaric acid solutions. Similarly to the etching abilities inferred from the Cu polarization curves,
EA, DEA, and DIPA (Figure 5.3(a)-(c)) showed highly attacked copper surface (therefore, higher
etching ability) compared to the surface activated by TEA and TIPA solutions (Figure 5.3(d) and
(e)). This could be due to the higher pKa value (stronger alkalinity) of the primary and secondary
amine. However, the copper sample polarized in the glutaric acid solution showed more
aggressive attack of the surface (Figure 5.3(f)) compared to the attack observed for the amine

solutions.
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Figure 5.2 (a) Representative polarization result for various alkanolamines and commonly used WOA

activators tested using Cu substrate in 0.1 M aqueous solutions at room temperature, (b) summary of

open circuit potential (OCP) and etching current density of tested solutions.
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Figure 5.3 Secondary electron (SE) images of Cu samples after polarization test in 0.1 M amine and

WOA solutions; (a) EA, (b) DEA, (c) TEA, (d) DIPA, (e) TIPA, (f) glutaric acid.

Solderability assessment using amines as activators

The evaluation of solderability of the surface activated by various amines was carried out using

wetting balance and hot plate spreading tests.



100| Chapter 5

Figure 5.4 shows the results from wetting balance testing using alkanolamines and typical WOAs
based model fluxes used for surface activation of copper coupons. The wetting force of glutaric
acid and adipic acid model fluxes were above 4 mN, which are significantly higher compared to
the wetting force levels induced by alkanolamine model fluxes as shown in Figure 5.4(a). The
wetting force of all the amines were below 0 N with tertiary TEA showing the highest value and

primary EA the lowest among the tested amines.

The wetting length shown in Figure 5.4(b) was inferred by calculating an average value of the
length of solder on both sides of Cu substrate along the coupon width, which also agrees with the
ranking of wetting force. The wetting length of adipic acid, glutaric acid, and TEA model flux
systems were higher than the immersion length of the solderability testing coupon (5 mm). The
cross section SEM micrographs in Figure 5.5(a-e) show the thinner solder alloy exhibited on Cu
substrates using all the alkanolamine fluxes compared to WOA-based fluxes (Figure 5.5(f-g)),

which refer to poor solderability.
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Figure 5.4 Wetting balance testing results using amines and WOAs as surface activators: (a) wetting
force and (b) wetting length of solder alloy for various activators model fluxes. Results obtained for WOAs

are included for comparison.

Figure 5.5 shows the visual appearance of the tested samples, which can provide an indication
of the activator corrosivity in accordance with the IPC copper mirror method. Severe corrosion
product formation of a green colour occurred in the case of glutaric acid and adipic acid model
flux activation of the samples as shown in Figure 5.5(f) and (g). On the contrary, alkanolamine

etched samples showed less pronounced formation of the corrosion products. Only a few
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corroded spots were observed on secondary DEA and tertiary TIPA etched samples (Figure 5.5(b)
and (e)).

Figure 5.5 LOM inspection and cross section SEM micrographs of samples tested towards solderability
assessment. Inspection performed after 24 h exposure to 40 °(/99% RH: (a) EA, (b) DEA, (c) TEA, (d)
DIPA, (e) TIPA, (f) Adipic acid, (g) Glutaric acid.

Figure 5.6 shows the results from the hot plate test indicating the spreading of solder material
over the brass surface with different amines used as for surface activation. Figure 5.6(c) shows

that the TEA flux provided a relatively good wettability for SAC 305 solder wire, and the best
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among all amines. SAC wire partially covered the brass substrate activated by DEA flux as shown
in Figure 5.6(b), while EA, DIPA, and TIPA fluxes were not able to activate the substrate enough
to provide good wettability for SAC 305 wires (Figure 5.6(a)(d) and (e)).

Figure 5.6 LOM micrographs of hot plate spreading tested samples: (a) EA, (b) DEA, (c) TEA, (d) DIPA,
(e) TIPA.

Thermal degradation analysis of alkanolamines

Figure 5.7 shows the TGA and DTA testing results of the alkanolamines. All the TGA curves
illustrated the evaporation of amines over a temperature range. The weight reduction of EA and
DIPA in Figure 5.7 (a) and (d) was initiated at 165°C and 217°C, which is below the thermal
activation temperature during a typical wave soldering process. However, the temperature, at
which the weight reduction occurred for DEA, TEA, and TIPA activators was far beyond the wave
soldering temperature (initiation at 244°C, 288°C, and 245°C, respectively) as shown in Figure
5.7(b)(c)(e). The amine evaporation for the mentioned compounds was terminated at 309°C,
406°C, and 331°C, respectively.

The DTA curves (Figure 5.7) showed two endothermic peaks for each amine. First peak was very
broad and occurs at lower temperature range indicating a low thermal adsorption due to the
stretch of molecule structure. The second peak was sharp and occurred at higher temperature
range, and indicated the energy for amine evaporation. Accordingly, the difference in
temperatures between the final weight loss in TGA curve and a sharp endothermic peak in DTA
curve indicates that the evaporation and pyrolytic decomposition occurred under different

temperatures, whereas the difference is minor.
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In order to further assess the thermal decomposition tendencies and structural changes of
alkanolamines upon their exposure to soldering temperature profile, spectroscopic analysis of the
aged activators was conducted after their initial thermal treatment. Figure 5.8 shows the FT-IR
spectra of all alkanolamines after various thermal activations. It is noticed that the glass substrate
did not influence the peaks in the wavenumber range between 4000-1300 cm™. Two distinct
peaks [25] appeared at high frequency regions for non- and thermally-treated (175°C) samples,
which suggests the appearance of N-H stretching vibration in the molecule of EA as shown in
Figure 5.8(a). However, these two peaks disappeared after the 240°C thermal activation. Thermal
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Figure 5.8 The FT-IR spectra of five alkanolamines activated at different thermal conditions: (a) EA, (b)
DEA, (c) TEA, (d) DIPA, (e) TIPA
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Humidity effects of amine residues on PCBA

a) EIS testing of amine moisture sorption behavior
Figure 5.9 illustrates the impedance response of the SIR system pre-contaminated with amine

residues, which were activated under various thermal treatments and exposed to varying humidity
and temperature conditions. During the increase of RH, the impedance drop at a particular RH
level corresponds to moisture absorption. The recovery point of the impedance signal upon
decreasing humidity is related to drying of the dissolved residue on the SIR surface. The
impedance value noted at 99% RH indicates the strength of a protonation behavior for

alkanolamine candidates due to the change of solution conductivity.

In case of all amine types tested, the moisture absorption RH level is lower than the moisture
drying RH showing, indicating the hysteresis behavior related to moisture intake and release.
Figure 5.9(a) and (d) show that the EA and DIPA contaminated SIR pattern presented a high
impedance response at 99% RH for all testing conditions. Thermal activation process did not
influence the impedance response of the EA, TEA, and TIPA contaminated SIR patterns under
the same testing conditions as shown in Figure 5.9(a), (c) and (e). However, the thermal
activation process of DEA at 240°C significantly shifted the critical RH level from 30% RH to
approximately 75% RH under 25°C as shown in Figure 5.9(b).

Test exposure to temperature and humidity has shown an influence on the behavior of five
alkanolamines. Figure 5.9(a) and (d) show that the reduction of moisture-absorption RH,
moisture-drying RH, and impedance response at 99% RH for EA and DIPA with an increase of
test temperature from 25°C to 60°C. The critical RH decreased from 94-95% RH to 86% RH upon
an increase in exposure temperature, while moisture-drying RH significantly decreased from 94-
95% RH to 65-66% RH. In contrast, the moisture absorption and protonation behaviors of DEA
and TIPA show an opposite trend. Low impedance response was obtained at 60°C. Figure 5.9(b)
shows the moisture absorption RH of DEA ranged from 30% RH to 88% RH and the moisture
drying RH ranged from <30% RH to 81% RH under exposure temperatures of 40°C and 60°C.
While in the case of TIPA, the exposure temperature of 60°C increased the moisture-absorption
RH value and impedance value at 99% RH as shown in Figure 5.9(e). Figure 5.9(c) shows that
the exposure temperature did not have any effect on the impedance response of TEA

contaminated SIR pattern.
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Figure 5.9 Representative impedance result of SIR pattern pre-contaminated with amine residue under

different conditions in 3 parallel tests. Signal collected at 10 KHz over humidity range for assessment of

moisture sorption behavior of: (a) EA, (b) DEA, (c) TEA, (d) DIPA, (e) TIPA.
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b) CA testing of amine under different climatic conditions
Figure 5.10 shows the results of CA testing expressed as a leakage current response from the

pre-contaminated SIR patterns after various thermal activation and testing conditions. Generally,
the leakage current increased with an increasing relative humidity conditions for all the residues
without or after thermal activation process. Figure 5.10(a) and (d) show that the high leakage
current levels were recorded for DEA and TEA contaminated SIR patterns at low relative humidity
levels, whereas EA contaminated SIR patterns maintained a low leakage current values even at
high relative humidity level. Figure 5.10(a) and (d) show that the thermal activation reduced the
leakage current of EA and DIPA contaminated SIR patterns under the same testing condition,
while the leakage current remained at the similar level for DEA, TEA, and TIPA contaminated SIR
patterns without or after thermal activation. The increased exposure temperature (Figure
5.10(a)(b)(c)) triggered a significant drop of leakage current for DEA, TEA, DIPA, and TIPA
contaminated SIR patterns. For the leakage current levels of DEA and DIPA contaminated SIR
patterns, the influence of the exposure temperature observed at 40°C and 60°C was significant,
as shown in Figure 5.10(a)(b)(c); however, in case of TEA and TIPA, the effect was observed
only at 60°C. Figure 5.10(a) and (b) shows the leakage current of DIPA-contaminated SIR pattern
was significantly reduced at the test temperature to 40°C. However, a gradual decreasing trend of
leakage current for DEA, TEA, and TIPA contaminated SIR patterns was observed from 25°C to

60°C as shown in Figure 5.10(a-c).

Figure 5.11 shows the in-situ water film development on DEA-contaminated SIR pattern and ECM
failure occurrence under climatic exposure of 98% RH, 25°C as an example of the residue
behavior under humidity testing. Figure 5.11(a-c) show a typical view of a progressive water film
build-up on the SIR pattern with DEA where no potential bias was applied. Figure 5.11(d-f)
demonstrates the gradual corrosion of the SIR pattern manifested as a dendrite formation under
bias conditions induced by the water film build—up on the contaminated surface. The application
of 5V DC load led to the formation of a small black metallic dendrite structure with its growth

initiating at the cathodic pitch lines and progressing towards anodic pitch lines.
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Figure 5.10 CA testing results of alkanolamine-contaminated SIR patterns tested under various testing
conditions: (a) no thermal activation of amine and CA test at 25 °, (b) no thermal activation of amine and
CA test at 40 °C, (c) no thermal activation of amine and CA test at 60 °C, (d) thermal activation at 240 °C for

45 s and CA test at 25 %, (e) thermal activation at 240 °C for 45 s and CA test at 40 °C, (f) thermal activation
at 240°Cfor 45 s and CA test at 60 °C.

Figure 5.11 In-situ visualization of moisture absorption and ECM on DEA contaminated SIR under
climatic exposure of 98% RH at 25°C (a) 0 min 0V, (b) 30 min 0V, (¢) 60 min 0V, (d) 60 min 5V, (e) 75
min5V, (e) 85min5 V.
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V. DISCUSSION

Influence of thermal activation and exposure temperature under humidity testing on the

performance of alkanolamine as flux activators

Figure 5.8(a)-(e) show that the water interaction with alkanolamine lead to the broadening of O-
H stretching peak in FT-IR spectrum due to the hydrogen bond formation between hydroxyl group
in water and amino groups. The humidity level triggered water interaction of alkanolamine was
determined using EIS. Under exposure temperature of 25°C, as shown in Figure 5.9(b) and (c),
the moisture absorption RH of DEA and TEA was below 30% RH, which is indicated by relatively
low impedance signal at 30% RH. The protonation of amine reduced the resistance of SIR pattern
to very low values under 99% RH exposure. Thermal activation did not influence the moisture
absorption behavior of TEA, which might be due to the fact that the activation temperature of 240°C
was lower than the evaporation temperature of TEA of 288°C (Figure 5.7(c)). However, after the
thermal activation at 240°C, the moisture absorption RH of DEA increased from 30% RH to 75%
RH, which is a desired effect for corrosion reliability, as the activated residue requires higher
ambient humidity level for moisture absorption. This effect can be explained as a partial
evaporation of the DEA as the activation temperature was close to the evaporation temperature
of 244°C (Figure 5.7(b)). Therefore, lower residue amount is expected from DEA than TEA if both

are activated under the same soldering process.

For TIPA, the critical RH was around 83% RH (Figure 5.9(e)); however, the impedance testing
showed large reduction of the SIR signal around this RH level, which indicates high conductivity
of the electrolyte induced by the protonation behavior of TIPA. For DIPA, slight increase of
impedance signal after the thermal activation at 240°C was observed (Figure 5.9(d)). This might
be due to the thermal activation i.e. degradation of amine occurred since the evaporation of DIPA
initiates at 222°C (Figure 5.7(d) and Figure 5.8(d)). Compared to the exposure temperature of
25°C, testing at 40°C showed higher impedance levels of DEA-contaminated SIR pattern at 99%
RH (Figure 5.9(b)). Under exposure temperature of 60°C, the impedance responses of DEA at
99% RH and all TIPA samples were significantly improved compared to 25°C and 40°C as shown
in Figure 5.9(b) and (e). The results indicate that the water absorption and protonation behavior
of alkanolamines were influenced by the exposure temperature in different ways. Patil et al.
reported the effective dipoles of DEA rotate more rapidly with increasing temperature and the
hydrogen bond breakage is more likely to occur at higher test temperature exposures [26]. The
energy of molecule under exposure to the temperature of 40°C could be higher than the energy

of intermolecular hydrogen bond formed by water molecules attracted to the amine functional
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groups and hydroxyl functional groups in DEA under exposure conditions. Amararene et al. [27]
and Hinderaker et al. [28] reported a temperature of 313 K (40°C) decreased the carbonyl sulfide
(COS) absorption in aqueous DEA solution. Similarly, the results in the present study show the
protonation behavior of DEA was inhibited at 40°C (Figure 5.9(b)). The exposure temperature of
60°C slightly increased the moisture absorption RH of DEA and TIPA samples, which might be
attributed to the increased temperature providing sufficient energy to break the hydrogen bond
between water molecules and DEA/TIPA molecules. Consequently, the impedance response of
non-thermally activated DEA and TIPA samples significantly increased under high humidity
exposure as shown in Figure 5.9(b) and (e). Overall, moisture absorption RH of DEA and DIPA
increased due to evaporation or degradation induced by thermal activation, while the protonation

behavior of DEA and TIPA decreased upon an increase of the test temperature.

Influence of alkanolamine activators on leakage current under DC loads

Depending on different application aspects in electronic industry, 1-10 pA level of leakage current
on a PCBA surface typically biased under DC conditions can be taken as the threshold for failure
occurrence under humid conditions. Similar leakage current threshold value for commercial wave
solder flux-contaminated SIR interdigital pattern was reported by Verdingovas et al. [13] and
Piotrowska et al. [29]. Since the present work tested the same contamination level and used a
similar SIR pattern as Piotrowska et al. [29], 10 pA threshold was used for a relative comparison

of the results from amines.

The influence of thermal activation on leakage current under DC bias was more pronounced for
EA and DIPA samples. After thermal activation at 240°C, the leakage current of EA and DIPA
samples was significantly lower compared to the activators behavior that did not undergo thermal
activation as shown in Figure 5.10(a) and (d). Comparing the activation temperature with the
results of evaporation temperature and degradation temperatures from TGA/DTA in Figure 5.7(a)
and (d), the quantity of EA and DIPA was considerably reduced after the thermal treatment at
240°C. On the other hand, the thermally-activated DEA samples (Figure 5.10(a) and (b)) exhibited
lower leakage current levels compared to TEA samples or higher humidity level is required for the
amine to reach the threshold of 10 yA compared to the non-activated samples (Figure 5.10(d)
and (e)). This is expected to be due to the partial evaporation of DEA activator, which reduced

the extent of moisture absorption behavior and protonation behavior after thermal activation.

Figure 5.10(a) and (b) shows that the TIPA fluxes required higher relative humidity level
(compared to DEA and TEA) in order to induce the leakage current level over 10 pA, which

indicated that, at a given RH level below or around the moisture absorption RH of TIPA, the
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moisture absorption abilities of DEA and TEA samples were more pronounced compared to TIPA
samples. The LC results agreed with the results of SIR impedance response testing shown in
Figure 5.9(b), (c) and (e). Despite the protonation behavior of amino group in TIPA was strong,
the decreased ability of hydroxyl group to absorb moisture led to the relatively lower leakage
current levels compared to DEA and TEA samples.

Figure 5.10(a-c) show the leakage current values for DEA and TIPA samples and their reduction
upon the increasing exposure temperature. This is in agreement with the impedance responses
shown in Figure 5.9(b) and (e). In contrast, TEA samples also show similar trend of decreasing
leakage current under an increasing exposure temperature; however, the impedance responses
at 10 kHz (Figure 5.9(c)) remained at low levels under all exposure temperatures. Particularly,
Figure 5.10(f) shows the leakage current of 240°C activated TEA sample, which is lower than the
10 A threshold level under the exposure temperature of 60°C, 90% RH, which does not agree
with the low impedance values observed at 10 kHz under the same exposure temperature as
shown in Figure 5.9(c). Minzari et al. [30] reported that acidic pH develops at the anode during
biased conditions on an electronic component and upon the water film formation on that
component due to the electrolysis of water, which leads to enhanced dissolution of Sn. In
comparison with DC loading conditions, the low bias voltage level and alternative current used
during the EIS testing is not able to induce hydrolysis of water and influence the local change of
pH. Therefore, the conductivity of alkanolamine flux was only dependent on the extent of its
moisture absorption ability and protonation behavior of alkanolamine itself during the EIS
investigation. Moreover, the pH level could be the dominant factor for the DC loading
investigations under various test temperatures, since the alkanolamines under test presented
lower pKa and lower pH values at higher temperatures due to the breakdown of intermolecular
hydrogen bond [31][32]. Pourbaix diagram of Sn in amine solution shows the presence Sn(OH)¢*
ions under highly alkaline conditions. When the pH value of alkanolamine electrolyte is reduced
by an increasing exposure temperature, the corrosion products shift to the left side of a diagram
and form Sn(OH). [30]. Therefore, less tin ions is present in the electrolyte at higher ambient
temperature, which could reduce the leakage current of alkanolamine fluxes-contaminated SIR

pattern and its susceptibility to corrosion.

Comparison with the commercial used woa flux activators

The performance of five selected amine candidates under humid conditions was compared with
adipic acid and glutaric acid that are typically used as commercial flux acidic activators. Among

the three WOAs, Piotrowska et al. [9] reported the lowest moisture absorption point for glutaric
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acid (84.7% RH, 73.9% RH, 81.5% RH under ambient temperatures of 25°C, 40°C and 60°C,
respectively). In comparison, the critical RH values of DEA, TEA, and TIPA were observed to be
lower than the moisture absorption point of glutaric acid, as shown in Figure 5.9(b)(c)(e), whereas
EA and DIPA activators showed higher humidity boundaries for moisture absorption compared to
glutaric acid. Under DC loads, glutaric acid was the most aggressive one in selected WOAs, and
the glutaric acid-induced leakage current of SIR pattern surpassed 10 pA level at 90% RH, 75%
RH, and 85% RH at exposure temperatures of 25°C, 40°C and 60°C, respectively [9].

In contrast, the leakage current responses from DEA and TEA contaminated samples reached
the 10 pA level at lower humidity levels of 60% RH and 70% RH, respectively, as shown in Figure
5.10(b)(c), whereas the thermally-activated EA and DIPA samples maintained a low leakage
current response even under 98% RH exposure. Therefore, EA and DIPA activators represent a
couple of benign flux residue types in terms of their influence on ECM and corrosion point of view

compared to the commercial used WOAs activators.

In order to compare the IPC copper mirror testing results of amines versus some of the acidic
activators, Figure 5.5(a)-(e) shows that the amount of corrosion products induced by
alkanolamines was qualitatively lower compared to the amount of corrosion products induced by
adipic and glutraric acids (Figure 5.5(f) and (g)). Similar corrosion appearance was reported by
Tolla et al. [18]. Combined with the EIS and CA results discussed previously, lower amount of
blue corrosion product does not directly have less influence on the reduction of SIR or leakage
current values. Thus, the copper mirror method (IPC-TM-650 No. 2.3.32) was evaluated as
generally not suitable for understanding the actual leak current response from the alkanolamine
contaminated system under humid conditions. Therefore, in order to deduce the humidity effects
of residues on the PCBA surface, LC or impedance tests are needed, since these show how the
electrical property of the residue solution is degraded and related to changing solubility due to the

moisture absorption by flux residues or an increased humidity and temperature levels.

In order to explain the corrosion mechanisms of WOA and alkanolamine fluxes on Cu, Pourbaix
diagram was simulated for a temperature of 25°C using HSC software as shown in Figure 5.12.
For WOA fluxes, the electrolyte formed on Cu substrate is acidic. Based on the potential and pH,
Cu? ions was formed on the surface according to Pourbaix diagram in Figure 5.12(a). Under
humidity exposure, Cu?" on the copper substrate formed Cu,O, Cu(OH). and Cu contained
organic salt [33] appeared as blue/green colour [1]. While Pourbaix diagram of Cu-alkanolamine
in Figure 5.12(b) shows that Cu substrate formed Cu(NHs)* and Cu(OH)4* ions under agueous

alkaline conditions at very low potential range. In consequence, the polarization results in Figure
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5.2 also agreed that the OCP values of alkanolamines are significantly lower than WOAs.
Casassas et al. [34] reported that the ligands of EA and DEA bond to the Cu?* through N atoms
of amine groups, and this is followed by deprotonation of hydroxyl groups and chelation of
hydroxyl group with Cu?*, whereas the complexes of Cu?* formed with one or two ligand molecules
of TEA depend on the concentrations of TEA. These complexes of non-thermally-degraded amine
candidates, such as Cu(EA).?*, Cu(EA)4**, Cu(DEA):** and Cu(TEA),?* etc. [35][36], which were
the corrosion products on the substrate of Cu, are less identifiable by color compared to glutaric
acid soldered samples shown in Figure 5.5. Even though the alkanolamines were able to form
ionic complexes with the free metallic ions, the ECM dendrites still were formed between two

electrodes and induced the short circuit failures as shown in Figure 5.11(d)-(f).

Qu et al. evaluated the oxide removal kinetics exhibited by WOAs and amines using a corrosion
current density and corrosion potential values obtained through the potentiodynamic polarization
testing [20]. However, the polarization results in Figure 5.2 indicate that the corrosion current
density and corrosion potential values did not match the amine ranking of solderability as shown
in Figure 5.4(a). This is due to the fact that the electrochemical investigation was conducted in
water-based electrolyte at ambient conditions instead of the soldering temperature. Hence, the
interaction of alkanolamines and WOAs with Cu oxides is different in the electrolyte conditions
compared to the soldering process conditions with no electrolyte present. Therefore, the
electrochemical investigations cannot be used as a sole activator screening method; however,
they require an additional investigation in order to evaluate the activator effect at the soldering

process conditions.

In case of WOASs, the wetting balance testing results agreed with the polarization testing results, where the
oxides removal ability of WOAs followed the trend: glutaric acid > adipic acid. This is due to the occurrence
of the same complexation (Equation 5.1) and disproportionation (Equation 5.2) [19] reactions of Cu oxides

and WOAs in both soldering and electrolyte conditions.
CuO + 2RCOOH = Cu(RCOO0)2 + H2O Equation 5.1

Cu20 + 2RCOOH = Cu(RCOO)2 + Cu +H20 Equation 5.2
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Figure 5.12 Pourbaix diagrams of Cu simulated at 25 °C with 1 mol/L concentration of N and Cu
respectively: (a) Pourbaix diagram of Cu-WOA-water system, (b) Pourbaix diagram of Cu-alkanoamine-

water system.

On the other hand, Cu oxides removal mechanism exhibited by the alkanolamines in electrolyte
conditions occurs through the protonation (Equation 5.4) and complex formation mechanisms
(Equation 5.3 and Equation 5.4). However, under soldering conditions, redox reactions take
place between the Cu oxides and amine activators as shown in Equation 5.5 and Equation 5.6,
where Cu is reduced from +Il to 0 and N is oxidized from —IIl to 0. Since the reaction mechanism
of amines and Cu are different in electrolyte and under dry soldering process, it is not possible to

analyze the oxide removal kinetics using the electrochemical methods for amine based flux
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systems. Moreover, the electrochemical testing was conducted at room temperature, which
cannot assess the thermal degradation process of amine activators. For example, EA and DIPA
possess good oxides removal abilities in the electrolyte, but cannot provide good solderability at
soldering conditions as shown in Figure 5.6(a) and (d).

CuO + 4RNH:2 + H20 = Cu(RNH2)4>* + 20H" Equation 5.3
Cu20 + 4RNHz + H20 = Cu(RNH2)4?* + Cu +20H" Equation 5.4
3CuO + 2RNH2 = 2Cu + R20 + N2 + 2H20 Equation 5.5
3Cuz20 + 2RNH2 = 6Cu + R20 + N2 + 2H.O Equation 5.6

Additionally, the hot plate spreading testing confirmed the large spreading area of TEA model flux
as shown in Figure 5.6(c), which agreed with the spreading appearance of two anonymous
amines from the study of Shi et al. [16]. However, the result of wetting balance indicates the
wetting force and wetting length of TEA model flux were much lower compared to the results
obtained for adipic and glutaric acids as shown in Figure 5.4(b). Therefore, the hot plate
spreading test can only be used as a flux qualitative comparison for amine based flux system and

a wetting balance provides quantitative information from the solderability perspective.

V. CONCLUSIONS

¢ The dynamic polarization results show that five alkanolamine candidates obtain higher etching
current density on Cu compared to WOAs at low potential range in agueous medium; however,
the etching ability of WOAs is higher than alkanolamine candidates at a potential range over
0.2 V vs. Ag/AgCI. The ranking of etching ability for alkanolamine candidates in aqueous
condition at room temperature is: EA > DIPA > DEA > TEA > TIPA, which renders EA to be
the most effective among the tested amines.

¢ TGA results show that the evaporation of EA, DEA and DIPA from the surface can occur at
240°C, whereas the thermal degradation temperatures of DEA, TEA and TIPA are much higher
than the typical soldering temperature range. Thermal degradation of amine groups in EA and
DIPA under the soldering conditions was confirmed by FT-IR results.

e Hot plate spreading test qualitatively shows good wettability for TEA model flux, while EA,
DIPA and TIPA model fluxes did not wet the surface of brass substrates under the testing
temperature of 270°C. Solderability testing results show lower wetting properties of five
alkanolamines compared to the tested WOAs. The ranking of solderability for tested WOAs
and alkanolamines is: glutaric acid > adipic acid > TEA > DEA > TIPA > DIPA > EA.



116 | Chapter 5

[1]

[2]

[3]

[4]

[5]

[6]

[7]

(8]

High leakage current levels and ECM occurrence were induced by the thermal activated DEA
and TEA contaminated SIR patterns at 25°C/70% RH, whereas the leakage current remained
below 10 mA after thermal activation at 240°C for the EA and DIPA contaminated SIR patterns.
The reduction of leakage current levels for DEA, TEA, and TIPA contaminated SIR patterns
were obtained by increasing the testing temperature from 25°C to 60°C.

EIS results indicate that the moisture absorption of DEA, TEA, and TIPA is initiated at low RH
range (30 - 86% RH) compared to the critical RH levels exhibited by WOAs activators (84.7 —
99% RH) at room temperature, while EA- and DIPA-contaminated SIR maintained the high
impedance values at 99% RH under all the testing temperatures. The increased testing
temperature from 25°C to 60°C significantly inhibited the moisture absorption behavior
(increasing the moisture absorption RH) of DEA and TIPA, while reduced the moisture
absorption RH from 95% RH to 86% RH for EA and DEA.
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6. Amino acids as activators for wave solder flux systems:

investigation of solderability and humidity effects

Feng Li, loannis Mantis, Morten Stendahl Jellesen, Rajan Ambat

Abstract: Flux activators in flux formulation is to remove oxides from metal surface, hence allow
the formation of metallurgical bond between metal substrate and solder alloy. However, flux
activator in the no-clean flux residue on printed circuit board assemblies affects the climatic
reliability due to its hygroscopic and ionic behavior under humidity exposure. This paper
systematically investigated the solderability of four amino acids wave flux activators using wetting
balance test and microscopy inspection, and the humidity effects of four amino acids was
analyzed using electrochemical impedance spectroscopy (EIS) and chronoamperometry under
various testing conditions. Water absorption and thermal degradation were analyzed using
gravimetric method and Fourier-transform infrared spectroscopy (FT-IR). Combined results
indicate glutamine based model flux obtained superior solderability for 96.5Sn-3Ag-0.5Cu (SAC
305) alloy due to suitable melting and activation temperature of amino group for the oxides
removal. The robust humidity reliability of amino acids was dependent upon relative high

deliguescence point and low moisture absorption under harsh climatic conditions.

Keywords: Amino acid, solder flux, electronic corrosion, humidity, reliability, solderability.
l. INTRODUCTION

The miniaturization of electronic packaging tendency brought the cheaper, multifunctional
capability, and portability of electronic devices to our daily life. However, miniaturization of the
devices with close distances on the Printed Circuit Board (PCBA) assembly also cause higher
electrical field [1], which in combination with other factors results in the reduction of surface
insulation resistance (SIR) between oppositely biased electrode terminals under humid conditions
[2][3] and higher leakage current [4][5]. The ionic and hygroscopic contaminants on PCBAs
reduce the humidity boundary for water condensation [5] due to their electrolyte properties and

increase the risk of intermittent or permeant failures [1].

No-clean flux residue is one of the most representative intrinsic contamination source on the
PCBA surface since 70-80% production of electronics today use no-clean flux chemistry [6]. It
was designed with the idea that during the soldering process, content of the flux system evaporate

or degrade, therefore leave minimal residues [4][7] to save cleaning steps in the manufacturing
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process [6]. However, due to sluggish kinetics of evaporation and decomposition depending on
the thermal conditions on the PCBA surface, considerable amount of flux residue will be
presented after the soldering process [6][8]. Such flux residue mainly contains weak organic acids
(WOAS) activators and the rosin/resin component of the flux system [4][9][10]. On the component
side of selective wave soldered PCBAs, residue levels of WOAs up to ~687ug/in? has been
reported [6]. The most frequently used WOAs in the flux formulation today include glutaric acid,
succinic acid, adipic acid etc. [7][11][12]. The deliquescence relative humidity level of WOAs are
in a range of 78-99% [4], therefore at least for the WOAs with lower level humidity boundaries
develops the risk of water condensation on PCBAs at lower humidity levels. The dissolution of
WOAs to the water film will reduce the pH of the electrolyte layer on the PCBA surface, while the
dissolution provides good conductivity and some WOAs can accelerate the corrosion of the
metallic terminals under biased conditions on the PCBA surface [13][14][15]. The electrochemical
process on the biased surface, and dissolved metallic ions from anodic terminals further induce
high leakage current and possibly end up with the electrochemical migration (ECM) and short
circuit [16].

One criteria for selection of no-clean flux activators for the flux systems are based on the removal
ability of the oxide layer and evaporation temperature, while partially on corrosion reliability. For
instance, adipic acid has lower hygroscopicity and lower acidic dissociation constant (pKa) value
than glutaric acid, which indicates good corrosion reliability of adipic acid [9], whereas the
solderability for adipic acid based flux is lower than glutaric acid based flux. Therefore, many flux
manufacturers use multiple WOAs in flux chemistry to obtain both solderability and corrosion
reliability [7][17], although one WOA type can dominate. Thermodynamically, mixing of ionic
component reduce DRH compared to the individual components [18] due to the lowering effect of
deliguescent stability [19]. On the other hand, organic amines were reported as an effective
additive to improve the corrosion reliability of the flux systems though leaving flux residue on the
PCBAs after soldering process [20][21][22]. Organic amines are weakly alkaline [23], which can
neutralize the WOAs residues if there are present together in a flux system. Additionally,
investigations shows that the growth of ECM dendrite was inhibited by forming stable Cu complex

compounds with amines [22].

Amino acids are generally water-soluble, mild and biodegradable [24], which can be suitable flux
activators compared to WOAs [25]. Recently, anonymous amino acid candidates were tested in
the formulation of wave solder fluxes [26] and reflow solder pastes [27]. Reported results indicate

amino acid contained flux formulation obtained better assembly with minimum defects compared
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to WOA contained solder paste in low temperature soldering application [27]. These investigations
on anonymous amino acid activators were mainly focused on the printability and solderability
aspects and the interpretation of the corrosion reliability assessment is limited. Kiani et al.
reported the corrosion inhibition performance of cysteine, methionine, and alanine on Pb-bearing
solder alloy [28]; while Yang et al. reported the good solderability of glutamic acid in halogen
containing fluxes [29]. However, the available literature specifically focused on amino acid as
additives to the halogen containing flux systems and lead based solder alloys instead of the
presently employed no-clean flux systems [30][31] and lead free solder alloys [32]. Patents
suggested isoleucine, glycine, alanine, serine, arginine, glutamine etc. can be used flux activators
in both wave solder flux and solder paste [25][33], while the performance of these activators on
solderability, humidity robustness and corrosion reliability are not clarified in literature. Therefore,
it is important to understand the moisture interaction capability of amino acid residue and the
corrosion reliability aspects, such as leakage current and electrochemical migration on the surface
of PCBAs.

The present investigation focused on understanding the corrosion reliability of four types of amino
acids when used as flux activators, and if they are present as residues, while the solderability of
these activators are investigated together. An interdigitated SIR pattern was used as the test
vehicle for investigations. Electrochemical impedance spectroscopy (EIS) was used to
understand the humidity interaction with amino acid residues. ECM susceptibility of amino acids
contaminated SIR pattern was evaluated using chronoamperometry (CA). Wetting balance was
used to investigate the solderability of amino acid model fluxes. The degradation production of

amino acid residue was analyzed using fourier-transform infrared spectroscopy (FT-IR).
Il MATERIALS AND EXPERIMENTAL METHODS

Amino acids used for the investigation

Table 6.1 shows the physical and chemical properties of four amino acids with relatively neutral
pH value. As the Table 6.1 shows, the molecular weight of the amino acid vary from approximately
75 — 146 g/mol, while the melting point varies from low melting point of 185 to 314°C. Melting
point is an important parameter in connection with use as flux activator. Isoelectronic point (pl)
indicates the pH that amino acid does not carry electrical charge. It can be expressed by Equation
6.1, where pK,, is the dissociation constant of carboxyl group, pK,, is the dissociation constant
of amino group. For investigations, model fluxes were mixed using 4 wt.% of amino acid and 96
wt.% ultra pure water in ultrasonic bath for 30 mins. Ultra pure water source was adapted from

Milipore water purification system (Synergy UV, Germany).



122| Chapter 6

_ DPKa1+pKg>

pl 5 Equation 6.1
Table 6.1 Properties of the amino acids used in the investigation.
Molecular )
Weight Melting
Point pKa1 pKaz
Molecular Structure (g/mol) (°C) (carboxyl) (amino) pl
0
HsC
° \l)kOH
Alanine NH, 89.09 314 2.34 9.69 6.00
0 0
Glutamine NH_ 146.14 185 2.17 9.13 5.65
I
O
O:<; o~
Glycine Z 75.07 233 2.34 9.6 5.97
0
Serine NH; 105.09 246 2.21 9.15 5.68

Solderability testing

Cu coupons in a size of 6 mm x 25 mm x 0.5 mm were prepared using electrical discharge
machining based on the requirements from IPC-TM-650 no.2.4.14.2 for solderability testing. Cu
coupons were cleaned using I1ISO 9455-16 soft soldering fluxes standard before each test. The
solderability test was performed in an air-static condition. Molten bath of SAC 305 solder alloy
was controlled at 270°C using a Must 3 wetting balance (GEN 3, UK). Model flux was applied on
the Cu coupons by dipping for 2 sec. After 20 sec preheating at the position of 1 cm above the
molten solder bath, Cu coupons were immersed in the solder bath for 10 sec to a depth of 5 mm.
The speed of immersion and withdraw of Cu coupons was 20 mm/s. As reference, model WOA

fluxes with 4 wt.% adipic acid and succinic acid in isopropanol alcohol was used.

Evaluation of humidity effects of amino acids using EIS and CA methods

Humidity exposure experiments were conducted in a climatic chamber (Espec PL-3KPH, Japan)
with the accuracy of + 0.3°C and * 2.5% relative humidity (RH) using a five-channel potentiostat
(Biologic VSP, France). Issacs et al. reported the localized contamination level of WOA on wave
soldered PCBA can be as high as 687ug/in® (106.5 pug/cm? ) [6]. Therefore, the contamination
level of the amino acid on the SIR testing area was determined at 100 ug/cm?. To imitate the

soldering process, some of the SIR test board was thermally activated at 240°C for 45 sec in a
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Techno HA-06 furnace. For three electrode electrochemical experiments, one electrode of the
SIR interdigitated pattern was used as reference and counter, the other was used as working
electrode, imitating positive and negative bias points on a PCBA surface.

EIS technique was used to investigate the deliquescence relative humidity (DRH) and
efflorescence relative humidity (ERH) of amino acid candidates. DRH indicates the humidity level
triggering water absorption by amino acids, and ERH indicates the lower humidity level required
for the release of water from the amino acids. In previous work, scanning frequency of 1-10 KHz
in EIS was confirmed to provide the information of the transformation from capacitive dominant
behavior to resistive dominant behavior of SIR components during water condensation process
[18][34]. Therefore, scanning frequency was set at 10 KHz in the amplitude of 25 mV in order to
record the impedance response of amino acid contaminated SIR interdigitated pattern during the
24 hours under linear humidity ramping from 30% RH to 99% RH, and then ramped back to 30%
RH. To understand the influence of the service temperature on the water absorption and
desorption behavior, tests were conducted at 25°C, 40°C, and 60°C respectively. All test boards

were dried in the climatic chamber at 30% RH for 6 hours before the EIS measurement started.

CA technique was used to understand the leakage current and ECM induced by amino acid
residue on the SIR interdigitated pattern under humid conditions. For this purpose, a5 V DC bias
was applied on the SIR test board during the test. Prior to the data recording, test boards were
stabilized at the testing climate for 4 hours. Leakage current value of the test boards was recorded
at relative humidity level of 80%, 90%, and 98% over 24 hours at testing temperature of 25°C,

40°C, and 60°C respectively.

Test vehicle for electrochemical testing
Test PCB board with SIR interdigitated patterns (IPC-4201/21) shown in Figure 6.1 was used as

test vehicle in the present work. The surface finish of the PCB was hot air solder leveling using

SN100C alloy on the 35 um thick Cu trace. The width of the conductive lines and the pitch distance
are 0.3 mm. Testing area of the SIR pattern was 13 mm x 25 mm and the overlapping length of
electrodes was 442.8 mm in 41 sets. Test PCBs were initially cleaned with isopropanol alcohol

and dried under compressing air before each test.
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Figure 6.1 Test PCB board with SIR interdigitated pattern used for investigations.

Quantification of water absorption and test objects characterization

Water absorption behavior of amino acids and two commercial used activators as reference
(adipic acid, succinic acids) were evaluated using a Vsorp gravimetric analyzer (ProUmid,
Germany) under the RH stages of 85%, 90%, and 95% respectively at room temperature until the
water absorption reaches the equilibrium condition. The tested samples of amino acids and WOs

were stabilized at 25°C, 30% RH for 620 hours before water absorption test.

The surface morphology of Cu coupons used for solderability testing was inspected using a light
optical microscope (LOM) (Keyence VHX, Japan). The cross section of soldered Cu coupons and
corrosion product built on SIR pattern was further evaluated using scanning electron microscopy
(SEM) (FEI Quanta 200 FEG, USA) under secondary electron mode at 15 kV. The chemistry of
the corrosion product on the SIR pattern was analyzed using a 50 mm? X-Max EDS detector
(Oxford Instrument, UK). The thermal degradation product of tested amino acids were analyzed
using a Nicolet iN10 MX FT-IR (Thermo Fisher Scientific, USA) after thermal activation under 240°C
for 100 sec in a Techno HA-06 oven.
. RESULTS

Solderability assessment of amino acid candidates

Figure 6.2 shows the wetting force of six types of model fluxes containing individual amino acids
and two WOAs as reference. The highest maximum wetting force was obtained by succinic acid
at 3.99 mN, followed by glutamine at 3.76 mN and adipic acid at 3.65 mN. Wetting force for
glutamine is slightly higher than the commercially used adipic acid. However, the time reach to
zero wetting force and the time reach two third wetting force of glutamine is slightly higher than
adipic acid and succinic acid. Serine also shows positive maximum wetting force at 2.82 mN,

while the maximum wetting force is lower than for adipic acid and the wetting took 2.36 sec to
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reach to zero wetting force, which is much higher than 0.88 sec for adipic acid and 0.95 sec for
succinic acid. The wetting force of alanine and glycine were in negative value, which indicate the
fluxes were not able to etch the surface of Cu coupons during soldering process. The rank of the
time to zero wetting force and time reach two third wetting force are the same, which were : serine >
glutamine > succinic acid > adipic acid >> glycine/alanine. The rank of the solderability values

were: succinic acid > glutamine > adipic acid > serine > glycine > alanine.

6

. . . Maximum wetting force
| Time to reach two third wetting force 399 mN

1.76s 3.57s 376 MN
- %
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Figure 6.2 Wetting balance results of amino acids and reference WOA model fluxes.

Figure 6.3 shows the surface appearance and defects of the soldered Cu coupons using four
amino acid model fluxes. LOM images and SEM images in Figure 6.3(a) and (c) shows the poor
wetting properties of alanine and glycine fluxes. Interface defects were observed in the cross-
section of the exposed Cu area without the coverage of solder alloy. The wetting appearance of
serine flux shown in Figure 6.3(d) was better than alanine and glycine, however, the cross section

image also shows many interface defects and solder material dripping at the tip of the Cu coupon.
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Figure 6.3(b) shows the good wetting appearance using glutamine model flux, and the solder

alloy homogeneously covered the Cu substrate without any defects.

Alanine

Interphase defects ~~»
G —

1mm

Figure 6.3 LOM images of solder wetted Cu coupons after testing using amino acids model fluxes (cross-

sectional image is shown in inset): (a) alanine, (b) glutamine, (c) glycine, and (d) serine.

Humidity behavior of amino acids as activators

a) Water absorption behavior using gravimetric method

Figure 6.4 shows the water weight gain of amino acids and WOAs under three stages of humidity
exposure. An higher increase of weight gain was shown by succinic acid and alanine close to 85%
RH, which indicates the lower DRH of succinic acid and alanine. The weight gain of glycine and
serine maintained at lowest level of 0.1% under 90% RH exposure; however, the weight gain of
serine suddenly increased to the highest level over 20.0% among all the tested samples when
the humidity level increased to 95% RH. Water weight gain of adipic acid and glutamine increased
from 0.15% to 0.35% as increasing RH level from 85% to 95%; however, the water absorption
induced weight gain of adipic acid and glutamine still maintained the lowest level among all test

samples under humidity exposure of 95% RH.
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Figure 6.4 Water absorption of the amino acids and WOAs under humidity exposure.

b) Deliguescence behavior of amino_acids candidate using single frequency EIS

measurement
Figure 6.5 shows the impedance response of the amino acid contaminated SIR test boards under
various testing conditions. During the humidity ramping from 30% RH to 99% RH, the RH value
induced sudden drop of the impedance representing the DRH or water absorption behavior of
amino acids, whereas RH triggered the abrupt increase of impedance over the ramping from 99%
RH to 30 % RH represents ERH or water drying. Impedance response at high humidity exposure
indicate the ionization behavior of amino acids. Generally, moisture hysteresis behavior of tested
amino acids was observed, which indicates the lower ERH value compared to DRH value for all
tested amino acids. The increased testing temperature triggered the decrease of the DRH and
ERH level of amino acids, which is highest for the 60°C. The reduction of the impedance response
of amino acids is pronounced with increase in testing temperature. Regarding the influence of the
thermal activation of the SIR prior to testing, the DRH and ERH level of thermal activated
glutamine contaminated SIR pattern was slightly higher than non-thermal activated samples
under all testing temperature, whereas the thermal activation reduced the DRH and ERH levels

for the other three amino acids.
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Figure 6.5 Impedance response at 10 KHz of (1) non-thermal activated, (2) 240 °C activated, amino acids

contaminated SIR test boards under various testing temperature: (a) 25, (b) 40 °C, (c) 60 °C.

Table 6.2 summarized the DRH value and ERH value from the EIS response at 10 kHz. In general,
thermal activation at 240°C induced slight reduction of DRH and ERH value for alanine, glycine
and serine samples, whereas the DRH and ERH value of glutamine slight increased after thermal
activation. Under testing temperature of 25°C, the reduction of impedance respons was observed
serine contaminated SIR pattern at 92.1% RH as shown in Figure 6.5(al), while the impedance
response of alanine, glycine and glutamine was maintained at relative high level under 99% RH
exposure as shown in Figure 6.5(al)(a2). Under the testing temperature of 40°C, DRH level of
alanine dramatically decreased from 90% RH to 81.9% RH after thermal activation (Table 6.2),
whereas less than 3% reduction of DRH values were obtained by glycine and serine. When the
testing temperature increased to 60°C as shown in Figure 6.5(c1)(c2), the increase of the DRH
level of glutamine was observed from 81.7% RH to approximately 85% RH after thermal

activation , which obtained highest DRH value after thermal activation. According to Figure 6.5
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and Table 6.2, the ranking of the corrosion reliability from the deliguescence and ionization point

of view is: glutamine > alanine > glycine > serine.

Table 6.2 Summary of DRH and ERH value for tested amino acid and representative WOA activators [9]

at various testing conditions.

DRH (% RH) ERH (% RH)
Testlng O 1O 10 O 1O 19
temperature 25°C 40°C 60°C 25°C 40°C 60°C
Thermal " " " " "
. . Non-heat 240°C Non-heat 240°C Non-heat 240°C Non-heat 240°C Non-heat 240°C Non-heat 240°C
activation
Alanine 921+15 89.4+12 90.0+15 819+15 847+11 840+138 91.1+£09 87.3+x14 86.3+15 82.3+05 78.7+15 82.1+16
Glutamine 87.8+1.4 90.6+15 86.3+0.9 86.6 £0.7 81.7+21 849+35 85.7+14 88.0+0.8 87.8+0.8 86.4+0.7 80.8+04 81.1+24
Glycine 91.3+138 91.1+0.6 90.6 £0.9 88.0+1.6 829+13 81,7+18 91.0+04 89.8+1.9 80.4+19 82.6+0.6 76.6+0.8 709+15
Serine 92.0+0.6 88.7+13 84529 83.1+11 819+1.1 76.3+45 91.3+12 827+1.0 83.3+13 81.8+0.9 77715 745+12
Adipic acid 97.4+1.1 91.5+0.8 83.2+0.7 81.1+3.4 60.9% 1.4
Succinic acid 942+04 913+1.2 822+15 91.3+0.6 81.6+26 61.7+£25

c) Leakage currents for amino acids under humidity exposure

Figure 6.6 shows the leakage current response of the activated and non-activated amino acids
at three different humidity levels close to their DRH and at three testing temperature levels. An
increase of leakage current was obtained by increasing the testing temperature for amino acids.
At 25°C, the leakage current of alanine and glutamine contaminated SIR test board maintained
below 1 pA at 98% RH (Figure 6.6(al)(b1)), whereas high leakage current was obtained from the
glycine and serine contaminated SIR test boards at 98% RH (Figure 6.6(c1)(d1)). At 40°C, critical
RH of serine decreased from 98% RH to 90% RH (Figure 6.6(d2)), whereas alanine, glutamine
and glycine contaminated SIR testing board still maintained low leakage current below 1 pA at
90% RH(Figure 6.6(a2)(b2)(c2)). At testing temperature of 60°C, the critical RH value of glycine
and serine declined to 90% RH as shown in Figure 6.6(c3)(d3). In many cases as shown in
Figure 6.6(a3)(c2)(c3)(d2) under these conditions, leakage current exceeded 20 mA at the

beginning of the bias loading and induced short circuit failures.



130| Chapter 6

10'i(@1) Alanine ——Non-heat, 80% RH 3

—— Non-heat, 90% RH

——— Non-heat, 98% RH
—~10" ——240°C, 80% RH
< 240°C, 90% RH
——240°C,98% RH ]

Current exceeds 20 mA

v10—3
— E . ‘——-‘__-’-—____.—__'—I-Jﬁ——v—-‘——
10 k
1; \k
"o {(b7) Giutamine’ 02) w3

107 ’ WWW«M“ i ke~
<
§’10-3:L= — ] WIJ“'J“:

10 3
107 — —_— ‘ . . ‘
10 {€1) Glycine {2 1
] N -
0] ] Current exceeds 20 mA ] Current exceeds 20 mA
g’10'3:L | : ahul JI, l lal
- 3 1 "k-v*‘\
10*2&
1 1 1
107
d1T) Serine d2 )
10'4 ) o - g WQ‘\WMW’W*MM ok —
1 1 Current exceeds 20 mA 1
210-11 1 1 |
£ 1 1'-._Jh i '
= -
10-%& 1
0 2 4 6 8_10 12 14 16 18 20 22 0 2 4 6 8_10 12 14 16 18 20 22 0 2 4 6 8_10 12 14 16 18 20 22 24
Time (hour) Time (hour) Time (hour)

Figure 6.6 Leakage current response of (a) alanine, (b) glutamine, (c) glycine, (d) serine contaminated
SIR testing board at testing temperature of : (1) 25, (2) 40, (3) 60 °C.

Figure 6.7 presents the appearance of the amino acids contaminated SIR interdigitated pattern
after leakage current measurement at 40°C, 98% RH. The plate like corrosion product was
observed on glutamine, glycine and serine contaminated SIR pattern and deposited between two
electrodes (Figure 6.7(b)(c)(d)). After CA testing at 40°C, 98% RH°C, while the dendritic corrosion
product was observed on the alanine contaminated SIR pattern as shown Figure 6.7(a). The EDS
mapping result in Figure 6.7(e)(f) indicates the corrosion product was in consist of Sn and O

element.
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Figure 6.7 SEM images of non-thermal activated amino acids contaminated the SIR interdigitated pattern
after CA testing at 40 °C, 98% RH: (a) alanine, (b) glutamine, (c) glycine, (d) serine, and EDS mapping

result of glutamine contaminated SIR board: (e) Sn, (f) O.

Evaluation of structural degradation of amino acids during thermal activation

Figure 6.8 shows the influence of thermal activation temperature of 240°C on the degradation
behavior of 4 tested amino acids. Figure 6.8(b) shows that the O-H peak at 3402 cm™ and four
N-H stretch peaks in a range between 3170-3308 cm™ for glutamine disappeared after thermal
activation at 240°C, while the C=0 peak at 1648 cm™ and C-O stretch peak at 1217 cm™ are still
remained in the degradation product. Figure 6.8(d) shows that O-H stretch peak, N-H stretch
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peaks, and C-H stretch peaks disappeared in serine after thermal activation, while presented C=0
and C-O stretch peaks in the degradation product. The thermal activation did not influence the
structure of alanine, glycine, as shown in Figure 6.8(a)(c).

(a) Alanine

Non-thermal activated
— 240 °C activated 100 sec

b)Glutamine EJS ' ' ' ' ' ' ' ' '
QCNH stretch
1
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C=0'Stretch
" 1
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OH stretch g
&

NH stretc Y

CH stretch

C-0 stretch
C=0 stretch

T T T T T T T T T T ' 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 6.8 FT-IR analysis of 4 tested amino acids after thermal activation at 240 °C: (a) alanine, (b)

glutamine, (c) glycine, (d) serine.



Chapter6|133

V. DISCUSSION

Present study investigated the solderability and corrosion reliability of four amino acid as
candidates for solder flux activators. When dissolved in water, all of them has pH close to neutral
value. The solderability of flux depends upon the activator type [35], melting temperature of flux
activator [36], and flux formulation temperature [35]. The interesting character of amino acid as
activator is that the oxide removal function of amino acids on copper can be obtained by both
carboxyl group and amino group. The oxide removal action of carboxyl group is through
complexation and dispropotionation [21], whereas the oxide removal action of amino group is

through redox reaction [37].

However, on the other hand, the corrosion reliability of the activator residue under humid
conditions is dependent upon the hygroscopicity and ionization behavior when water layer is
present. The hygroscopicity indicate the water absorption ability, which is determined by the DRH
[9][38], while the water retention ability is indicated by ERH. The ionization behavior is related to
the dissociation constant of the compound, which in terms of corrosion reliability changes the
conductivity of the water layer formed on the PCBA surface [16][38]. The results obtained in this
work suggest good solderability and corrosion reliability using glutamine as flux activator. Even
though the corrosion robustness of glycine and alanine was confirmed by single frequency EIS
and CA techniques, the solderability performance of these two candidates is inferior to the
commercial used WOAs. The differences between DRH and ERH level of amino acid candidates
indicate the hysteresis from water uptake and release, which is similar to commercially used
WOAs [9]. After thermal activation, the reduction of the DRH and ERH value for alanine, glycine
and serine could be due to the degradation of the carboxyl group, which induced higher

hygroscopic anhydride species [3].

Solderability assessment of amino acids and the commercially used WOA flux activators

The solderability of amino acid depends on the activity of the carboxyl group and amino group at
soldering temperature unlike for WOASs, which contain only carboxyl groups. It is known that the
pKa1 value cannot interpret the activities of carboxyl group in amino acids and WOAs under
soldering condition since the pKai value only represent the activities of carboxyl group in water.
However, it is noticed that the wetting force of succinic acid is higher than adipic acid as shown
in Figure 6.2, which indicate the activity of two carboxyl groups in succinic acid is higher than
adipic acid under soldering temperature of 270°C. This compares with the behavior of the pKa
value for succinic acid (4.21) which is higher than adipic acid (4.44) [9]. Amino acids used in the

present investigation contain one carboxyl group and one amino group. The ranking of wetting
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force for amino acid agreed with the ranking of pKa: value as shown in Table 6.1, where the pKa:
value of glutamine is the highest, followed by serine, glycine and alanine from high to low. Based
on this, one could use pKa: value as a screening factor for identifying the solderability for the
selection of flux activators from the same chemical category.

The effect of melting temperature also influence the wetting force of flux activators used the in
present work. Flux activators with low melting temperature provide a liquid barrier between metal
and atmosphere to avoid re-oxidation. For instance, the melting temperatures of glutamine,
succinic acid, and adipic acid are 185°C, 185°C, and 151.5°C respectively [4][35], which provide
relative good solderability compared to the other three tested amino acids with higher melting
temperatures as shown in Figure 6.3(a)(c)(d). From the results of wetting force in Figure 6.2, it
can be seen that the flux activators with melting temperature below 185°C is able to protect the
Cu surface from re-oxidation and maintain wettability at the soldering temperature of 270°C,
whereas the glycine flux activators with melting temperature beyond 233°C cannot maintain the
solderability. Additionally, the wetting force obtained by serine flux is higher than the glycine
although the melting temperature of serine (246°C) is higher than glycine (233°C) as shown in
Figure 6.2. However, the pka: value of serine (2.21) is higher than glycine (2.34), which agrees
with the result of wetting force. It indicates that the melting temperature is not the only the
important factor affecting the solderability, but also the activity of the carboxyl group. Amino group
in glutamine and glycine degrade under temperature of 240°C shown in Figure 6.8(b)(d), which
resulted in redox reaction with Cu oxide [23]. The higher maximum wetting force obtained by
glutamine could be attributed to the higher amount of zwitterions since glutamine is the only tested
candidate which possesses two amino group in chemical structure. The zwitterions resulted in a
more reactive positive charge group of -NHs* when applied on metal oxides, which is more
effective in oxide removal and ready for the oxides reaction in most of time during soldering

process [26], as shown in the Equation 6.2.
2[R — CH(NH}) — C00~] + 0%~ = 2[R — CH(NH,) — CO0]~ + H,0 Equation 6.2

Humidity interaction assessment of amino acids and the commercial used WOA flux

activators

Humidity interaction with flux activators plays the key role in the corrosion related failure of
electronics when they are used in flux and residues remain. Water absorption behavior of various
WOA activators were investigated using single frequency EIS method [9][7] and gravimetric
method [18]. In Table 6.2, results from previous EIS investigations reported the DRH values of
succinic acid are 94.2% RH, 91.3% RH, 82.2% RH at 25°C, 40°C, 60°C respectively [9]. While for
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adipic acid, the DRH values are 97.4% RH, 91.5% RH, and 83.2% RH at 25°C, 40°C, 60°C
respectively [9]. Compared to the summarized DRH value in Table 6.2, the DRH level of tested
amino acids was lower compared to adipic acid and succinic acid, whereas the ERH levels of
tested amino acids were slightly higher than succinic acid under all testing temperatures. Even
though the DRH level of glutamine (86.3% RH at 25°C, 86.6 at 40°C) is lower than adipic acid and
succinic acid, the glutamine obtained higher DRH value compared to adipic acid and succinic
under testing temperature of 60°C.

The thermal activation effect on serine shows the reduction of DRH and ERH level, which is similar
to the thermal activation effect on commercial used WOA flux activators. For commercially used
WOA activators, the thermal effect on the reduction of the DRH and ERH value is due to the
formation of the anhydride-like degradation products with higher affinity to water absorption [3].
While for serine, the influence of the thermal degradation product could be the reason induced
higher hygroscopicity. Figure 6.8(d) shows a wide peak of C=0 stretch in a range of 1600-1700
cm and C-O stretch peak, which could be from the anhydride. Yablokov et al. reported thermal
decomposition of serine took place at 30-50°C below melting temperature and induced
degradation product such as short-chain WOAs and short-chain amides [40], which obtained the
deliguescent properties [41]. In contrast, the thermal degradation product of glutamine possessed
lower hygroscopic behavior than glutamine, this could be due to the relative larger size and length
of the side chains in the degradation product [9][42]. For alanine and glycine, stable molecule
structure as shown in Figure 6.8(a)(c) resulted the minimal change of DRH and ERH after thermal

activation.

In the present study, the gravimetric results of water absorption for tested WOAs and amino acids
shown in Figure 6.4 agreed with the results of single frequency EIS testing as shown in Table
6.2. The highest water gain rate was shown by succinic acid at 85-90% RH, whereas the water
gain rate of serine surpassed the succinic acid at 95% RH. Nonetheless, EIS testing and
gravimetric testing of flux activators revealed humidity interaction from different perspectives. For
instance, DRH level obtained from EIS testing shows the sudden effect of the water absorption
under humidity exposure, which is 94.2% RH for succinic acid at 25°C [9]. However, gravimetric
result in Figure 6.4 demonstrates the water absorption behavior of succinic acid started at a much
lower RH range (<85% RH) than DRH in a low growth rate. This gravimetric testing confirmed the
effect of the flux residue on water condensation layer, but the amount of water also depends on

the kinetics under constant humidity exposure. Therefore, adipic acid and glutamine obtained the
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best humidity robustness due to their lowest water gain rate among all tested activators based on

constant humidity exposure.

Influence of amino acid activators on leakage current under DC load

The threshold value of leakage current in this study was determined as 10 pA according to the
previous DC investigation on WOA based wave flux contaminated SIR interdigital pattern [7][36].
It is noticed that the leakage current value of glutamine contaminated SIR pattern under 98% RH
reduced after thermal activation as shown in Figure 6.5(b2)(b3), while the thermal activation of
240°C did not influence the leakage current of alanine, glycine and serine contaminated SIR
pattern under humidity exposure. Weiss et al. reported that the degradation of glutamine took
place at 185°C and form H>O and NH3[37], while the thermal degradation temperature of alanine,
glycine, and serine was 309°C, 240°C, and 222°C respectively [38]. Therefore, the reduction of the
leakage current response of glutamine could be due to less ionic residue presented on the SIR
pattern. However, the effect of testing temperature on the leakage current values is more
pronounced for alanine, glycine and serine. This could be due to the increased temperature, which
enhances of the mobility of the molecules and induces the formation of thicker water layer on
PCBA surface [7], which raises the solubility of the amino acid residue on the SIR pattern and

triggers higher leakage current [9].

The hygroscopic and ionic nature of flux activator candidates played a key role on the leakage
current values of SIR pattern under DC load [9][36]. The leakage current measurements comply
with the water absorption results as shown in Figure 6.4. Water absorption of serine is the highest
(> 1.0 wt. %) in all the tested candidates under 95% RH, 25°C as shown in Figure 6.4. The highest
water absorption triggered the ionization of the serine on the SIR pattern and lead to the highest
reduction of the impedance as shown in Figure 6.5(al)(a2) and highest leakage current (Figure
6.6(d1)) under same climatic condition. The critical RH level indicates the RH level induced
leakage current exceeding the threshold leakage current of 1 yA. Piotrowska et al. reported the
critical RH values of adipic acid and succinic acid are 98% RH and 95% RH under 60°C [9]. In the
present work, the crucial RH of serine induced higher leakage current decreased from 98% to 90%
RH as the testing temperature increased from 25°C to 60°C. Coinciding with this, the water weight
gain values of serine and glycine are much higher compared to succinic acid and adipic acid
obtained under high humidity exposure as shown in Figure 6.4. On the contrary, the water weight
gain of glutamine is the lowest (0.35 wt.%) in all tested flux activators under 60°C as shown in
Figure 6.4, and possessed the lowest leakage current as shown in Figure 6.6(b1l). Water

absorption results confirmed that the glutamine absorbed similar water level as adipic acid, and
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alanine absorbed similar water level as succinic acid (Figure 6.4). This is in agreement the low
leakage current values of glutamine and alanine under exposure of 98% RH at 25°C and 40°C
(Figure 6.6(b1-3)(al-3)). Piotrowska et al. [9] reported the leakage current values of 100 pg/cm?
adipic acid and succinic acid comtaminated SIR pattern (IPC-4201/21) were below 1 pA at 99%
RH under testing temperature of 25°C, whereas exceeded 1 pA at 98% RH under testing
temperature of 40°C and 60°C. The alanine or glutamine contaminated SIR pattern tested in
present investigation also demonstrates the occurrence of high leakage current failure at 98% RH
under 40°C and 60°C, as shown in Figure 6.6(a2-3)(b2-3). However, Figure 6.6(b2) shows the
leakage current level of 240°C activated glutamine contaminated SIR pattern was below 1 pA at
98% RH/40°C, which indicates the better humidity robustness of glutamine as flux activator in

comparison with adipic acid and succinic acid.

The occurrence of deteriorative leakage current was due to the conductive corrosion product
formation, which bridged the adjacent oppositely biased electrodes under DC load [39]. The
morphology of the corrosion product in Figure 6.7(b) confirmed that the corrosion product induced
by glutamine is not like the ECM dendrites with structures of main-branches and side-branches
[40][41]. Additionally, ECM dendrites are in the form of metal or in combination with hydroxide [39]
[41] agreed with the EDS mapping result as shown in Figure 6.7(e)(f).

V. CONCLUSIONS

e Solderability testing results shows that the wetting force of glutamine model flux is located
between the wetting forces of commercial used adipic acid and succinic acid model fluxes, and
homogeneous wetting appearance was obtained after using glutamine model flux under wave
soldering temperature of 270°C. However, the wetting forces of alanine, glycine and serine
model fluxes are much lower than adipic acid model flux.

o Water absorption test shows that the water weight gain rate of glutamine and adipic acid are
the lowest in all 6 tested flux activator candidate under constant humidity exposure at 25°C,
95% RH, whereas water weight gain rate of serine and glycine are much higher than succinic
acid. However, the water weight gain rate of serine and glycine are the lowest when exposed
under humidity level below 90% RH at 25°C

e EIS results indicates the DRH and ERH levels of 240°C activated glutamine are the highest in
all tested amino acid candidates under same testing temperature, and glutamine contaminated
SIR pattern possessed highest impedance response under 99% RH humidity exposure.

Thermal activation decreased the DRH and ERH level of alanine, glycine and serine in a rate
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of 1-5%, whereas an improvement of DRH and ERH level has been found on glutamine after
thermal activation. Increased testing temperature decreased the DRH and ERH levels of all
tested amino acids.

o A significant reduction of the leakage current has been observed on the glutamine
contaminated after 240°C thermal activation when exposed under 98% RH at 40°C and 60°C.
Critical RH value of serine contaminated SIR pattern decreased from 99% RH to 90% RH after
increasing test temperature from 25°C to 60°C. Higher baseline of leakage current of serine
and glycine was obtained as increasing test temperature, whereas glutamine and glycine

remained at the same level under exposed humidity level below 90% RH.
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7. Comparative study of tripropylamine and naphthylamine
as additives in wave solder flux: investigation of

solderability and humidity effects

Feng Li, Morten Stendahl Jellesen, Rajan Ambat

Abstract: Dicarboxylic acid flux activators are used in no-clean wave solder flux formulation for
activating the solder surfaces on Printed Circuit Board Assembly (PCBA) during the soldering
process. However, flux residues containing dicarboxylic acid components on PCBA can cause
adverse corrosion issues under humid conditions due to its hygroscopic and acidic nature. This
paper systematically investigated tripropylamine and naphthylamine as additives together with
dicarboxylic acid activators on the solderability performance and humidity robustness. Evaluation
of the solderability was assessed using hot plate spreading test and wetting balance methods,
while thermal degradation was investigated using Fourier-transform infrared spectroscopy. The
moisture interaction behavior of activator chemistry was investigated using electrochemical
impedance spectroscopy and chronoamperometry techniques. Results showed improvement of
wetting ability using tripropylamine additive in succinic acid based fluxes, while tripropylamine
additive increased the maximum wetting force for adipic acid based flux activators. Significant
reduction of leakage current value was obtained using tripropylamine and naphthylamine

additives in succinic acid based fluxes under 98% RH/40°C.
Keywords: Amine, solder flux, electronic corrosion, humidity, reliability, solderability.

l. INTRODUCTION

Due to the green manufacturing trends in the electronic industry, halogenated cleaning solvents
for printed circuit board assembly (PCBA) and leaded solders were phased out based on Montreal
Protocol [1] and Waste Electrical and Electronic Equipment (WEEE) [2]. Hence, elimination of
cleaning steps in electronic manufacturing became the trend in order to decrease the utility of the
volatile organic cleaning agents[3]. Consequently, no-clean flux formulation with weak organic
acid (WOA) as activator was broadly implemented over 70% of the electronic industry [4][5].
Commercially used WOA based flux system today use activators such as adipic acid, succinic
acid, glutaric acid etc. [3], which possess boiling temperature at 337.5°C, 234°C and 273°C
respectively [6]. In practice, the soldering temperature is usually set between 230°C and 250°C
to avoid the damage of components on PCBA [7][8]. Even though the soldering temperature may

degrade succinic acid and form degradation product (succinic anhydride), the degradation product



Chapter7|143

will present on PCBA due to the higher boiling point [3]. Therefore, significant amount of WOA
contained flux residue was detected in many electronic devices after soldering process [9][10][11],
and the localized contamination level of WOA can be as high as 687ug/in? (106.5 pug/cm?) [11].

A number of investigations reported that the WOA contained flux residue on PCBA surface can
trigger corrosion related failures such as reduction of the surface insulation resistance (SIR)
[12][13][14], parasitic leakage issue under low stand-off components [11], and electrochemical
migration (ECM) [15][16]. ECM is one the most detrimental failure mode for the electronic
corrosion, and the failure rate of ECM in electronic devices can be as high as 1-4% [17]. For a
PCBA under exposure to humidity, corrosion cell forms when water layer connects between
oppositely biased electrodes. Bias on the electrodes and electrochemical process, trigger metal
dissolution at the anode, which migrate towards the cathode and deposit forming conductor bridge
and short circuit [18][19]. Under humidity exposure, the hygroscopic behavior of WOA activators
in the flux residue changes the humidity level for condensed water layer formation, due to the
difference in the critical relative humidity (cRH) [20][21]. Acidity of WOA also changes the pH of
the solution and ionization causes increased conductivity, while both of these asepcts will favor
ECM dendrite formation [22]. The solderability and corrosivity of WOA activators depend on the
acid dissociation constant (pKa), which is affected by the polarity of the WOA. The PCBA
contaminated by WOA with shorter carbon chain (such as glutaric acid) is more aggressive for
ECM [23], although the glutaric acid provides better solderability [24]. Glutaric acid also have
lower cRH leading to water layer formation on PCBA under lower humidity level when exposed to

humidity.

In order to balance the corrosion effect and solderability of the no-clean flux, blended WOA
activators [23], blended WOA-amine activators [25][26], and corrosion inhibitors [25] were
introduced to the flux formulation. Piotrowska et al. reported the binary blended WOAs as activator
resulting in a lower cRH than the individual WOA, which indicates the water condensation and
corrosion can occur at even lower RH value [27]. Tolla et al. reported the inhibition of ECM
dendrite growth obtained by blended anonymous organic amine and WOA, and corrosion inhibitor
used in the study was not as good as organic amine candidates [25]. Xu et al. reported that the
blended WOA and triethanolamine (TEA) exhibited better solderability and minor corrosion by Cu
mirror test [28]; however, in the study, low deliquescence RH of TEA (below 30% RH) was
attributed to humidity interaction with hydroxyl group of TEA, which induced ECM dendrites
formation under 5 volts DC load at 70% RH/25°C [24]. The humidity robustness of the organic

amine activator candidates in flux formulation also depend on the protonation strength of the lone
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pair in amino group, which could induce the water dissociation for the formation of negatively
charged hydroxide ions [29]. The protonation behavior of amine activator residues could be
influenced by the environmental temperature, for example, the protonation of diethanolamine
(DEA), TEA and triisopropanolamine (TIPA) was significantly prohibited by increasing testing
temperature from 25°C to 60°C [24]. Moreover, strong water absorption behavior was obtained
by alkanolamine due to the intermolecular hydrogen bond formation between hydroxyl group in
alkanolamine and hydrogen in water molecule, which accelerated the ECM failure in electronics
[24]. Therefore, it is important to understand the behavior other amine categories such as

aromatic and alkyl-amine types on their performance of solderability and humditiy related effects.

Tripropylamine and naphthyamine were tested for the present investigation as the representative
materials for alkyl-amine and aromatic amine. The present study systematically investigated the
amine additives in WOA activator based flux formulation on the solderability and climatic reliability.
SIR interdigitated pattern (IPC-4201/21) was used as vehicle for electrochemical tests.
Chronoamperometry was used to investigate the leakage current level and ECM susceptibility
induced by the flux residue. Electrochemical impedance spectroscopy (EIS) was used to
understand the critical relative humidity for model flux with/without organic amine additives. The
solderability of organic amine modified flux formulation was investigated using wetting balance.
The degradation product of flux residue was analyzed using fourier-transform infrared

spectroscopy (FT-IR).

I. MATERIALS AND EXPERIMENTAL METHODS

Materials preparation

a) Model flux formulation used in the investigation

Table 7.1 shows physical and chemical properties of two organic amines and two WOAs used for
the investigations. All chemicals used are in analytical grade (Sigma Aldrich, USA). The melting
point indicates the temperature at which the chemical become liquid and protected the soldering
region from re-oxidation. Due to the low melting point of tripropylamine at -93.5°C, it presents as
liquid state at room temperature. Naphthylamine, succinic acid, and adipic acid require higher
temperatures to melt. The boiling point demonstrates the temperature for the evaporation of
chemicals, which directly influence the soldering function. The acidic dissociation constant (pKa)
determines the solubility of chemicals in water and the strength for the oxides dissolution during
soldering condition. Low pKa value of chemicals indicates higher acidity. Table 7.2 shows the flux

formulation and the codename of the model fluxes used in the investigation. The fraction of the
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WOA activators was maintained at 4 wt.%, whereas organic amine additives were set at 0.2 wt.%

and 0.4 wt.%. The flux activator and amine additive was dissolved in insopropanol alcohol by 30

min by ultra-sonic bath mixing.

Table 7.1 Properties of the WOAs and organic amines used in the investigation.

Molecular Melting Boiling
Molecular structure weight(g/mol) point (°C) Point (°C) pKal pKa2
[ CH
AN
Tripropylamine | M€ CHa 143.27 -93.5 156 10.65 -
NH;
Naphthylamine | ' 143.18 49.2 300.8 3.92 -
(@]
Succinic acid O 118.09 188 235 4.21 5.64
0
HOMOH
Adipic acid o 146.14 153.2 3375 4.43 5.41
Table 7.2 Model flux formulation used in the investigation.
Model flux Model flux formulation (Solvent: isopropanol alcohol)
A 4 wt.% Adipic acid
S 4 wt.% Succinic acid
ATO02 4 wt.% Adipic acid, 0.2 wt% Tripropylamine
ATO04 4 wt.% Adipic acid, 0.4 wt% Tripropylamine
ANO02 4 wt.% Adipic acid, 0.2 wt% Naphthylamine
ANO04 4 wt.% Adipic acid, 0.4 wt% Naphthylamine
ST02 4 wt.% Succinic acid, 0.2 wt% Tripropylamine
ST04 4 wt.% Succinic acid, 0.4 wt% Tripropylamine
SNO02 4 wt.% Succinic acid, 0.2 wt% Naphthylamine
SNO04 4 wt.% Succinic acid, 0.4 wt% Naphthylamine

b) Cu alloy substrates for solderability analysis

For the wetting balance tests (IPC-TM-650 2.4.14.2), the ETP grade Cu substrates with dimension

of 6 mm x 25 mm x 0.5 mm were prepared using electronic discharge machining. For the hot
plate spreading tests (IPC-TM-650 2.4.46), Cu63/Zn37 brass substrates with dimension of 40 mm
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x 75 mm x 1 mm were prepared. Cleaning of the test substrate was carried out based on ISO
9455-16 standard.

c) Test vehicle for humidity robustness evaluation using electrochemical methods

Test boards with SIR interdigitate comb pattern (IPC-4201/21) were used for the electrochemical
study, as shown in Figure 7.1. The surface finish of the SIR pattern was using hot air solder
leveled (HASL) Sn-0.7Cu alloy on 35 um Cu trace. In the total testing area of 25 mm x 13 mm,
the entire overlapping length of conductive lines is 442.8 mm with 41 adjacent sets of electrodes.
The pitch size of the conductive lines is 300 um. Before subjecting the electrochemical tests, the
testing region of SIR pattern was contaminated to the level of 100 ug/cm? flux residue to imitate
the localized contamination after soldering process. Amount of flux applied was simulating the
flux applied during actual soldering application. Thermal effect of the soldering process on flux
residue was simulated using a Techno HA-06 oven for a thermal treatment at 240°C for 45 sec.
Flux activator contaminated SIR patterns without subjecting to thermal exposure were used as

reference for the electrochemical tests.

Figure 7.1 Test boards with SIR interdigitated pattern used for electrochemical study.

Solderability evaluation using hot plate spreading testing and wetting balance

a) Hot plate spreading test

Hot plate spreading tests were conducted using two SD160 digital hotplates (Stuart, UK). An O-
ring in diameter of 1 cm was prepared using flux-free 96.5Sn-3Ag-0.5Cu (SAC 305) solder alloy.
Before testing, 50 pL of the model flux was applied in the center of the solder O-ring on the
Cu63/Zn37 substrate. After 4 sec preheat treatment at 160°C, the sample was subjected on
another hot plate with a temperature of 270°C until the solder O-ring melted. The spreading of the

melted solder alloy was visualized using a light optical microscope (LOM) (Keyence VHX, Japan).

b) Wetting balance test
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Investigation of the solderability of the model fluxes was carried out using the Must 3 wetting
balance (GEN3, UK) at an air-static environment, which provided the wetting force of the SAC
305 solder alloy on the flux activated Cu substrates during wave soldering process. To apply the
flux, the tested side of cleaned Cu substrate was vertically immersed in the model flux to a depth
of 10 mm and cleaned the extra flux using a filter paper as described in the procedure of IPC-TM
650 2.4.14.2. The temperature of SAC 305 solder bath in the wetting balance was precisely
controlled at 270°C, which provides the heat source for the preheat treatment of Cu samples.
After 20 sec preheat treatment of the Cu substrate by placing on the solder bath with the distance
of 10 mm, the tested side of Cu substrate was immersed in the solder bath for 10 sec with the
immersion depth of 5 mm in the speed of 20 mm/s. After soldering process, the interphase quality
between the SAC 305 alloy layer and the Cu substrate was evaluated by the cross section
inspection using the Quanta 200 FEG scanning electron microscope (FEI, USA) under secondary

electron mode at 15 kV.

Thermal decomposition analysis of model flux activators using FT-IR

In order to obtain the structural elucidation of flux activators after soldering process, spectroscopic
analysis was carried out using the Nicolet iN10 MX infrared imaging microscope (Thermo Fisher
Scientific, USA) equipped with a Ge attenuated total reflectance (ATR) tip. Model flux were placed
on the glass substrate and dried in the fume hood, which only leaves the flux activators on the
glass substrate. The thermal treatment was carried out on this by placing it in the Techno HA-06
oven at 240°C for 100 sec to simulate the thermal input of flux activators during wave soldering
condition. Flux activators without subjecting to thermal exposure was used as reference for the

FT-IR analysis.

Humidity robustness analysis of flux activators using electrochemical techniques

Climatic exposure of the flux activator contaminated SIR interdigitate pattern was conducted in
the Espec PL-3KPH climatic chamber (Espec, Japan) with a certainty of + 0.3 °C and + 2.5%
relative humidity (RH). Electrochemical tests on the SIR interdigitate pattern were performed
using the multi-channel Biologic VSP potentiostat (Biologic, France). Three-electrode
electrochemical system were used to imitate positive and negative bias on the surface of the
PCBA. One electrode of the SIR interdigitated pattern was used as counter and reference
electrodes, while the other electrode was used as working electrode. Electrochemical tests were
conducted at testing temperature of 25°C, 40°C and 60°C in order to imitate different service
condition of electronic device. For instance, 25°C and 40°C were used to imitate the environmental

temperature, while 60°C was used to imitate the self-heating of the devices.
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a) Single frequency EIS measurement

Single frequency EIS technique was used to investigate the level of relative humidity (RH)
triggering moisture absorption and moisture release from the flux residue contaminated SIR
pattern. Moisture absorption of the flux activator contaminated SIR pattern was determined by
deliquescence relative humidity (DRH) of the flux activator package, while the moisture release
behavior was determined by efflorescence relative humidity (ERH). During water condensation
on the PCBA, the phase angle of SIR components shifted from -90° to 0° at high frequency range
between 10 and 100 kHz [30][31], which indicates the transition of electrical property from
capacitance dominant behavior to resistance dominant behavior. Consequently, the EIS
measurement at such frequency is able to roughly estimate the DRH and ERH [20][27][32]. Single
frequency EIS at 10 kHz with the amplitude of 10 mV was applied on the flux activator
contaminated SIR pattern in order to record the DRH value of flux activator during humidity
ramping from 30% RH to 99% RH in 12 hours. The ERH value was measured during humidity
ramping from 99% RH to 30% RH in next 12 hours. Before subjecting the single frequency EIS
measurement, flux activator contaminated SIR patterns were stabilized at 30% RH in climatic

chamber for 6 hours.

b) Chronoamperometry (CA) testing

CA technique was used to investigate the leakage current or ECM triggering capacity of flux
activator contaminated SIR pattern under different humidity exposure conditions namely at 60%
RH, 70% RH, 80% RH, 90% RH and 98% RH respectively. Before conducting the CA
measurement, the flux activator contaminated SIR pattern was stabilized in the climatic chamber
for 1 hour. The CA measurement for each type of flux activator contaminated SIR pattern was
conducted under 10 V DC bias loads for 3 hours. Leakage current level of flux activator
contaminated SIR pattern was recorded by EC-lab software. The threshold value of leakage
current value was defined at 10 pA based on the previous investigation of flux contamination
using IPC-4201/21 SIR pattern [23][32].

[I. RESULTS

Evaluation of solderability for model fluxes

Figure 7.2 shows the spreading of the SAC 305 alloy when using different model fluxes after hot
plate spreading test. Figure 7.2(a2-3)(b2-3) shows the tripropylamine additive in adipic acid and
succinic acid contained model fluxes increased the spreading area of the SAC 305 alloy
compared to pure adipic acid and succinic model flux etched sample shown in Figure 7.2(al)(b1l).
Figure 7.2(a5)(b5) indicate that the spreading area of SAC 305 alloy decreased using 0.4 wt.%
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naphthylamine additive in activator package. Figure 7.2(a2)(a3) shows the tripropylanine addtive
in adipic acid flux expanded the spreading area towards center of the O-ring, however, for the for
tripropylamine modified succinic acid fluxes, spreading tendency was opposite as shown in
Figure 7.2(b2)(b3).

Figure 7.2 LOM photographs of specimens after hot plate spreading test using various model fluxes: (al)
A, (a2) AT02, (a3) AT04, (a4) ANO2, (a5) ANO4, (bl) S, (b2) ST02, (b3) ST04, (b4) SNO2, (b5) SNO4.

Figure 7.3 shows the curves of wetting force induced by the model fluxes during wetting balance
testing. Time to reach zero wetting force (To), time to two thirds maximum wetting force (T2s3), and
maximum wetting force (Fmax) were summarized in Table 7.3. To and T3 parameters demonstrate
the speed of wetting, while the Fnax parameter demonstrates the solderability. The effect of amine
additives on Fmax Wwas more pronounced on adipic acid contained flux formulations, as shown in
Figure 7.3(a). Compared to 3.69 mN obtained by pure adipic acid model flux (Figure 7.3(b)), the
Fmax was improved using ST02, ST04 and SNO2 model fluxes, which were 4.11 mN, 4.08 mN and
3.92 mN respectively. However, the Fnax of ANO4 model flux decreased to the level of 3.49 mN.
In comparison, the Fnax was slightly reduced when using amine additive in succinic acid contained
flux formulation. The SNO2 and SNO4 model fluxes induced slightly lower Fnax at 3.73 mN
compared to ST02 model flux at 3.98 mN and ST04 model flux at 3.89 mN. Generally, the wetting
speed of 4 amine additive modified succinic acid model fluxes was faster than 4 amine additive

modified adipic acid model fluxes. Figure 7.3(a) illustrates the wetting speed for adipic contained
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model flux was significantly influenced by amine additives. The T3 of ATO4 model flux decreased
to 1.18 sec in comparison with pure adipic acid model flux for 1.32 sec, whereas larger To and
T3 were obtained when using AT02, ANO2 and ANO4 model fluxes, as shown in Table 7.3. In
contrast, the amine additives in succunic acid fluxes reduced the T, to approximate 0.74-0.79 sec,
and the T3 values for amine additive modified succinic acid model flux were approximate 0.96-
1.01 sec.
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Figure 7.3 Wetting balance test result using various model fluxes for surface activation: (a) model fluxes
with adipic acid as main activators, (b) model fluxes with succinic acid as main activators.

Table 7.3 Summary of qualification parameters in wetting balance result from 3 parallel tests.

Time to reach Zero Time to two thirds maximum Maximum Wetting force
Wetting force (sec) wetting force (sec) (mN)

Adipic acid 0.94 + 0.09 1.32+0.23 3.69 £ 0.03
ATO2 0.97 + 0.06 1.55 + 0.06 4.11 £0.02
ATO04 0.89 + 0.05 1.18 £ 0.03 4.08 £ 0.03
ANO2 1.18 £ 0.05 2.18 + 0.06 3.92+0.04
ANO4 1.38 £ 0.04 2.77 £0.20 3.49+0.10
Succinic acid 1,00 + 0.06 1.34+ 0.08 3.97 £ 0.04
ST02 0.74 £ 0.03 0.96 + 0.02 3.98 £ 0.03
STO04 0.75 £ 0.02 1.01 £0.02 3.89 £ 0.02
SNO02 0.79 £ 0.03 0.99 + 0.02 3.73+£0.03
SNO04 0.79+£0.01 1.00 £ 0.02 3.73+£0.03

Figure 7.4 shows the cross-section of the wetting balance tested samples indicating the quality

of SAC 305 layer on Cu substrates when various fluxes are used. Some defect was observed on

the tip of Cu substrate activated using pure adipic acid model flux, as shown in Figure 7.4(al),
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while Figure 7.4(a2-5) shows perfect coverage of SAC 305 layer was observed when using
tripropylamine and naphtylamine modified model fluxes for the test, although the thickness of the
SAC 305 layer was different. Compared to pure adipic acid model flux activated sample in Figure
7.4(al), Figure 7.4(a5)(a4) shows that the 0.4 wt.% and 0.2 wt.% naphthylamine additive in adipic
acid contained model flux reduced the maximum thickness of the SAC 305 layer from 41 ym to
38 ym and 28 um respectively. However, Figure 7.4(a3) indicates that the maximum thickness
of SAC 305 layer in AT04 sample was slightly higher than pure adipic acid model flux activated
Cu sample. For the model fluxes with succinic acid as activators, the 0.4 wt.% and 0.2 wt.%
naphthylamine additive increased the maximum thickness of SAC 305 layer from 12 ym to 69 pym
and 37 ym respectively, as shown in Figure 7.4(b1)(b5)(b4). Higher maximum thickness of SAC
305 layer at 42 ym was obtained using ST04 model flux in comparison with 13 ym SAC 305 layer
using ST02 model flux.

500 pm 500 pm

-
Thick tip

Figure 7.4 Secondary electron micrograph of the SAC 305 coated Cu substrates in the view of cross
section after wetting balance testing: (al) A, (a2) AT02, (a3) AT04, (a4) AN02, (a5) AN04, (bl) S, (b2)
ST02, (b3) STO4, (b4) SNO2, (b5) SNOA4.

Evaluation of structural degradation of flux activator packages after thermal activation

Figure 7.5 illustrates the effect of simulated soldering temperature on the thermal degradation of
the tested flux activator packages. Generally, the amide formation was detected in model fluxes
with succinic acid activators as shown in Figure 7.5(c); while none of the amide peak was

detected in the model fluxes with adipic acid as activators as shown in Figure 7.5(a). After adding
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amine additive in model flux with succinic acid activator as shown in Figure 7.5(c), the C=0 bond
at 1685 cm split into two peaks which located at 1685 cm™ and 1725 cm™. The C=0 stretching
bond at 1685 cm™ belongs to carboxylic acid, while the C=0 stretching peak at 1725 cm™ belongs
to the newly formed amide. The peak of C-N stretching bond in amide group was detected at 1106
cm™. Figure 7.5(d) shows the degradation of the amide in the model flux with succinic acid
activator occurred after

thermal activation at 240°C.
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Figure 7.5 The FT-IR spectra of tested flux activators with/without thermal treatment: (a) adipic acid
contained activator packages with no thermal activation, (b) adipic acid contained activator packages
after thermal treatment at 240 °C for 100 sec, (c) succinic acid contained activator packages with no
thermal activation, (d) succinic acid contained activator packages after thermal treatment at 240 °C for 100

SecC.
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Electrochemical investigation of model fluxes

a) Deliguescence assessment of model fluxes using single frequency EIS
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Figure 7.6 Impedance response at 10 kHz of SIR pattern contaminated with: (a) non-thermal activated

adipic acid model fluxes, (b) 240 °C activated adipic acid model fluxes, (c) non-thermal activated succinic

acid model fluxes, (d) 240 °C activated succinic acid model fluxes; under testing temperature of (1) 25 <,
(2) 40<, (3) 60°C.

Figure 7.6 demonstrates the impedance response of model fluxes contaminated SIR patterns
tested under various climatic condition. In general, the reduction of DRH was obtained for all
tested model flux activators when increasing the testing temperature from 25°C to 60°C. Under
testing temperature of 25°C, DRH value of all the tested activator package was beyond 95% RH,
and impedance response at 99% RH for all the activator packages was maintained above 500
kQ. Under testing temperature of 40°C, significant drop of impedance was obtained by non-
thermal activated pure succinic acid contaminated SIR pattern as shown in Figure 7.6(c2). In
contrast, the non-thermal activated amine additive contained succinic acid fluxes exhibited high
impedance level above 450 kQ under 99% RH. After thermal activation at 240°C (Figure 7.6(d2)),
the high level of impedance was obtained again by pure succinic acid activator contaminated SIR
pattern under 99% RH. Figure 7.6(a3)(b3)(c3)(d3) shows that the DRH values of pure adipic acid
and pure succinic acid fluxes are within 87-88% RH under the testing temperature of 60°C, which

were higher than ERH value obtained between 67-70% RH. In the non-thermal activated adipic
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acid contained model fluxes shown In Figure 7.6(a3), amine additives slightly improved the DRH
and ERH value of activator packages to 90% RH and 84% RH respectively. Compared to the
pure adipic acid sample, amine additives significantly improved the impedance response of adipic
acid fluxes at 99% RH. However, amine additives did not influence the impedance response of
the non-thermal activated succinic acid fluxes under 99% RH exposure, as shown in Figure
7.6(c3). Under testing temperature of 60°C, significant improvement of the ERH value and the
impedance response at 99% RH was obtained by fluxes with amine additives after thermal
activation at 240°C, as shown in Figure 7.6(b3)(d3).

b) Leakage current for model fluxes under humidity exposure

Figure 7.7 shows the leakage current response of model flux activator contaminated SIR pattern
under various climatic testing conditions. In general, leakage current value increased for all tested
model flux residues with increasing RH for testing. Under the same testing condition, Figure
7.7(b1-b3) indicates that the thermal-activated adipic acid contained model fluxes contaminated
SIR patterns exhibited the same leakage current values as no thermal activated sample shown in
Figure 7.7(al-a3). High leakage current exceeding 10 pA occurred at 98% RH/60°C for all five
adipic acid model fluxes contaminated SIR patterns (shown in Figure 7.7(a3)(b3)). Figure 7.7(al-
a3) demonstrates the amine additives did not influence the leakage current level of model fluxes
with adipic acid activators under same testing condition. However, thermal activation significantly
influenced the leakage current level of succinic acid contained model fluxes in different ways.
Under testing temperature of 25°C, thermal activated pure succinic acid induced high leakage
current failure at 98% RH, whereas the leakage current level of none thermal activated pure
succinic acid was below 1 pA. Under testing temperature of 40°C, compared to the high leakage
current failure of SIR pattern induced by all five non-thermal activated succinic acid fluxes shown
in Figure 7.7(c2), thermal activation at 240°C for amine modified succinic acid model fluxes

suppressed the leakage current level SIR pattern under 98% RH exposure (Figure 7.7(d2)).
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Figure 7.7 Leakage current results of the model fluxes contaminated SIR pattern under various testing
condition: (a) non-thermal activated adipic acid model fluxes, (b) 240 °C activated adipic acid model fluxes,
(c) non-thermal activated succinic acid model fluxes, (d) 240 °C activated succinic acid model fluxes; under

testing temperature of (1) 25, (2) 40, (3) 60 °C.
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V. DISCUSSION

Present investigation demonstrates the effect of tripropylamine and naphthylamine additives on
the solderability and climatic reiliability of commercial used WOA activator residue on PCBA after
simulated wave soldering condition. The Cu oxide removal mechanism using WOA activators was
achieved through the complexation (Equation 7.1) and disproportionation (Equation 7.2)
reactions [26], where the R in carboxylic acid represents as an organic radical [33].

CuO + 2RCOOH = Cu(RC0O0), + H,0  Equation 7.1
Cu,0 + 2RCOOH = Cu(RC0OO0), + Cu + H,0 Equation 7.2

The succinic acid with shorter organic carbon chain shows high polarity and lower pKa values in
comparison with adipic acid, as shown in Table 7.1. From the solderability point view, result in
Table 7.3 demonstrates that the succinic acid possessed higher maximum wetting force value
compared to adipic acid. However, the higher ionization strength of succinic acid also lead to
higher leakage current [6] and ECM failure [20] under humidity exposure with 10 V DC bias
loading, while the leakage current value induced by adipic acid was located in the safety range
below 10 pA under 25°C and 40°C [20]. Present study exhibited the improvement of the leakage
current performance and the wetting speed of succinic acid model flux after addition of
tripropylamine. On the other hand, after addition of 0.4 wt.% tripropylamine in adipic acid model
flux, the Fnax and wetting speed of AT04 flux was improved in comparison with pure adipic acid
and pure succinic acid model fluxes. At the same time, the leakage current value of the
tripropylamine additive modified adipic acid model fluxes maintained at safe level below 10 yA as

pure adipic acid model flux, as shown in Figure 7.7(b1-b3).

Influence of amine additives in WOA model fluxes on the performance of solderability

Tripropylamine and naphthylamine additives exhibit different influences on the wetting properties
of adipic acid and succnic acid based fluxes. Reaction between WOA and amine can be consider
as Bragnsted—Lowry acid base reaction shown in Equation 7.3, where R’ and R” represent organic

radicals.

R'COOH +R"NH, =R'— CO(NH) — R" + H,0 Equation 7.3

In the case of succinic acid based model fluxes, significant improvement of the wetting speed was
obtained by the tripropylamine and naphthylamine modified flux formulation as shown in Table
7.3; however, the maximum wetting forces of all the amine modified fluxes did not exceed the

pure succinic acid model flux. The wetting speed and Fnax were influenced by the oxides removal
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mechanism of amine modified succinic acid based fluxes. Figure 7.5(c)(d) demonstrates C=0
stretching bond at 1725 cm™ and C-N stretching bond at 1106 cm for amide disappeared after
simulated wave soldering process at 240°C. The degradation of amide triggered the formation of
the more reactive positive charge group (R'CO)* and negative charge group (R’NH)" at the initial
thermal activation stage during soldering process as demonstration in Equation 7.4. The oxides
removal reaction between CuO and the degradation product of amide was demonstrated as
Equation 7.5. In comparison with relative higher To and Tz values obtained by pure succinic acid
fluxes, the faster wetting speed of amine additive modified succinic fluxes could be due to the
reaction between CuO and the more reactive (R'CO)" as well as (R”’NH) charge groups during
soldering process. As a result, the localized spreading appearance was obtained using amine
modified succinic acid fluxes, as shown in Figure 7.2(b2-5). After simulated soldering process,
the shift of the carboxylic acid C=0 stretching bond for ST04, SN02 and SN0O4 model fluxes in
Figure 7.5(d) indicates active carboxylic group of succinic acid was consumed by amine additives
to form amide, which reduced the number of carboxylic group in participation of the oxide removal
during soldering process. In consequence, the reduction of Frnax was more pronounced for the 0.4
wt.% amine additive modified succinic based model fluxes shown Table 7.3, and the thicker layer
of SAC 305 alloy was observed on Cu substrate compared to pure succinic acid flux (Figure
7.4(b1)(b3)). Significant reduction of Fnax was obtained by naththylamine modified succinic acid.
This could be attributed to the covalent 1 bond of benzene ring in naphthylamine re-allocated the
electron density in amide molecule, hence reduced the polarity of the carboxylic group. Therefore,
the activation of the carboxylic group in the amide formed by naphthylamine and succinic acid
was prohibited during soldering process, which triggered thicker layer of the SAC 305 alloy coated
on the Cu substrate as shown in Figure 7.4(b4)(b5).

R' — CO(NH) —R" = (R'CO)* + (R"NH)~  Equation 7.4
2(R'CO)* + 2(R”NH)™ + 4Cu0 = Cu(R'C00), + 3Cu + R'",0 + N, + H,0 Equation 7.5

However, amide bond was not detected in the flux formulation with amine additive and adipic acid,
as shown in Figure 7.5(a). Therefore, the oxide removal reaction by adipic acid and amine
additives were subjected in parallel during soldering process. Apart from the oxide removal
process of by adipic acid, the increase of Fmax for tripropylamine modified adipic acid based flux
was attributed to the redox reaction between tripropylamine and CuO during soldering process,
which is demonstrated in Equation 7.6. As result, larger spreading area of the SAC 305 alloy was
obtained by AT02 and AT04 in comparison with pure adipic acid flux, shown in Figure 7.2(al-3).

Compared to tripropylamine modified adipic acid fluxes, significant increase of To and Tz values
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was obtained using naphthylamine additive in adipic acid model fluxes, shown in Table 7.3. The
covalent 1 bond in naphthylamine additive may prohibit the activity of carboxyl group in adipic
acid, which required more energy and longer time for the complexation reaction to take palce
between carboxylic groups in adipic acid and the oxides on the metal surface. In consequence,
0.4 wt.% naphthylamine additive modified adipic acid flux (ANO4) required longer time to reach to
maximum wetting force in comparison with 0.2 wt.% naphthylamine modified adipic acid flux
(ANO2). Therefore, the increasing trend of wetting force for ANO4 was still visible at 10 sec

asshown in Figure 7.3(a).
3Cu0 + 2R"NH, = 2Cu + R,0 + N, + H,0 Equation 7.6

Influence of amine additives on the humidity interaction and leakage current response

Humidity interaction of the WOA activator residue on PCBA was dependent upon the
hygroscopicity of the WOA or its degradation products after soldering process, which triggered
the moisture adsorption and absorption from the environment [6]. The hygroscopicity of the flux
residue on SIR interdigitated pattern was roughly estimated by single frequency EIS
measurement in previous work [20][27][32]. Table 7.4 shows the DRH value of adipic acid and
succinic acid from the literature under testing temperature of 25°C, 40°C and 60°C respectively,
which were comparable with the single frequency EIS measured DRH values for the tested WOAs
in the present work. After water condensation triggered by WOA at lower RH value, the solubility
of WOA and dissociation constant of carboxyl groups played the key role on the conductivity and
corrosivity of the electrolyte formed on the surface of PCBA. Under testing temperature of 25°C,
low solubility for adipic acid (0.17 mol/L) and succinic acid (0.69 mol/L) resulted in high impedance
response of pure WOA contaminated SIR pattern under 99% RH exposure, as shown in Figure
7.6(al)(cl). As a consequence, low leakage current was observed due to less ionization of WOA
on the surface of PCBA (Figure 7.7(al)(cl)). When the testing temperature increased to 40°C,
the drop of impedance for pure succinic acid model flux contaminated SIR pattern shown in
Figure 7.6(c2) was attributed to the much higher solubility of 1.16 mol/L in comparison with 0.33
mol/L for adipic acid. As a result, the leakage current of succinic acid comtaminated SIR pattern
exceeded 10 pA under 98% RH/40°C (Figure 7.7(al)), while the leakage current level of adipic
acid contaminated SIR pattern remained at safety range (Figure 7.7(c1)). Solubility of adipic acid
and succinic acid significantly increased under testing temperature 60°C, which resulted the
reduction of impedance (Figure 7.6(a3)(c3)) and high leakage current exceeding safety range
(Figure 7.7(a3)(c3)). Since the WOA induced failures were more pronounced at high testing

temperature and high RH, the influences of amine additives on the humidity interaction of WOA
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activators would be more representative under the testing temperature of 60°C for adipic acid
based flux, and above 40°C for succinic acid based flux, as shown in Figure 7.7(b3)(d3).

Table 7.4 Summary of DRH values [20], and solubility [34] of tested WOA in literature with measured DRH

in present work.

DRH in literature / Measured DRH(% RH) Solubility (mol/L)

Temperature 25°C 40°C 60°C 25°C 40°C 60°C
Adipic acid 97.4/95 91.5/92 83.2/87 0.17 0.33 1.05
Succinic acid 94.2/98 91.3/95 82.2/88 0.69 1.16 2.22

The role of the amine additives played in succinic acid based fluxes and adipic acid based fluxes
were different, which resulted different performances of humidity interaction under testing
temperature of 60°C. FT-IR result in Figure 7.5(a) shows the independent presence of the adipic
acid and amine additive in flux residue. The ionization of the adipic acid and the protonation of
amine additive simultaneously occurred in the condensed water. As result, intermolecular
hydrogen bond formed by dipole-dipole interaction between carboxylic group and amino group
[35] as shown in Equation 7.7. The intermolecular hydrogen bond formed between adipic acid
and amine additive could re-distribute the electron density of the polarized carboxyl group and
amino group, which might reduce the polarity of adipic acid. Therefore, ERH of amine modified
adipic acid flux shown in Figure 7.6(a3) significantly increased to 84% RH in comparison with 69%
RH obtained by pure adipic acid at 60°C. Moreover, the Van der Waals force of intermolecular
hydrogen bond between adipic acid and amine additives might reduce the number of the free ions
in the electrolyte. Therefore, the impedance response of amine modified adipic acid is much better
than pure adipic acid as shown in Figure 7.6(a3). While for succinic acid based model fluxes with
amine additives, amide formation was confirmed by FT-IR analysis, as shown in Figure 7.5(c).
Amide group appeared to be polar since oxygen and nitrogen can form hydrogen bond with water
in atmosphere [36]. Therefore, minimal improvement of DRH and ERH was obtained by the amine

additive modified succinic acid fluxes, as shown in Figure 7.6(c3).
R'COOH + R"NH, = R'"COOH --- NH,R" Equation 7.7

Thermal activation played a vital role on the humidity robustness of the amine modified model
fluxes. In the case of adipic acid based fluxes, the DRH and ERH value of tripropylamine additive
modified fluxes increased from 90% RH and 84% RH to 95% RH and 95% RH after thermal
activation, which might be attributed to the thermal degradation product of tripropylamine.

However, the mechanism required further chemical analysis. In comparison, the soldering
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temperature of 240°C is not able to evaporate or degrade naphthylamine due to its higher boiling
temperature at 300.8°C. As result, the DRH and ERH value of naphtylamine modified fluxes did
not change after thermal activation. For the succinic acid based fluxes, significant improvement
of ERH was obtained after thermal activation, which is due to the thermal degradation of the amide,
as shown in Figure 7.5(d). The carboxylic acid C=0 stretching peak at 1685 cm shifted towards
amide C=0 stretching peak after thermal activation, which indicates the presence of limited
amount of amide group in flux residue. After thermal activation, the 0.4 wt.% tripropylamine
modified succinic acid flux (ST04) obtained the largest shift C=0 stretching peak, as shown in
Figure 7.5(d). In consequence, moisture desorption behavior of ST04 is slightly worse compared
to naphthylamine modified succinic acid fluxes (Figure 7.6(d3)). Under 10 V DC bias loading, the
degradation of amide reduced the polarity of the flux reside and coherently triggered the lower
moisture absorption under testing condition of 98% RH/40°C, which lead to the significant

reduction of the leakage current response shown in Figure 7.7(d2).

V. CONCLUSIONS

e FT-IR results indicate both tripropylamine and naphthylamine are able to form amides with
succinic acids after flux formulation, while the adipic acid and amine additives did not. Thermal
degradation of the amide C=0 stretching bond was detected in the amine additive modified
succinic acid based fluxes.

e Solderability testing showed improvement of the wetting speed using tripropylamine and
naphthylamine additive in succinic acid based model fluxes, however, the maximum wetting
force was reduced by tripropylamine and naphthylamine additive. The 0.2-0.4 wt.%
tripropylamine additive in adipic acid based model fluxes significantly increased the maximum
wetting force.

¢ Single frequency EIS results show the tripropylamine and naphthylamine additives in adipic
acid based model fluxes significantly increased the ERH and DRH in comparison with pure
adipic acid flux under testing temperature of 60°C. Thermal activation at 240°C significantly
increased ERH of two amine additives modified succinic acid based fluxes and adipic acid
based fluxes.

e Leakage current testing results indicate the tripropylamine and naphthylamine additive in
succinic acid model fluxes significantly decreased the leakage current level below threshold
value of 10 yA under testing condition of 98% RH/25°C and 98% RH/40°C after simulated

soldering process.
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8. Effect of reflow process related flux residue on the climatic

reliability of surface-mount electronic devices

Feng Li, Anish Rao Lakkaraju, Morten Stendahl Jellesen, Rajan Ambat

Abstract: This paper investigated the effect reflow flux residue on the humidity related failure of
electronic devices by experimentally simulating the surface mount component soldering process,
residue trapping, and its behavior under humidity. Standardized accelerated climatic test on
surface insulation resistance (SIR) interdigitated pattern was performed to benchmark the
humidity interaction of the tested flux formulations. The influence of stand-off height for the
surface-mount component on the humidity robustness was analyzed using an in-house designed
dummy test rig and electrochemical impedance spectroscopy (EIS). Scanning electron
microscopy (SEM) and conductivity measurement was used to understand the hydrolytic
degradation of the flux residue and the release of the conductive ionic residues during climatic
exposure. Results indicate the spreading area and the hydrolytic degradation behavior of the flux
residue were influenced by the type of flux activators used in flux formulation. The climatic
reliability was influenced by the combined effect of the aggressiveness of flux activator and the
spreading of the flux residue. However, result also shows that the climatic reliability of the surface-
mount device can be improved by increasing the stand-off height of the components together with

selected flux formulation.
Keywords: SMT, BGA, solder flux, electronic corrosion, climatic reliability.

l. INTRODUCTION

Driven by the continuous trend in the miniaturization of electronic devices, surface-mount
technology (SMT) was widely implemented in the electronic industry due the compact size with
smaller SMT components. SMT market was expected with a compound annual growth rate of
7.46% until 2025 [1], and was estimated to occupy 75% of the electronic production [2]. However,
the highly compact system raised the challenge of repair and rework process with high cost due
to the difficulty of heat dissipation from smaller area [3]. Moreover, electronic manufacturers may
devoted as high as 40% of their time to identify the failures and fixing the problems [4]. In order
to save the cost, many companies replaces replace printed circuit board assembly (PCBA)

instead of repairing of the dysfunctional PCBAs, which incur high cost.

Corrosion of electronic became a significant issue along with the growing implementation of the

miniaturized electronic devices in a variety of humid service environment. During humidity
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exposure, the localized corrosion cells are easily formed on miniaturized PCBA due to water
condensation between adjacent oppositely biased terminals [5]. Electrochemical migration (ECM)
is one of the most severe corrosion related short-circuiting failure mode for electronic device [6],
and the failure rate of ECM in electronic devices can be as high as 1-4% [7]. No-clean flux has
been occupied 70-80% of electronic industry [7][8] for which no cleaning is involved after the
soldering process. Numerous investigations have reported that the soldering condition is not
sufficient to completely evaporate or decompose the flux substances [9][10] and significant level
of no-clean flux residue was observed on the PCBA surface [9][11][12]. Particularly, the flux
activator (linear dicarboxylic acids) in the flux residue was reported as the most aggressive
process-related contamination, which accelerates the moisture sorption and corrosion related
issues [13][14][15][16]. The hygroscopic nature of flux activators reduce the relative humidity (RH)
level for water condensation, and the ionization behavior increased the conductivity of the
electrolyte layer [11][14][15] [17][18][19]. In consequence, the process-related flux residue plays
a vital role on the corrosion of electronics, which lead to the intermittent failures such as ECM
dendrite formation and the reduction of surface insulation resistance (SIR) [5][13][17]. Most of
these previous investigations were conducted using no-clean wave solder flux for through-hole
technology, however, limited investigations was reported based on the reflow solder flux for SMT
assemblies although the ECM failure was reported on SMT component due to no-clean flux
residue [7][11].

The no-clean reflow flux residue was reported spreading around or trapping beneath the low
stand-off height component on the SMT PCBAs after the reflow soldering process [12][20]. This
residue mainly contains a base resin/rosin and activators. The base resin/rosin functions as a
carrier and binder for the flux activators on the metal surface [21]. Flux activators used in reflow
solder paste include 4 categories, which are organic acids, organic amines, organic halogen
compounds, and organic halide salts [22]. During the reflow soldering process, the activator part
removes the oxide film on the metal contacts to ensure the solderability of melted solder alloy.
After soldering process, the corrosive activator residue can be encapsulated by the film of
resin/rosin part and hence to achieve the purpose of “no-clean” from the process related
contamination point of view. Nowadays, synthetic resin is widely used in the reflow flux formulation
to replace natural rosin due to lower residue attack [22]. Urethane resin, acrylic resin, and styrene-
maleic acid resin etc. are the types of the commercial used resin base material for synthetic resin
in the reflow flux formulation [21], which can be modified with organic acid such as abietic acid
etc. [22] to obtain the function of the conventional natural rosin. It has been reported that the

hydrolytic degradation of the abietic acid modified urethane based polymers occurred at glass
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transition temperature of 60 - 90 °C [23], which is incidentally close to the service conditions of
electronics in automotive industry [24] and many other standardized testing methods [14][25][26].
Therefore, the fact is that the encapsulation film of flux residue may degrade and lead to the
release of the flux activators due to humidity interaction [27]. As a result, the released flux activator
from the encapsulation film triggers the corrosion of solder joints and the reduction of SIR under
prolonged high temperature and humid exposure [24][27]. Since the SMT will dominate the
miniaturized electronic manufacturing in future, it is important to understand effect of reflow

process related flux residue on the humidity robustness of electronics.

This paper systematically investigated the influence of four types of reflow paste flux residues
with different flux activators on the climatic reliability of PCBA after SMT processing. Test vehicles
used in this work are reflow soldered SIR pattern and an in-house designed dummy test rig
imitating an SMT component. The conductivity of reflow flux residues as a function of humidity
exposure was measured along with the surface morphology evolution acquired by scanning
electron microscopy (SEM). Kinetics of humidity interaction with reflow flux residue was analyzed
using electrochemical impedance spectroscopy (EIS). The ECM susceptibility of reflow flux
residue was analyzed using chronoamperometry under accelerated climate condition. Effect of
stand-off height for the dummy component on PCBA surface was investigated to understand the
effect of humidity when the flux residue was trapped imitating the actual condition of an SMT

component with different stand-off height.

I. MATERIALS AND EXPERIMENTAL METHODS

Solder pastes used for the investigation

Table 8.1 Formulation of the solder pastes used for the investigation.

Solder paste (SP) | Resin WOA Solvent Amine | Halogen | Halide | Surfactant Solder alloy

Ester,

SP1 v 2 types alcohol v SAC 305
Ester,

SP2 v 1 type alcohol v SAC 305
Ester,

SP3 v 1 type alcohol v v v SAC 305
Ester,

SP4 v 2 types alcohol v v SAC 305

Table 8.1 shows the formulation of the solder pastes used in the present investigation. The
amount and type of resin, solvent, surfactant, and alloy in the formulation are the same. Ester and
alcohol were used as solvent and SAC 305 alloy was used as solder alloy. For SP1, 2 types of

WOAs were used as activator package in the flux formulation. Only 1 type of WOA was used in
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SP2. 1 type of WOA, 1 type of amine and 1type of halogen were used as activator package in
SP3. Two types of WOAs and 1 type of halide were used as activator package in SP4.

Preparation of test vehicles

Figure 8.1 shows the test vehicles used in the investigation. Before stencil printing, all the test
vehicles was cleaned using isopropanol in ultrasonic bath for 5 min and dried in compressed air.
Figure 8.1(a) shows the SIR interdigitated patterns with 300 uym pitch size and line width (IPC-
4201/21). The SIR pattern contains the adjacent pitch lines of 10.8 mm x 41 sets in a testing area
of 13 mm x 25 mm. The surface finishing of the SIR substrate is 1 um chemical vapor deposited
Sn on 35 pm Cu conductive track. Before going through reflow soldering process, the stencil with
thickness of 200 um was used for the solder paste printing on SIR pattern. Figure 8.1(b) shows
the open surface of SMT substrate used for flux residue characterization, which contains 9 solder
points with area of 2 mm x 2 mm. The solder area of SMT substrate was printed with 250 ym
thick solder paste using stencil. Figure 8.1(c)(d) shows the in-house test rig imitating dummy SMT
component design and the electrical connection of two adjacent solder joints. Test rigs with 0.5
mm and 1 mm stand-off heights were manufactured for the investigation of stand-off height effect
on the humidity robustness. The overlapping area of 2 cm x 2 cm for upper part and bottom part
of SMT substrates was used for the testing. Same amount of solder paste was applied on the
solder points for test rigs with both 0.5 mm stand-off height and 1 mm stand-off height using 1
mm stencil. The tested solder joints was on the adjacent position with distance of 2 mm, which

were electrically connected from the back side of upper and bottom FR-4 substrates.

After stencil printing of solder paste, all the test vehicles were subjected to the reflow process in
a Techno HA-06 furnace under air-static condition. During the soldering process, surface
temperature of the test vehicles increased from 25°C to 170°C within 125 sec, then increased to

peak temperature of 248 °C within 60 sec, and cooled in the oven for 60 sec.

Climatic exposure for electrochemical testing

In order to analyze the corrosion reliability of four solder pastes, accelerated climatic tests were
carried out in an “Espec PL-3KPH” climatic chamber with the tolerance of £+ 0.3°C and £ 2.5%
relative humidity (RH). The accelerated testing condition was adapted from IEC 60068-2-30
environmental testing standard. The testing was conducted under a cycling temperature between
40°C and 60°C under 98% RH for 120 hours (30 cycles). One cycle of temperature at high RH
during the test acts as a duration of a water condensation and evaporation process. Due to the

thermal delay, the surface temperature of SIR board was lower than ambient temperature during
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1 hour ramping step from 40°C to 60°C, which induced transient water condensation on the

surface of SIR pattern.

The dummy SMT components with 2 stand-off heights are exposed in an “Espec PL-3KPH”
climatic chamber under constant climatic conditions of 60°C, 98% RH for the study of water

interaction kinetic with flux residue.

Solder joints

0.5/1 mm

Stand-off heig% Electrical

connection

Flux residue

Figure 8.1 Test vehicles used in the investigation: (a) SIR pattern with interdigitated electrodes used for
printing the paste and testing, (b) an open pad imitating SMT land pattern for printing paste and
subsequent residue characterization, (c) test rig imitating a dummy SMT component for stand-off height
investigation after soldering, (d) schematic of the dummy SMT component in (c) showing bottom and
upper part and schematic of the cross-sectional view with electrical connection made for testing.

Electrochemical testing methods

Under climatic exposure, chronoamperometric techniqgue was used to understand the leakage
current induced by the flux residue. A 10 V DC bias was applied to the SIR pattern using a multi-
channel potentiostat (Biologic VSP, France) during accelerated climatic testing. The condensed

water layer formed between oppositely biased electrodes acted as a media for ion transportation,
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which resulted in leakage current and ECM due to electrochemical process. The leakage current
was recorded using EC-lab software. After accelerated climatic testing, flux residue and ECM
dendrite formation on SIR patterns were inspected using light optical microscopy (LOM) (Keyebce
VHX, Japan).

To understand the water interaction kinetic with relow flux residue, EIS experiment was conducted
using a “Biologic VSP” potentiostat on the two-electrodes system to investigate effect of humidity
exposure on the impedance between adjacent solder joints with different stand-off height.
Scanning range of frequency was set from 100 kHz to 100 mHz with the sinusoidal amplitude of
10 mV over the base potential of 0 V vs. reference electrode. EIS scan was recorded every 24
hours by EC-lab and the total duration of the experiment was 15 days. The spreading of flux

residue on tested samples was inspected using LOM.

Flux residue morphology changes and activator release during humidity exposure

In order to evaluate the opening up of the residue and release of the activator component from
residue during humidity exposure, 3 sets of SMT substrates (test vehicle shown in Figure 8.1(b))
reflowed using four solder pastes were used. Samples were exposed in an “Espec PL-3KPH”
climatic chamber under 60°C, 98% RH for 5, 10, 15 days respectively. To study the thermal effect
during humidity exposure, a set of the reflow soldered SMT substrates was exposed under 60°C,
30% RH. A set of samples without climatic exposure was used as reference. To extract the
released conductive substances from the flux residue, 200 puL Millipore water ((Synergy UV,
Germany) was applied on one solder joint for 3 min. 3 extraction tests were conducted on one
reflow soldered SMT substrate for good statistics. The conductivity of the extracted solution was

measured using a SevenCompact S230 conductivity meter (Mettler Toledo, USA).

The surface morphology of the flux residue on the soldered SMT substrate was inspected using
a scanning electron microscope (SEM) (FEI Quanta 200 FEG, USA) under secondary electron
mode at 3 kV. The spreading of the flux residue was visualized using LOM before and after

climatic exposure.

[I. RESULTS

Corrosion reliability of reflow soldered SIR pattern under accelerated climatic condition

Figure 8.2(a) shows leak current resulting from the SIR interdigitated pattern during exposure to
cyclic humidity conditions, while Figure 8.2(b) shows the total charge transfer between the SIR
electrodes deduced from Figure 8.2(a) for easy comparison. In general, the peak of the leakage

current curve (Figure 8.2(a)) during one climatic cycle refer to the water condensation during the
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stage of increasing temperature from 40°C to 60°C and the valley of the leakage current curve
refer to the water release stage when the testing temperature ramped from 60°C to 40°C. The
difference of leakage current level of SP1 and SP2 was minimal under water releasing stage.
While under water condensation stage during climatic test, the leakage current level of SP2 reflow
soldered SIR pattern is much higher than SP1 reflow soldered SIR pattern, which exceeded the
1 PA. The highest leakage current (LC) value was observed for SP4 soldered SIR pattern as
shown in Figure 8.2(a), which was observed almost from the beginning of the testing. The SP2
soldered SIR pattern showed second highest LC value, which exceeded 10 pA at the first cycle.
For SP1 and SP3 soldered SIR patterns, the maximum LC value was below 1 pA. The charge
transfer values shown in Figure 8.2(b) match with this exhibiting similar trends. Overall, the

ranking from the charge transfer curves over 120 hours for various solder pastes was: SP4 >
SP2 > SP1 > SP3.
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Figure 8.2 Results of accelerated humidity testing using the reflowed SIR interdigitated pattern: (a)
leakage current under 10 V, (b) Charge transferred vs time for various cases in (a).

Figure 8.3 shows optical micrographs of the SIR test PCB surface after accelerated climatic
testing. The variation in the distribution of the flux residue depending of the type of solder
activators. More flux residues free area was observed in SP1 soldered SIR pattern, as shown in
Figure 8.3(a). For SP2 and SP4, the distribution of flux residue was not uniform on the PCBA,
which was denoted as “low flux region” and “high flux region” as shown in Figure 8.3(b)(d). The
flux residue from SP3 uniformly distributed on SIR interdigitated region after soldering process,
as shown in Figure 8.3(c). ECM dendrite formation was observed on SP4 reflow soldered SIR
test board, particularly in the high flux region as shown in Figure 8.3(d), whereas no significant
corrosion was found for SP1, SP2 and SP3.
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Figure 8.3 Surface morphology of the SIR interdigitated pattern after cyclic humidity testing: (a) SP1, (b)
SP2, (c) SP3, (d) SP4.

Evolution of flux residue under constant humidity exposure

Figure 8.4 shows the conductivity of the ionic substance released from flux residue after exposing
the humidity for different exposure time. After reflow soldering process, conductivity values for the
solution extracted from the pads was approximately 5 uS/cm for all four pastes. The conductivity
value of the extract for SP4 flux residue increased to 75 uS/cm after 15 days exposure at 60°C,
98% RH. While the conductivity value of SP2 flux residue was at 45 uS/cm, which was the lowest
among all 4 types of flux residues. Significant increase of the conductivity value for SP2 was found
after first 5 days humidity exposure and maintained similar conductivity level until 15 days. The
conductivity values of SP1 and SP3 are in similar level at 60 uS/cm. In comparison, no significant
change of the conductivity values for all 4 types of flux residue was found after 15 days exposure

under 60°C, however using lower humidity value of 30% RH.

Figure 8.5 shows the spreading effect of the flux residue before and after climatic exposure at
60°C, 98% RH for 15 days. After reflow soldering process, the spreading area of the flux residue
on SP2 and SP3 substrates was larger than SP1 and SP4 substrates, as shown in Figure
8.5(b1)(cl). After climatic exposure, the spreading area of SP3 substrates significantly increased,
as shown in Figure 8.5(b3). Whereas for SP1 and SP4 substrate shown in Figure 8.5(a2)(d2),

the spreading area remained in the same level as before climatic exposure.
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Figure 8.4 Conductivity measurement of water extracted ionic substance from flux residue after humidity

exposure.

Figure 8.5 LOM inspection of the flux residue spreading on reflow soldered SMT substrates using 4 types
of solder pastes: (a) SP1, (b) SP2, (c) SP3, (d) SP4; (1) non-climatic exposure, (2) exposed at 60°C, 98%
RH for 15 days.

Figure 8.6 shows the surface morphology evolution of 4 types of flux residue during climatic
exposure under 60°C, 98% RH. After 5 days exposure, blisters were observed on the flux residue
of SP1, SP2 and SP4 as shown in Figure 8.6(a2)(b2)(c2). Surface of the SP2 residue did not
show significant change until 15 days climatic exposure. After 10 days climatic exposure,

openings were observed on the flux residue of SP1 and SP4, as shown in Figure 8.6(a3)(d3).
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Figure 8.6(a4) and (d4) show the size of the blisters in the flux residue of SP1 and SP4 increased
during the climatic exposure; however, Figure 8.6(b2)(b3)(b4) show that the change of the
surface morphology for the SP2 flux residue was minimal when extending climatic exposure
period until 15 days. SP4 showed significantly different morphology after 15 days of exposure
compared to SP1 and SP3 with a flowery type of surface morphology different from lower
exposure time, while SP2 and SP3 did not show significant change.

N7
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Figure 8.6 SEM images of the surface morphology evolution for the four types of flux residues: (a) SP1,
(b) SP2, (c) SP3, (d) SP4; (1) non-climatic exposure, (2) exposed at 60°C, 98% RH for 5 days, (3)
exposed at 60°C, 98% RH for 10 days, (4) exposed at 60°C, 98% RH for 15 days.
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Evaluation of reflow soldered dummy smt component using EIS

The dummy SMT component shown in Figure 8.1(c) after the soldering process was subjected
to humidity exposure to investigate the evolution of the residue in the gap. Change in electrical
characteristics due to residue changes (similar to the effect shown in Figure 8.5 and Figure 8.6
and release of activator components was monitored using electrochemical impedance
spectroscopy. Figure 8.7 shows the full impedance spectra at various exposure times for 4 pastes
with 2 different stand-off heights exposed at constant 60°C, 98% RH. In general, the component
with stand-off height of 1 mm obtained higher impedance value at frequency from 10! Hz to 10°
Hz, as shown in Figure 8.7(a). Compared to the non-exposed EIS results, significant reduction
of the impedance values for SP1, SP2, and SP4 were observed on the dummy components with
0.5 mm stand-off height after 7 days climatic exposure (Figure 8.7(b)). For SP2 and SP3,
significant reduction of the impedance was also observed on the dummy components with 1 mm
stand-off height. The EIS characteristics of SP2 and SP3 in the shaded area transformed from
capacitance behavior to resistance behavior (looking at the corresponding phase angle results,
which is not shown). The reduction of the impedance value for dummy component with 1mm
stand-off height shown in Figure 8.7(b) was pronounced in the frequency range from 10! Hz to
10* Hz, which is broader than the dummy components with 0.5 mm stand-off height. After 14 days
climatic exposure (Figure 8.7(c)), an increased impedance value was observed in the SP3
reflowed soldered dummy component with 1 mm stand-off height, whereas the change of
impedance values for other dummy components were minimal compared to the impedance values

collected after 7 days exposure.
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Figure 8.7 Impedance value of reflow soldered dummy SMT component with different stand-off height
during climatic exposure at 60°C, 98% RH: (a) non-exposure, (b) 7 days exposure, (c) 14 days exposure.

The dummy components were opened up after humidity exposure for the analysis of nature of

residue. Figure 8.8 shows the flux residue distribution between the gap after humidity exposure
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with two different stand-off heights after 14 days exposure under 60°C, 98% RH. For the 0.5 mm
stand-off height dummy components, the adjacent solder joints were connected by all four types
of reflow-process related flux residue, as shown in Figure 8.8(al)(b1)(c1)(d1). For the 1 mm
stand-off height components, the adjacent solder joints were connected by the flux residue of SP2,
SP3, as shown in Figure 8.8(b2)(c2). However, the flux residue of SP1 abd SP4 beneath the 1
mm stand-off height component did not spread after climatic exposure, which resulted the flux
free region demonstrated between solder joints as shown in Figure 8.8(a2)(d2).

Flux
residue s .

.
Fluxfree’y .
regio

Figure 8.8 LOM image of flux residue distribution under the dummy components after 14 days climatic
exposure at 60°C, 98% RH: (a) SP1, (b) SP2, (c) SP3, (d) SP4; (1) 0.5 mm stand-off height. (2) 1 mm
stand-off height.

V. DISCUSSION

The present investigation focused on understanding the effect of activator chemistry in the reflow
paste with similar composition of other parts of the flux formulation. The concealed nature of
reflow residue from the soldering process has been reported earlier [27]. It showed that the reflow
residue consists of the hardened resin part in which the residues of the activator components are
embedded. It has also been reported that the concealed residue open up under humidity exposure
possibly due to the hydrolysis of the resin components leaving activators exposed to the humidity
and water film causing reliability issues. However, morphological changes to the concealed
residue can be not only due to the interaction of the resin with humidity, but also the hygroscopic
nature of the activator component can change the behavior. Therefore, in this work similar resin
system was used with different activator components in order to understand the relative effects

on the morphological changes during humidity exposure. Overall, the result shows that the
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morphological change to the concealed residue depends on the activator package in the flux
system. The humidity interaction with flux residues triggered the failure of the resin encapsulation
and spreading of the flux residue on the surface of PCBAs, which could affect reliability on a
PCBA surface. Effect was found to be a function of the stand-off height of the component.

Effect of humidity on paste residues and effect of activator chemistry

The morphology changes to the flux residue was affected by humidity interaction with flux
activators during the climatic exposure at 60°C, 98% RH as shown in Figure 8.6. Opening and
blisters observed on the flux residue of SP4 and SP1 could be accelerated by hygroscopic flux
activators in flux residue. The deliquescence relative humidity (DRH) of halide used in solder flux
formulation usually show much lower deliquescent point, which could be in a range of 65-78% RH
[28][29]. As result, significant amount of blisters and opening with largest size formed on the flux
residue of SP4 after climatic exposure (Figure 8.6(d2-d4)). In comparison, the WOA activators
possessed higher DRH than halides at room temperature [5], which is in a range between 84%
RH (glutaric acid) to 99% RH (adipic acid) [14][15]. Hence, limited blister formation and opening
was obtained when flux contains single WOA as for SP2 and SP3 (Figure 8.6(b4)(c4)). Practically,
the binary blended WOA activators used in flux formulation is aiming at balancing the solderability
during soldering process and maintain humidity robustness under harsh climatic exposure [30].
However, the binary blended WOAs activators resulted reduction of the DRH level than any of
the individual WOA in the mixture [16]. Therefore, numerous blisters and openings were found on

the binary blended WOA flux residue of SP1 after humidity exposure (Figure 8.6(a2-a4)).

The opening effect of flux residue during climatic exposure resulted in the release of conductive
substances such as flux activators. As a result, the conductivity of the extracted solution for flux
residue increased during climatic exposure period as shown in Figure 8.4. The evolution of the
measured conductivity of SP1, SP2, and SP4 agreed with the opening and blister formed on the
flux residue surface during climatic exposure as in Figure 8.6. The conductivity value of extracted
solution for SP1 and SP4 value significantly increased during exposure period at 60°C, 98% RH,
which is due to the opening and blister formation as shown Figure 8.6(a2-a4)(d2-d4). The highest
conductivity obtained for SP4 was attributed to the dissolution of halide content [31], which
released by forming big blisters. For SP2 shown in Figure 8.6(b2-b4), similar surface morphology
of flux residue was observed after 5 days, 10 days, and 15 days climatic exposure resulted in the
similar conductivity value for extracted solution as shown Figure 8.4. The conductivity value of
extracted solution for SP3 was in the same level as SP1; however, no significant change of

surface morphology has been observed on SP3 flux residue. The increased conductivity level of
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SP3 flux residue could be due to the spreading of flux residue after climatic exposure as shown
in Figure 8.5(c2), which resulted a much larger contact area for the exposure of conductive
substances.

Impact of residues from pastes on the leak current during SIR testing

Humidity interaction with reflow-process related flux residue significantly influenced the leakage
current of the reflow soldered SIR pattern as shown in Figure 8.2. The presence of the free halide
ions is extremely detrimental on the corrosion of metals or metal oxides in the electronics [5]. For
SP4 soldered SIR pattern, halide dissolution caused strong ionization behavior under water
condensation stage during climatic accelerating test. As a result, the leakage current value of SP4
exceeded the critical value of 10 pA [19] due to the halide ions induced ECM dendrites formation
[32] exhibited in Figure 8.3(d), which lead to the highest charge transfer as shown in Figure
8.2(b).

Figure 8.2 shows the leakage current value of SP2 is much higher than SP1, which did not agree
with the result of the higher conductivity level of SP1 shown in Figure 8.4. However, Figure 8.3(b)
and Figure 8.5(b1) show that higher spreading area was obtained by SP2 flux residue after
soldering process. The flux residue took up moisture during water condensation stage, which
could triggered the ionization of the carboxyl group in WOA flux activator and acted as a
conductive media between oppositely biased electrodes. Therefore, the charge transfer value of
SP2 reflow solder SIR pattern is higher than SP1 reflow soldered SIR pattern (Figure 8.2(b)) due

to larger coverage area over oppositely biased electrodes.

Compared to SP2 reflow soldered SIR pattern, although the spreading area of SP3 is larger after
soldering process (Figure 8.3(c)) and climatic exposure (Figure 8.5(c2)), the SP3 reflow soldered
SIR pattern obtained a much lower leakage current value. Xu et al. [33] reported the wettability of
the flux activators can be improved by organic amine, which agree to the larger spreading area
of the flux residue in the present study. Meanwhile, the organic amine content in the flux
formulation provided a robust anti-corrosion performance due to the neutralized Brgnsted-Lowry
acid base reaction [34] between the amino group in organic amine and carboxyl group WOA. As
result, the ionization of the carboxyl group in WOA is diminished during water condensation stage
and hence the relative high conductivity value of SP3 flux residue shown in Figure 8.3 did not
result in higher corrosion. Consequently, the blended WOA-amine provide high corrosion
resistance [35] and inhibition of the ECM dendrite formation [36]. Therefore, the flux residue of

SP3 behaved as a poor corrosive media for charge transfer as shown in Figure 8.2(b).
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Impact of the stand-off height of component on the climatic reliability of SMT device

The same amount of the solder pastes used in the production of dummy SMT component with
different stand-off height. Results from the stand-off height testing shows that the effect of reflow
flux residue under humid conditions changes due to the hygroscopicity of the flux activator and
the spreading area of flux residue. The impedance value between adjacent solder joints of the
dummy SMT component was affected by reflow-process related flux residue under climatic
exposure at 60°C, 98% RH, as shown in Figure 8.7. The spreading of the flux residue is more
pronounced beneath the SMT dummy components with 0.5 mm stand-off height (Figure
8.8(al)(b1)(c1)(d1)), which resulted the hygroscopic and ionic media between solder joints in SP1,
SP2 and SP4 samples. In consequence, the reduction of the impedance value was observed for
SP1, SP2 and SP4 samples with 0.5 mm stand-off height after 7 days and 14 days climatic
exposure (Figure 8.7(b)(c)). Since the blended WOA-amine activator contained flux residue in
SP3 samples is less corrosive, therefore the impedance value of SP3 sample with 0.5 mm stand-

off height maintained at a higher level.

Generally, the impedance value of the SMT component increased when increasing the stand-off
height from 0.5 mm to 1 mm. The larger space induced the more heat transfer through air, which
might activated more flux activator for the oxides removal during soldering process. On the other
hand, the increased stand-off height of SMT component eliminated of capillary force at the
component-PCB interface, which affected the distribution area of the flux residue with the nature
of less spreading such as SP1 and SP4. As result, the absence of the hygroscopic flux residue
was found between solder joints of SP1 and SP4 samples (Figure 8.8(a2)(d2)), which leads to
high impedance of SP1 and SP4 soldered dummy SMT components compared to SP2 and SP3
soldered dummy SMT components with larger spreading area (Figure 8.8(b2)(c2)).

Moreover, the component with higher stand-off height obtained more space for the humidity
interaction with flux residue. Therefore, the reduction of the impedance for the reflow flux residue
in the component with 1 mm stand-off height is more pronounced than the component with 0.5
mm stand-off height under same climatic exposure, as shown in Figure 8.7(b)(c). Consequently,
the EIS characteristic of SP2 and SP3 soldered SMT components shifted from capacitive to
resistive behavior in the shaded region as shown in Figure 8.7(b), which indicates the water
absorption of flux residue and dissociation of the WOA activator [14]. Figure 8.7(c) shows a
decrease of impedance value of SP2 samples by extending the climatic exposure to 14 days,
which could be either due to the release of acidic activators or the corrosion of solder alloys on

SIR pattern induced by the WOA in flux residue. Under humidity exposure, the decreased
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impedance result of SP2 agreed to the failure by exceeding critical leakage current level (Figure

8.2(a)). Similarly, the relatively higher impedance value obtained for SP3 sample indicates that

good humidity robustness, which agreed with the lowest leakage current from DC testing as

shown in Figure 8.2(a).
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V. CONCLUSIONS

Conductive ionic residues were released from the process-related flux residue after climatic
exposure under at 60°C, 98% RH. The increased conductivity value for extracted solutions
were due to the release of different activators due to the opening up of the residue film. The
binary blended WOAs in SP1 flux residue and halide activators in SP4 flux residue accelerated
hydrolytic degradation of the resin due to their lower DRH.

Flux activator used in flux formulation resulted different spreading effect of flux residue after
soldering process. With WOA flux activator, the larger spreading area of flux residue on SP2
reflow soldered SIR pattern induced higher charge transfer compared to SP1 reflow soldered
SIR pattern, even though SP2 flux residue obtained the lower conductivity value.
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ionization of the corrosive halide under humid condition.

Flux residue connected solder joints in the dummy SMT component with lower stand-off height
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between solder joints if the spreading area of the flux residue is small.
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9. Influence of no-clean solder flux residue on the corrosion

protection of conformal coatings used in electronics

Feng Li, Vadimas Verdingovas, loannis Mantis, Morten Stendahl Jellesen, Rajan Ambat

Abstract: Conformal coatings are widely used on the electronic assemblies to protect the
electronic device from the ionic contaminants, humidity, and dust in the environment. This study
focused on the influence of the no-clean flux residue on the protection performance of the four
frequently used conformal coatings under cyclic humidity conditions. A test Printed Circuit Board
(PCB) with interdigitated surface insulation resistance (SIR) pattern was used as the test vehicle.
Electrochemical impedance spectroscopy (EIS) was used to monitor the water uptake behavior
of the coatings, followed by chronoamperometric DC method to evaluate the effect of penetrated
moisture on failure due to leakage current or electrochemical migration (ECM) between the
interdigitated electrodes. The surface morphology and adhesion was inspected using scanning
electron microscopy and the corrosion product analysis was carried out using energy dispersive
spectroscopy. Results suggested that the moisture barrier properties of the coating is relatively a
minor factor contributing to the performance, while the adhesion of the coating, which
compromised by the presence of no-clean flux residue has most significant influence. Among the
coatings investigated, elastomeric acrylate showed better performance due to good adhesion

even under contaminated conditions.
Keywords: Conformal coating, solder flux, electronic corrosion, humidity, reliability.

l. INTRODUCTION

Driven by the concurrent reduction of the package size [1] and higher degrees of integration on
integrated-circuit (IC) chips [2], the progress of electronics miniaturization was dramatically
approached since 1990s. The closer spacing from miniaturized printed circuit board assemblies
(PCBAs) and contamination on PCBAs reduced the corrosion reliability of electronics under humid
conditions [3]. The contamination source of PCBAs mainly comes from the manufacturing process
related flux residue [4] and external deposition of airborne contaminants [5]. The deposition of
external contaminants is usually prohibited by the enclosure design, whereas the humidity and
corrosive gases still can reach to the PCBA surface in the enclosure by diffusion through the walls
and penetration through the openings [6][7][8]. On the other hand, the process related ionic
contaminants were from etchants, plating, ionic contaminants leached out from the assembly

[9][10], and flux residue can be related to the insufficient thermal degradation or over spray [4][11].
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Flux residue on the surface of PCBAs acts as an important corrosion promoter for electronics [12].
The solid substances in the flux residue usually contains weak organic acids (WOAS) activators
or resin/rosin component [13][14][15]. The hygroscopic nature of the flux activators triggers the
humidity absorption from ambient at low humidity level [16]; hence the electrolyte layer formed
between solder joints on the PCBAs leads to the ionization of WOAs [15][17] and induces

intermittent or permanent corrosion problems [18].

Electrochemical migration (ECM) is a typical corrosion failure mode which takes place between
two adjacent oppositely biased electrodes under humid conditions [19][20][21][22]. In the ECM
process, dissolved metal ions from the anodic terminals migrate towards cathode where it will
deposit to form the metallic dendrite and grow back to anode [5]. Dendrite bridging the gap leads
to catastrophic failure due to reduction of surface insulation resistance [17] with substantial
increase of leakage current [15][23], and short circuiting [19][22]. Conductive anodic filament
(CAF) is another type of corrosion failure mode that leads to the loss of SIR [24][25]. The humidity
accelerates the degradation of the fiber/epoxy interfacial bond, where the electrochemical cell
forms to initiate corrosion [24]. The corrosion product in this case such as metal salts and oxides
will precipitate due to the local occluded chemistry, which will be pushed from anode to cathode
through the polymer [25]. Finally, the corrosion product bridge between anode and cathode, and
the semi-conducting nature of the corrosion product will results in short circuit. To mitigate the
humidity and condensation related electrical failures, conformal coatings have been broadly
applied on the PCBAs as the last stage of the manufacturing process [26][27]. However, for the
PCBA with conformal coating, due to the occluded nature of the electrolyte between PCBA-
coating interface (if moisture reaches the interface and delaminate the coating), the corrosion

product can be a mixture of metallic dendrite, metal hydroxides [21].

Conformal coating is a thin polymer film with thickness from 1 — 100 micrometers [28], which
consists of the chemistries of acrylic, epoxy, urethane, silicone, parylene and floropolymer
[26][29][30][31][32][33]. In the electronic manufacturing industry, the evaluation of physical or
chemical properties such as shelf life, thermal shock, cure, viscosity, and flexibility etc. of
conformal coatings are well defined in IPC-CC-830C standard [30]. However, the evaluation
standard of the humidity robustness performance for the conformal coating is usually focused on
the surface insulation resistance (SIR) test, and surface appearance such as cracking and
adhesion loss under 25°C/50% RH within 24h. For harsh environment applications such as

automotive industry [34], more rigorous tests are needed. Therefore, the SIR testing for the
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conformal coating was conducted under 40°C/93% RH or 84°C/85% RH [35] with a variety of
contaminants such as solder flux, SO, H.S, Clz, NO; etc in the actual reliability assessment [27].

For acrylate coating and acrylic coating, Zou et al. [36] and Hunt et al. [37] reported both of the
coatings did not pass the SIR testing over the NPL TB57 assembly with adipic acid, succinic acid,
and glutaric acid contained flux residue under testing condition of 40°C/93% RH [35]; however,
acrylate coating and acrylic coating passed the SIR testing over the IPC-B-24 test board with
anonymous flux residue under the testing condition of 85°C/85% RH. Hunt et al. reported that the
silicone coating passed the SIR testing over the NPL TB67 test board with adipic acid, succinic
acid, and glutaric acid contained flux residue [37], while Rathinavelu et al. reported flux residue
with anonymous carboxylic acid reduced the adhesion of silicone conformal coating and ECM
failures were obtained on the IPC-B-24 SIR pattern under exposure of 25°C/98% RH [38]. As
result, the SIR testing only provided the pass-fail criteria of the conformal coatings, which depend
on the structure of the test vehicle, contamination types and exposed climate used for the study.
Moreover, the SIR result for the conformal coating assessment also dependent on the thickness
[35], cure method [36], chemistry of the precursor [37], and conformal flexibility on the contour of
the terminals [27], which makes the general assessment more complicated. The mechanism of
humidity diffusion induced failure for the conformal coatings is able to address the impact
characters of the conformal coating on performance of the protection on PCBA with the no-clean
flux residue from manufacturing process; however, limited investigation focused on this field.
Electrochemical impedance spectroscopy (EIS) is a hon-destructive, rapid technique, which is
able to in-situ monitor the corrosion performance of the coated metals [39][40][41][42]. The
impedance at low-frequency range was represent the barrier characteristic of the coating [41],

while the capacitance at high-frequency range corresponds to water uptake of the coating [42].

Present investigation focus on understanding the moisture barrier properties and adhesion issues
of conformal coating on a PCB surface based on the cleanliness of the PCB. A test PCB with
surface insulation interdigitated pattern was used as the substrate. Three different types of
commercial conformal coatings were selected for investigation namely: synthetic rubber,
elastomeric acrylate, and urethane acrylate. In order to investigate the effect of no-clean flux
residue protective performance, tests were carried out for all the coatings on a clean test PCB
and PCBs contaminated with two types of no-clean flux residues mimicking a mild flux chemistry
and aggressive flux chemistry. Test board SIR pattern and environmental exposure conditions
used corresponds to IPC-B-24 standard compliant test board and international electronic

commission (IEC 60068-2-30) standard, which provides a guideline for the assessment of all
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fields of standardized electronics. Experimental techniques used for the investigation was a
combination of two-electrode EIS technique for monitoring the moisture uptake in the coatings,
while a subsequent DC chrono-amperometric measurement was conducted to understand the
effect of moisture absorbed coating on the electrical performance of the test PCB. Surface
morphology of the coating after the experiments including cross-sectional analysis is carried out
using SEM, and chemical analysis using EDS.

Il MATERIALS AND EXPERIMENTAL METHODS

Coated substrate for testing

Figure 9.1 shows the test vehicle used as the substrate for coating and electrochemical testing.
Test printed circuit board (PCB) was made of glass-reinforced epoxy (FR-4) laminate. The SIR
interdigitated pattern was designed based on the configuration of IPC-B-24 test board. The testing
areawas 13 mm x 25 mm with 0.3 mm of gap size and 0.4 mm of electrode width. The overlapping
length of two electrodes was 10.8 mm x 41 sets. Surface finish for the interdigitated electrodes
was hot air solder leveling using Sn-0.7Cu on the 35 um thick Cu conductive lines. To prepare
the substrate for the coating, 30 pL flux [35] was applied on isopropanol cleaned SIR pattern in
order to imitate the presence of flux residue after manufacturing process. Applying 30 uL flux
resulted in 162 yg/cm? Flux A residue and 372 ug/cm? Flux B residue on the SIR interdigitated
pattern respectively due to different fraction of the solid content. Table 9.1 shows the details of
the fluxes used for contamination of SIR pattern. Flux A contains adipic acid as activator, which
was known as mild flux with benign corrosivity, low hygroscopicity, and less active in terms of
solderability. Flux B with blend glutaric-adipic acid activator has higher solid content and acid
number than Flux A, which provides better solderability, but higher hygroscopicity and corrosivity.

Another set of clean test vehicles with SIR pattern were used as reference samples.

R-4 substrate

=E

Figure 9.1 Coated PCB board with SIR pattern for the electrochemical testing.

Table 9.1 Fluxes used for imitating contamination on the SIR pattern.

IPC ‘]'.STD'.OOA' Activator Acid number Contamination
classification level
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Solid Applied
content (mg KOH) volume (Mg/cm?)
(wt.%) (ml)
Flux A RELO 2.2 Adipic acid 15.80 30 162
Glutaric acid
Flux B ORMO 4.0 Adipic acid 36.85 30 372

Conformal coatings used for testing:

Three types of commercial conformal coatings were used in the present work as shown in Table
9.2. The application solutions of coatings were based on the manuals of the actual products,
including thickness, applying method and curing method etc. In parallel, another set of non-coated

PCB panels were used as reference.

Table 9.2 Details of conformal coating application used in the present research.

Conformal coating Thickness over electrodes (um) | Applying method Curing method
Synthetic rubber 60 Spray Ambient
Elastomeric acrylate 80 Spray Ultraviolet
Urethane/acrylate 150 Spray Ultraviolet

Climatic exposure and intermittent electrochemical testing
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Figure 9.2 Cyclic climatic profile used for the conformal coating testing.
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Climatic exposure was carried out in an “Espec PL-3KPH” climatic chamber with a sensitivity of
+ 0.3°C and + 2.5% for temperature and relative humidity (RH). The cyclic climatic profile used
for testing in the present work was based on environmental testing of electronic equipment
standard IEC 60068-2-30, as shown in Figure 9.2. For the accelerated climatic test, constant
humidity exposure was set at 93% RH. When the temperature increases from 40°C to 65°C,
transient condensation occurred on the PCB surface due to thermal delay as shown in stage 1-
11, and moisture desorption occurred when the temperature shift back from 65°C to 40°C as
shown in stage 13-23. Each cycle took 6 hours and lasted up to 52 cycles (total 13 days). This

damp heat cyclic conditions accelerated the corrosion process of electronics under bias voltage.

The electrochemical measurements during humidity exposure was carried out using a “Biologic
VSP” multichannel potentiostat. Electrochemical impedance spectroscopy (EIS) signal was
applied on the two interdigitated electrodes, where one of the electrodes was used as both counter
and reference electrode. For the first 5 days, EIS was used for monitoring moisture uptake and
release in the coating. The scan range of frequency was from 100 kHz to 100 mHz with the
amplitude of sinusoidal signal of 25 mV over the base voltage of 0 V. Each scan approximately
took 5 mins, and a 10 min waiting period was inserted between each EIS scan. Therefore, in total
24 EIS scans were collected over one climatic cycle. The impedance value at 100 mHz was
extracted to analyze the resistance evolution between two interdigitated electrodes over climate
cycling, while the capacitance value was taken from frequency of 80 kHz in order to eliminate the

electrochemical properties of the film and corrosion process of the electrodes [43].

Water uptake of the coating during cyclic climatic conditions was calculated based on Brasher
and Kingsbury empirical formula (Equation 9.1) [42], where X, is the percentage by volume
fraction of water taken up in conformal coating, Cpes-c is the capacitance response after water
absorption stage, Cpao-c is the capacitance response after water releasing stage, € is the

dielectric constant of water.

X, = log(Cpesoc/CPao°c) Equation 9.1

logeyw
After 5 days EIS measurement, samples were subjected to a chrono-amperometry under 5V DC
bias for 7 day for the leakage current (LC) measurement in order understand the effect of moisture
saturated coating on the failure. Following the 7 days DC testing, EIS was applied again in order
to understand the influence of destructive DC method to the impedance value of the specimen.

To obtain the robust statistics, 6 parallel tests were conducted for each type of coated samples.
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Material characterization

In order to observe the corrosion of the SIR pattern and the blisters of the conformal coating, light
optical microscopy inspection was conducted using a VHX digital microscope (Keyence, Japan).
The morphology of the climatically exposed coating samples were inspected under secondary
electron mode using a FEI Quanta 200 FEG scanning electron microscopy (SEM) at 3 kV. For
the cross sectional analysis of the coated samples, the samples were cold-mounted in epoxy and
polished up to using 50 nm neutral alumina. The morphology of corrosion product and the loss of
adhesion at the interface was inspected using SEM. Chemical analysis of the corrosion product
was carried out using energy dispersive spectroscopy (EDS) at 15 kV (Oxford Instrument, UK).
To obtain the cross-sectional morphology of the coating, an initial cleaning of the cross-sectional
area was carried out in the electron microscope using a 30 kV electron beam to remove the
polymer debris from the polishing process. Moisture related degradation of the conformal coating
structure was analyzed using Fourier-transform infrared spectroscopy (FT-IR) using a Nicolet
iN10 MX infrared imaging microscope (Thermo Fisher Scientific, USA) with a Ge attenuated total

reflectance (ATR) tip before and after climatic exposure.

[l. RESULTS

Surface appearance of the coated samples before climatic testing

Figure 9.3 shows the surface appearance of the coated SIR pattern. All the surface showed
uniform coating layer without any air bubbles after the spray coating. For the test pattern coated
with introduced surface contamination, flux residue can be seen beneath the coating for
elastomeric acrylate coating and urethane acrylate coating pointed by arrows in the Figure
9.3(b3)(c3). Depending on the coating chemistry, urethane acrylate coating showed more visible
changes to coating with Flux B residue followed by elastomeric acrylate coating. The LOM
appearance of synthetic rubber coating did not show significant change with the flux residue, as
shown in Figure 9.3(al-a3). The surface morphology of elastomeric acrylate coating exhibited
compact sphere appearance in Figure 9.3(b1), while the surface roughness of the synthetic
rubber and urethane acrylate coatings were relative lower than elastomeric acrylate coating, as
shown in Figure 9.3(al)(cl). The cross-section micrograph in Figure 9.3(al) shows the poor
adhesion of synthetic rubber on the PCB substrate, whereas elastomeric acrylate and urethane

acrylate coatings possessed robust adhesion as shown in Figure 9.3(b1)(cl).
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Figure 9.3 LOM inspection of conformal coatings on SIR pattern before humidity testing with/without flux

residue and the SEM micrograph of the surface morphology and cross-section: (a) synthetic rubber, (b)
elastomeric acrylate, (c) urethane acrylate with the contamination condition of (1) flux free, (2) Flux A, and
(3) Flux B.

Electrochemical response of the coating during climatic cycling

a) Impedance analysis over first 5 days of exposure

Impedance spectra corresponding to the frequency range of 100 kHz to 100 mHz was collected
over the 5 days of exposure with 24 scans during one cycle (Figure 9.2). Figure 9.4 shows the
typical full spectra showing the change in impedance and phase angle under testing temperature
of 40°C and 65°C during the second climatic cycle in the first day, which is as stage 23 and stage
11 as shown in Figure 9.2. Generally, the impedance value at 100 mHz significantly dropped
under testing temperature of 65°C compared to the impedance response at 40°C, as shown in
Figure 9.4(al)(b1)(cl). With the same type of coating, the impedance of flux free SIR pattern in
Figure 9.4(al) was the highest in comparison with the Flux A and Flux B contaminated SIR
pattern shown in Figure 9.4(b1)(cl). With the Flux A contamination, the lowest impedance value
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at 100 mHz was obtained for the synthetic rubber coated sample at 65°C, while the impedance
response of elastomeric acrylate and urethane acrylate coated samples was higher than non-
coated SIR pattern as shown in Figure 9.4 (b1). The impedance response of Flux B contained
samples at 100 mHz under 65°C was ranked as: elastomeric acrylate > urethane acrylate >
synthetic rubber > non-coated sample.

Figure 9.4(a2) shows the phase angle change of flux free SIR pattern, which at high frequency
remained at -90° when the testing temperature increased from 40°C to 65°C (as an example a
vertical line shown at 10 kHz). However, a transition of the capacitance behavior (-90°) to
resistance behavior (0°) was obtained for the Flux A and Flux B contained samples (Figure
9.4(b2)(c2)). The vertical line shown at 10 kHz for both cases shows shift of phase angle from -
90 towards zero with synthetic rubber coated Flux A contained showing -70° under 65°C. In
contrast, the increase of the phase angle is more pronounced for Flux B contained samples at 10
kHz as shown in Figure 9.4(c2). The phase angle of non-coated sample and synthetic rubber
coated sample was at 0° under testing temperature of 65°C, while the phase angle of urethane
acrylate coated samples increased from -75° to -25° as the temperature increased from 40°C to

65°C. The phase angle of the elastomeric acrylate coated sample was at -75° under 65°C.
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Figure 9.4 (1) Impedance response and (2) phase angle of the (a) flux free, (b) Flux A, and (c) Flux B
contained SIR pattern with/without conformal coating under testing temperature of 40°C and 65°C during

the second climatic cycle.
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Figure 9.5 shows the impedance evolution during five days EIS testing period at 100 mHz
deduced from the full spectra recorded over the 5 days of exposure. Generally, the impedance
value of flux free samples (Figure 9.5(a)) were higher than Flux A contaminated samples(Figure
9.5(b)), while Flux B residue contained samples obtained lowest impedance values (Figure
9.5(c)). Among flux free samples (Figure 9.5(a)), the synthetic rubber coated samples show a
higher level of the impedance than non-coated samples. A slight increasing trend of the
impedance over first 5 days was observed for elastomeric acrylate coated samples and non-
coated samples. On the contrary, a decreasing trend was observed for urethane acrylate samples.
For Flux A residue contained samples (Figure 9.5(b)), only synthetic rubber coated samples
exhibited lower impedance than non-coated samples. The other two types of coated samples
maintained a similar level of impedance as non-coated samples. For Flux B residue contained
samples (Figure 9.5(c)), all the coated samples exhibited higher impedance level than non-
coated samples. The ranking of the impedance over first 5 days as shown: elastomeric acrylate >
urethane acrylate > synthetic rubber > non-coated samples. For the fluxes contaminated samples,
an increasing trend of impedance over time was observed in first 5 days. EIS measurement was
conducted after 7 days DC current aging, however no significant difference of impedance value
was found in the case of flux free samples as shown in Figure 9.5(a). For flux contaminated

sample, an increase in impedance was obtained as shown in Figure 9.5(b)(c).
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Figure 9.5 Evolution of impedance over 5 days at 100 mHz for various susbtrates: (a) flux free SIR PCB,
(b) Flux A, and (c) Flux B contained test vehicles under testing temperature of 65°C.

Figure 9.6 shows the water uptake of the coatings with different contamination during climatic
exposure calculated from the impedance data using Equation 9.1. Overall, no significant

difference was observed for each set over the days of climatic exposure. In Figure 9.6(a) and (b),
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no significant difference was found between the increased volume fraction of water for flux free
samples and Flux A residue contained samples; however, Figure 9.6(c) shows the increased
volume fraction of water for Flux B residue contained samples Compared to elastomeric acrylate
coated samples, significant increase of the water volume fractions were obtained by the synthetic
rubber and urethane acrylate coated Flux B contaminated SIR pattern as shown in Figure 9.6(c).
For elastomeric acrylate coating, the flux residue on SIR pattern obtained minimum impact on
moisture uptake compared to the flux free samples as shown in Figure 9.6(a)(b)(c).
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Figure 9.6 Volume fraction in coating calculated using impedance data: (a) flux free, (b) Flux A, and (c)

Flux B contained test vehicles during climatic exposure.

b) DC voltage application for 7 days and leak current results

For each SIR PCBs exposed under humidity cycles, after 5 days of EIS measurements, 5V DC
was applied to understand how the absorbed moisture can trigger failure. Figure 9.7 shows the
representative LC values of SIR patterns for various coatings and flux residue. Time scale in the
graph is shown from 0 — 168 hours, however zero corresponds to the starting point of DC
measurements ie. after 5 days of exposure to humidity cycles. With the same type of coating, the
leakage current base value of flux B residue contained samples were higher than flux free and
flux A residue contained samples. The leakage current of synthetic rubber coated samples with
two types of flux residue exceed 10 pA as shown in Figure 9.7(b) and (c). The high leakage
current was also confirmed in the case of Flux B residue contained non-coated samples (Figure
9.7(c)). Table 9.3 summarized the failure rate of coatings, which was calculated based on 6
repetition of each type of test samples. No failure (NF) indicates the leakage current was below
10 pA during the testing period. Flux contaminated SIR pattern with synthetic rubber coating

exhibited 100% failure rate. All the coated flux free samples maintained low leakage current, and
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therefore no failure. No short circuit failure was observed for elastomeric acrylate and urethane

acrylate coated samples with flux residue contamination.
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Figure 9.7 Representative leakage current response of test vehicles for 7 days period under 5V DC
loading: (a) flux free, (b) Flux A, and (c) Flux B

Table 9.3 Summary of the short circuit failure rate of coated samples.

Coatings ContamiNFtion Time to failure (hour) Failure rate

Flux A 2.3/4.2/28.8/5.3/10.5/15.8 100%

Synthetic rubber Flux B 0.8/2.9/0.48/1.1/1.2/0.7 100%
No flux NF/NF/NF/NF/NF/NF 0%
Flux A NF/NF/NF/NF/NF/NF 0%
Elastomeric acrylate Flux B NF/NF/NF/NF/NF/NF 0%
No flux NF/NF/NF/NF/NF/NF 0%
Flux A NF/NF/NF/NF/NF/NF 0%
Urethane/acrylate Flux B NF/NF/NF/NF/NF/NF 0%
No flux NF/NF/NF/NF/NF/NF 0%

c) Surface and cross-section appearance of the coated samples after climatic testing

Figure 9.8 shows a general appearance of the conformal coating after climatic cycling test and
the corrosion conditions of the interdigitated SIR pattern. Significant blisters can be seen on the
the synthetic rubber coated PCBs with or without flux residue (Figure 9.8(al-a3)), while no
significant change was observed for elastomeric acrylate (Figure 9.8(b1-b3)). Urethane acrylate
coating with Flux B residue shown in Figure 9.8(c2) exhibited a milky appearance after climatic
cyclic test. In the case of Flux B contained samples, slight corrosion was observed in the
elastomeric acrylate coated sample (Figure 9.8(b3)). On contrast, the synthetic rubber and

urethane acrylate coated samples, severe corrosion was observed (Figure 9.8(a3)(c3)). For the
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Flux A contained samples, pitting corrosion was observed on every second pitch lines of urethane
acrylate coated samples (Figure 9.8(c2)), whereas short circuiting was observed in synthetic

rubber coated sample (Figure 9.8(a2)).

Figure 9.8 LOM inspection of conformal coatings on SIR pattern after climatic testing: (a) synthetic

rubber, (b) elastomeric acrylate, (c) urethane acrylate with the contamination condition of (1) flux free, (2)
Flux A, and (3) Flux B.

Figure 9.9 shows the SEM pictures of the morphology of conformal coatings after climatic
exposure. In general for synthetic rubber and urethane acrylate coated samples, the defects
induced by Flux B (Figure 9.9(a3)(c3)) were more pronounced than Flux A (Figure 9.9(a2)(c2)).
Small cracking were obtained in the urethane acrylate coated sample shown in Figure 9.9(c2).
However, no significant micro blisters was observed in the case of elastomeric acrylate coated
samples. The size of the micro blister could be ranked as: synthetic rubber > urethane acrylate >

elastomeric acrylate.
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Figure 9.9 Secondary electron micrographs of conformal coatings and cross-section of SIR pattern after
climatic testing: (a) synthetic rubber, (b) elastomeric acrylate, (c) urethane acrylate with the contamination
condition of (1) flux free, (2) Flux A, and (3) Flux B. and the cross-section of the Flux B contained test
vehicles with (i) Urethane acrylate coating before climatic testing, (ii) Urethane acrylate after climatic

testing, (iii) synthetic rubber after climatic testing.



Chapter9]|197

Figure 9.9 also shows the cross-sections of the coating after testing showing adhesion loss.
Synthetic rubber showed poor adhesion (Figure 9.9(a2)(a3)) with severe corrosion attack
underneath for Flux B residue sample bridging the gap (Figure 9.9(a3)). Good adhesion was
confirmed in the case of elastomeric acrylate coated flux contaminated samples, as shown in
Figure 9.9(b2)(b3). For urethane acrylate coated samples, corrosion product was only observed
in the flux B case (Figure 9.9(c3)). The corrosion product was originated from anode and grow
towards cathode along the interface between PCB substrate and urethane acrylate coating. The
climatic exposure also changed the morphology of the coating, as shown in the cross-sectional
Figure 9.9(i-iii). Before climatic exposure, the urethane acrylate coating was dense as shown in
Figure 9.9(i). However, capillary channels were observed for the urethane acrylate coating on
the Flux B contained test vehicle after climatic exposure (Figure 9.9(ii)). Similarly, capillary
channels for the water transport were formed on synthetic rubber coated Flux B residue contained

samples after climatic exposure (Figure 9.9(iii)).

For the case of urethane acrylate coated Flux B residue contained sample, EDS mapping result
in Figure 9.10 shows that the corrosion product bridged two electrodes and the corrosion product
contains Sn and O with carbon resulting from the coating and Si is from the glass fiber of the PCB

substrate.

Coating

corrosion product

FR-4 substratg_ ’

Figure 9.10 EDS mappling of urethane acrylate coated test vehicle with Flux B residue (cross-sectional

view)
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Figure 9.11 shows the FT-IR spectra of conformal coatings before and after climatic exposure.
The shaded region in the range of 3000-3700 cm™ indicates the O-H stretching peak of water
absorbed in the coatings due to hydrolysis. No change was found from the spectra of three types
of the coatings in the shaded region, which indicate that within the exposure time moisture
absorption did not result in non-reversible effects involving reaction of water molecules with
coating. The spectra of three types of coating maintained the same absorption nature climatic

testing.

(

S

—— Before test
—— Flux free, tested
——— Flux A, tested
Flux B, tested

4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™')
(b)

Transmittance (a.u.)

Before test i

—— Flux free, tested|
Flux A, tested

—— Flux B, tested |

T T T T T ' 2 T
00 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Transmittance (a.u.)

L
o

—
S

Transmittance (a.u.) O

—— Before test i

—— Flux free, tested|
Flux A, tested

—— Flux B, tested |

4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Figure 9.11 FT-IR spectra of conformal coatings before and after climatic exposure: (a) synthetic rubber,
(b) elastomeric acrylate, (c) urethane acrylate.
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V. DISCUSSION

Polymer conformal coatings used for PCBA applications are comparatively thin with not more
than 150 pm thick. Therefore, moisture barrier properties for such coatings are limited as even
the coating with lowest moisture diffusion coefficients can saturate the coatings within a short
interval of time. Hence conformal nature of the coatings, and more importantly the adhesion to
the PCBA surface is key factor determining its performance. Similar to any other substrate-coating
interface, good adhesion ensure no delamination even if the coating saturate with moisture.
Hygroscopic residues degrade the coating adhesion and allow water film build up at the interface
due to deliquescence. Hence, the cleanliness of PCBAs is the most important factor for the

performance of the conformation coating.

Present work clearly shows that flux free SIR pattern coated with conformal coating (irrespective
of the type of conformal coating) possessed the highest impedance during moisture absorption
as shown in Figure 9.5(a), and lowest leakage current as shown in Figure 9.7(a). With the flux
residue contamination, elastomeric acrylate coating showed best performance because of the
good adhesion at interface even with flux residues. However, the failure modes of the other three
type of coated are different due to the adhesion issue due to flux residue, whereas the moisture
barrier properties has minor impact for the performance of conformal coatings used in the present

investigation.

The moisture barrier properties of the coating depend upon the humidity diffusion speed for the
coatings. Tencer reported that the humidity equilibrium time in 1 cm thick polyurethane takes less
than a week, which can be expressed by Equation 9.2 [44]. T indicates time constant for humidity
ingress, L is thickness of the polymer, D is the diffusion coefficient (10 cm?/s for polyurethane).
From the equation, as an example, it is possible to estimate the time of humidity ingress for the
urethane acrylate coating used in present work is less than 0.5 hour, which indicates that EIS
signal reached to the humidity equilibrium stage over 2 hours of water absorption period and 2
hours releasing period in Figure 9.2. Therefore, impedance response was stabilized under water
uptake stages (65°C) and water releasing stages (40°C) as shown in Figure 9.4.

T=2 Equation 9.2
2D

Role of the flux residue on the protection performance of the conformal coating

Practically, the flux deposition level of 155-1550 ug/cm? were used in the electronic manufacturing
process [45], which is comparable to the flux deposition level used in the present work, although

after activation process, the level of residue on the PCBA surface can be lower. The flux used in
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the present work contained glutaric acid and adipic acid, which possessed the boiling temperature
of 273°C and 337.5°C respectively [15]. In actual electronic manufacturing process, the peak
soldering temperature of the PCBA was between 235-245°C [46], which is not able to decompose
or evaporate the glutaric acid and adipic acid in the flux residue. Therefore, the flux residue in the
present work obtained similar chemical character as the flux residue from the manufacturing
process. The gluraric acid in Flux B possessed higher hygroscopicity and solubility than adipic
acid in Flux A, which triggers the water condensation at lower RH level and the formation of
conductive path between electrodes [17]. In this work, the behavior of hygroscopicity and
corrosivity of two types of flux residues was confirmed by the test on non-coated SIR pattern. The
threshold leakage current value for the IPC-B-24 SIR pattern was define as 1-10 pA due to the
ECM dendrite formation [47][48]. After 7 days DC testing, the leakage current induced by Flux A
did not exceed the threshold value of 10 pA (Figure 9.7(b)), which indicates the flux A residue
with adipic acid is benign from the corrosion point of view. However, the SIR pattern with glutaric
acid contained Flux B residue exhibited high leakage current in mA level as shown in Figure

9.7(c), which indicates the higher hygroscopicity and corrosivity.

The WOAs can diffuse through the conformal coating under humid condition [37], which influence
the impedance and leakage current of the flux residue contained test vehicles. The condensed
water diffused through the conformal coating [49], which dissolved the WOAs at the PCB-coating
interface to form the conductive media between interdigitated SIR electrodes. Under such
condition, the electrical property of the coated test vehicle with Flux B residue transferred from
capacitive nature to resistive in the EIS spectra within a frequency range over 10 KHz (Figure
9.4(c)), which is similar to water condensation on the PCBA [50]. For the coated test vehicles, the
higher hygroscopicity and higher solubility of the glutaric acid contained flux B residue induced
the lowest impedance value of the SIR pattern, which shows that in the second climatic cycle
(Figure 9.4(c)). Over 5 days of cyclic climatic exposure, the impedance for the flux residue
contained test vehicle increased due to the dilution of WOA by water condensation during of every
climatic cycling as shown in Figure 9.5(b)(c); however, the dilution of WOA did not increase the
impedance of flux residue contained test vehicles to the clean level (Figure 9.5(a)). In
consequence, the high hygroscopic and ionic behavior of Flux B induced the higher leakage
current values as shown in Figure 9.7(c) compared to coated flux free and mild Flux A contained
test vehicles. Therefore, more corrosion pits were observed on the flux B contaminated SIR
pattern as shown in Figure 9.8(a3)(b3)(c3). After DC leakage current measurement, significant
increase of impedance response was obtained for all types of coating with flux contained SIR

pattern as shown in Figure 9.5(b)(c), which could be attributed to the dilution of the flux residue
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with repeated condensation and drying cycle making it to move around as well as leach out. On
the other hand, the water absorption behavior of conformal coating was influenced by the flux
residue. Under testing temperature of 40°C and 60°C, the deliquescence RH of adipic acid used
in Flux A was 91.5% RH and 83.2% RH respectively, whereas the deliquescence RH of glutaric
acid used in Flux B was 73.9% RH and 81.3% RH respectively [17]. Therefore, more water
absorption was expected in the coated samples with flux residue than the coated flux free samples
as shown in Figure 9.6, which induced higher stress in the conformal coating. This result in blister
formation as shown in Figure 9.9(a2-3)(c2-3), while the capillary channel was formed in the cross-
coated clean SIR pattern shown in Figure 9.6(a), less hygroscopic Flux A residue contained test
vehicle shows similar level of volume fraction of water in coatings (Figure 9.6(b)). In comparison,
higher volume fraction of water in coating was obtained for the same type of coating with glutaric
acid contained Flux B residue as shown in Figure 9.6(c). Due to higher solubility of glutaric acid,
Flux B released more free ions in solution compared to the adipic acid in Flux A. According to
Equation 9.2, the water volume fraction in coating is proportional to normalized capacitance,
whereas the capacitance is proportional to the square root of ion concentration near the potential
of zero charge [51]. Therefore, solubility and ionization of the WOA at PCB-coating interface
influenced the water uptake in the coating. Over 5 days cyclic climatic exposure, the trend of the
volume fraction of water for the flux residue contained test vehicle with same type of coating
maintained at the same level as shown in Figure 9.6(b)(c), which could be attributed to the
constant coating thickness for water uptake and the constant ion concentration due to WOA

dissolution.

Corrosion protection performance assessment of the conformal coatings

Adhesion of the coating played a vital role on the protection performance of coating. The
elastomeric acrylate and urethane acrylate coatings provide a barrier for the water film formation
between electrode since the gap between electrodes was filled by conformal coatings, shown in
Figure 9.9(b2-3)(c2-3). Comparatively, good adhesion of the elastomeric acrylate and urethane
acrylate coating resulted in high impedance (Figure 9.5(b)(c)) and low leakage current (Figure
9.6(b)(c)) of flux residue contained test vehicles. However, adhesion of synthetic rubber with FR-
4 laminate was not good as shown in Figure 9.3(al). The gap formed between FR-4 substrate
and synthetic rubber coating resulted the water accumulation and dissolution of the WOA, which
induced corrosion failure. Due to the lag of moisture diffusion through the coating, the conductive
electrolyte formed in the gap took longer time to be dried during climatic cycle compared to the

non-coated test vehicles. Therefore, impedance value of synthetic rubber coated Flux A
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contaminated SIR was lower than non-coated Flux A contained SIR pattern (Figure 9.5(b)). Under
DC loading, the conductive electrolyte beneath the synthetic rubber coating bridged two
oppositely bias electrode in the poor adhesion region as shown in Figure 9.9(a2), which induced
a very high leakage current and short circuit (Figure 9.7(b) and Figure 9.8(b)). The formation of
the corrosion product in Figure 9.9(a3) could be due to ECM, since the corrosion cell formed at
the gap of the PCB-coating interface [52]. To sum up, the corrosion cell formation in the poor
adhesion region and the lag of moisture diffusion resulted 100% failure rate of flux residue
contained synthetic rubber coated SIR pattern (Table 9.3).

The compatibility of conformal coating and no-clean flux residue also influenced the performance
of adhesion. Figure 9.9(b2) and (c2) show the good compatibility between elastomeric
acrylate/urethane acrylate coatings and Flux A. However, the adhesion loss of urethane acrylate
coating was observed in the Flux B contained test vehicle. Even though the leakage current for
urethane acrylate coated SIR pattern in Figure 9.7(c) maintained a low value, the corrosion
product presented at the PCB-urethane acrylate coating interface and initiated the tendency for
short circuit failure as shown in the cross section image (Figure 9.9(c3)). Therefore, the leakage
current measurement cannot be used as a sole assessment method without inspection of

corrosion product for understanding the performance.

The impedance response at 100 mHz from EIS measurement (Figure 9.5) agreed the DC leakage
current results shown in Figure 9.7. Compared to the DC testing, EIS results suggests that it is
faster to make relative comparison of the conformal coating and it can provide better information
on the kinetics of humidity transport through the coatings. However, the EIS method cannot
evaluate the real failure mechanism. The impedance response of synthetic rubber coated Flux A
contained SIR pattern (Figure 9.5(b)) was higher than urethane acrylate coated flux B
contaminated SIR pattern (Figure 9.5(c)). However, urethane acrylate coated sample passed the
DC testing (Figure 9.6(b)), whereas synthetic rubber coated Flux B contained sample failed
(Figure 9.7(c)). Combined assessment using both techniques shows the importance of DC testing

for the prediction of corrosion failures in the coated PCBA.

V. CONCLUSIONS

¢ EIS measurement shows that moisture diffusion through the coating only has minor impact on
the performance of conformation coating. Results also showed that the coatings with flux
residue showed lower impedance due to the absorption moisture by the residue, which

accelerated the failure of the coating.



[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

Chapter9]203

High impedance and low leakage current of coated clean SIR pattern suggest that the
cleanliness is the key factor for the protection from conformal coatings . Together with
cleanliness, compatibility of the coating with flux residue resulting in good adhesion results in
better performance as found for elastomeric acrylate coating.

Synthetic rubber coating is not suitable for the flux residue contaminated PCBA application
due to poor adhesion. The corrosion cell formed in the blister due to the water diffusion and
dissolution of ionic flux residue, which lead to the ECM failures with 100% failure rate.

Low leakage current and high impedance was obtained for urethane acrylate coating with flux
residue, however cross-sectional examination showed delamination and growth conductive

corrosion products, which could have resulted in failure during extended exposure.

VI. REFERENCES

K. Feldmann, J. Franke, F. Schii3ler, Development of micro assembly processes for further
miniaturization  in  electronics  production, CIRP Ann. 59 (2010) 1-4.
doi:https://doi.org/10.1016/j.cirp.2010.03.005.

H.M.B. Bird, S. Member, Approaches to Electronic Miniaturization, 18 (1995) 18-22.

R. Ambat, H. Conseil-Gudla, Improving intrinsic corrosion reliability of printed circuit board
assembly, in: 2016 IEEE 18th Electron. Packag. Technol. Conf., 2016: pp. 540-544.
doi:10.1109/EPTC.2016.7861538.

K.S. Hansen, M.S. Jellesen, P. Moller, P.J.S. Westermann, R. Ambat, Effect of solder flux
residues on corrosion of electronics, in: 2009 Annu. Reliab. Maintainab. Symp., 2009: pp.
502-508. doi:10.1109/RAMS.2009.4914727.

M.S. Jellesen, D. Minzari, U. Rathinavelu, P. Moller, R. Ambat, Corrosion in Electronics at
Device Level, ECS Trans. 25 (2010) 1-14. do0i:10.1149/1.3321952.

D. Minzari, M.S. Jellesen, P. Mgller, R. Ambat, Morphological study of silver corrosion in
highly aggressive sulfur environments, Eng. Fail. Anal. 18 (2011) 2126-2136.
doi:10.1016/j.engfailanal.2011.07.003.

H. Conseil, V.C. Gudla, M.S. Jellesen, R. Ambat, Humidity Build-Up in a Typical Electronic
Enclosure Exposed to Cycling Conditions and Effect on Corrosion Reliability, IEEE Trans.
Components, Packag. Manuf. Technol. 6 (2016) 1379-1388.
doi:10.1109/TCPMT.2016.2590779.

S. Joshy, M. Jellesen, R. Ambat, Effect of interior geometry on local climate inside an
electronic device enclosure, in: 2017 16th IEEE Intersoc. Conf. Therm. Thermomechanical
Phenom. Electron. Syst., 2017: pp. 779-783. d0i:10.1109/ITHERM.2017.7992565.

M. Pecht, E.M. Bumiller, D.A. Douthit, J. Pecht, Contamination of Electronic Assemblies,
Tylor & Francis Group, 2002.

[10] S.J. Krumbein, Electrolytic models for metallic electromigration failure mechanisms, IEEE

Trans. Reliab. 44 (1995) 539-549. d0i:10.1109/24.475971.



204| Chapter?9

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

H. Conseil, M.S. Jellesen, R. Ambat, Contamination profile on typical printed circuit board
assemblies vs soldering process, Solder. Surf. Mt. Technol. 26 (2014) 194-202.
doi:10.1108/SSMT-03-2014-0007.

M.S. Jellesen, D. Minzari, U. Rathinavelu, P. Mgller, R. Ambat, Corrosion failure due to flux
residues in an electronic add-on device, Eng. Fail. Anal. 17 (2010) 1263-1272.
doi:10.1016/j.engfailanal.2010.02.010.

D. Xu, X. Li, C. Wang, B. Xu, Study on wettability and corrosivity of a new no-clean flux for
lead-free solder paste in electronic packaging technology, in: 2011 Second Int. Conf. Mech.
Autom. Control Eng., 2011: pp. 1706-1708. doi:10.1109/MACE.2011.5987285.

K. Piotrowska, M.S. Jellesen, R. Ambat, Thermal decomposition of solder flux activators
under simulated wave soldering conditions, Solder. Surf. Mt. Technol. 29 (2017) 133-143.
doi:10.1108/SSMT-01-2017-0003.

V. Verdingovas, M.S. Jellesen, R. Ambat, Solder Flux Residues and Humidity-Related
Failures in Electronics: Relative Effects of Weak Organic Acids Used in No-Clean Flux
Systems, J. Electron. Mater. 44 (2015) 1116-1127. doi:10.1007/s11664-014-3609-0.

S. Zhan, M.H. Azarian, M.G. Pecht, Surface insulation resistance of conformally coated
printed circuit boards processed with no-clean flux, IEEE Trans. Electron. Packag. Manuf.
29 (2006) 217-223. doi:10.1109/TEPM.2006.882496.

K. Piotrowska, R. Ud Din, F.B. Grumsen, M.S. Jellesen, R. Ambat, Parametric Study of
Solder Flux Hygroscopicity: Impact of Weak Organic Acids on Water Layer Formation and
Corrosion of Electronics, J. Electron. Mater. 47 (2018) 4190—4207. doi:10.1007/s11664-
018-6311-9.

V. Vadimas, J. Salil, J.M. Stendahl, A. Rajan, Analysis of surface insulation resistance
related failures in electronics by circuit simulation, Circuit World. 43 (2017) 45-55.
doi:10.1108/CW-09-2016-0040.

X. Zhong, G. Zhang, Y. Qiu, Z. Chen, X. Guo, Electrochemical migration of tin in thin
electrolyte layer containing chloride ions, Corros. Sci. 74 (2013) 71-82.
doi:10.1016/J.CORSCI.2013.04.015.

B. Medgyes, B. Horvath, B. lliés, T. Shinohara, A. Tahara, G. Harsanyi, O. Krammer,
Microstructure and elemental composition of electrochemically formed dendrites on lead-
free micro-alloyed low Ag solder alloys used in electronics, Corros. Sci. 92 (2015) 43-47.
doi:10.1016/J.CORSCI.2014.11.004.

D. Minzari, M.S. Jellesen, P. Mgller, R. Ambat, On the electrochemical migration
mechanism of tin in electronics, Corros. Sci. 53 (2011) 3366-3379.
doi:10.1016/j.corsci.2011.06.015.

D. Minzari, F.B. Grumsen, M.S. Jellesen, P. Mgller, R. Ambat, Electrochemical migration
of tin in electronics and microstructure of the dendrites, Corros. Sci. 53 (2011) 1659-1669.
doi:10.1016/J.CORSCI.2011.01.009.

H. Conseil-Gudla, M.S. Jellesen, R. Ambat, Printed Circuit Board Surface Finish and
Effects of Chloride Contamination, Electric Field, and Humidity on Corrosion Reliability, J.
Electron. Mater. 46 (2017) 817—-825. do0i:10.1007/s11664-016-4974-7.

R. WJ., S. SR, F. GB.,, L.L., T. L.J., Microstructure of Conductive Anodic Filaments
Formed during Accelerated Testing of Printed Wiring Boards, Circuit World. 21 (1995) 5—



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Chapter9]205

9. doi:10.1108/eb044042.

W.J. Ready, L.J. Turbini, R. Nickel, J. Fischer, A novel test circuit for automatically
detecting electrochemical migration and conductive anodic filament formation, J. Electron.
Mater. 28 (1999) 1158-1163. doi:10.1007/s11664-999-0151-6.

D. Yun Chen, M. Osterman, Reliability of conformal coated surface mount packages, in:
2016 IEEE  Accel. Stress  Test. Reliab. Conf., 2016: pp. 1-5.
doi:10.1109/ASTR.2016.7762293.

M. Osterman, Effectiveness of Conformal Coat to Prevent Corrosion of Nickel-palladium-
goldfinished Terminals, in: IPC APEX EXPO Conf. Proc., 2014.

X. Shao, X. Chen, X. Yu, Y. Hu, L. Liu, F. Shi, W. Shao, J. Mo, Nondestructive
Measurement of Conformal Coating Thickness on Printed Circuit Board With Ultra-High
Resolution Optical Coherence Tomography, IEEE Access. 7 (2019) 18138-18145.
doi:10.1109/ACCESS.2019.2896622.

P. Dobriyal, S. Ramalingam, S.L. Lim, A. Kurella, Conformal coating challenges: Detection,
rework and failure analysis, in: 2016 Pan Pacific Microelectron. Symp. (Pan Pacific), 2016:
pp. 1-6. doi:10.1109/PanPacific.2016.7428411.

IPC-CC-830C Qualification and Performance of Electrical Insulating Compound for Printed
Wiring Assemblies, HIS Inc, lllinois, USA, 2018.

U. Rathinavelu, M.S. Jellesen, P. Moller, R. Ambat, Effect of No-Clean Flux Residues on
the Performance of Acrylic Conformal Coating in Aggressive Environments, IEEE Trans.
Components, Packag. Manuf. Technol. 2 (2012) 719-728.
doi:10.1109/TCPMT.2012.2186456.

S. Michal, AFM-assisted investigation of conformal coatings in electronics, Anti-Corrosion
Methods Mater. 63 (2016) 289—-294. doi:10.1108/ACMM-09-2014-1426.

H. Hal, Conformal coating removal techniques, Circuit World. 24 (1998) 13-19.
doi:10.1108/030561201998000002.

M. Cole, L. Hedlund, G. Hutt, T. Kiraly, L. Klein, S. Nickel, P. Singh, T. Tofil, Harsh
environment impact on resistor reliability, in: SMTA Int. Conf., Orlando, USA, 2010.

L. Zou, C. Hunt, Test Method for Conformal Coating Protection Performance of Electronic
Assembly in Harsh Environments (NPL Report DEPC MPR 060 ), Teddington, Middlesex,
2007.

K. Seelig, T. O’'Neill, Conformal Coating over No-Clean Flux, SMT Surf. Mt. Technol. 29
(2014) 52-64.

C. Hunt, A. Mensah, A. Buxton, R. Holman, Determining conformal coating protection,
Solder. Surf. Mt. Technol. 18 (2006) 38—47. doi:10.1108/09540910610717893.

U. Rathinavelu, M.S. Jellesen, R. Ambat, Effect of solder flux residue on the performance
of silicone conformal coatings on printed circuit board assemblies, Corros. Eng. Sci.
Technol. 48 (2013) 436—-444. d0i:10.1179/1743278213Y.0000000096.

F.E. Bedoya-Lora, F. Echeverria, J.A. Calderén, Effectiveness of non-Fickian diffusion
model on the water uptake determination of different organic coatings, Prog. Org. Coatings.
136 (2019) 105206. doi:https://doi.org/10.1016/j.porgcoat.2019.06.052.



206 |

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Chapter9

D.l. Njoku, M. Cui, H. Xiao, B. Shang, Y. Li, Understanding the anticorrosive protective
mechanisms of modified epoxy coatings with improved barrier, active and self-healing
functionalities: EIS and spectroscopic techniques, Sci. Rep. 7 (2017) 15597.
doi:10.1038/s41598-017-15845-0.

X. Liu, J. Xiong, Y. Lv, Y. Zuo, Study on corrosion electrochemical behavior of several
different coating systems by EIS, Prog. Org. Coatings. 64 (2009) 497-503.
doi:https://doi.org/10.1016/j.porgcoat.2008.08.012.

D.M. Brasher, A.H. Kingsbury, Electrical measurements in the study of immersed paint
coatings on metal. I. Comparison between capacitance and gravimetric methods of
estimating water-uptake, J. Appl. Chem. 4 (1954) 67-72.

G. Bierwagen, D. Tallman, J. Li, L. He, C. Jeffcoate, EIS studies of coated metals in
accelerated exposure, Prog. Org. Coatings. 46 (2003) 149-158.
doi:https://doi.org/10.1016/S0300-9440(02)00222-9.

M. Tencer, Conductive aqueous layer formation at the gel-substrate interface in equilibrium
with 100% RH environment, IEEE Trans. Components Packag. Technol. 23 (2000) 693—
699. doi:10.1109/6144.888855.

J.E. Sohn, U. Ray, Weak Organic Acids and Surface Insulation Resistance, Circuit World.
21 (1995) 22—26. doi:10.1108/eb044046.

S.K. Kang, D.-Y. Shih, D. Leonard, D.W. Henderson, T. Gosselin, S. Cho, J. Yu, W.K. Chai,
Controlling Ag3Sn plate formation in near-ternary-eutectic Sn-Ag-Cu solder by minor Zn
alloying, JOM. 56 (2004) 34. doi:10.1007/s11837-004-0108-4.

K. Piotrowska, M.S. Jellesen, R. Ambat, Water film formation on the PCBA surface and
failure occurrence in electronics, in: 2018 IMAPS Nord. Conf. Microelectron. Packag., 2018:
pp. 72—76. doi:10.23919/NORDPAC.2018.8423854.

V. Verdingovas, M.S. Jellesen, R. Ambat, Relative effect of solder flux chemistry on the
humidity related failures in electronics, Solder. Surf. Mt. Technol. 27 (2015) 146-156.
doi:10.1108/SSMT-11-2014-0022.

S. Manfred, Conformal coatings and their increasing importance for a safe operation of
electronic assemblies, Circuit World. 33 (2007) 60—-67. do0i:10.1108/03056120710836954.

S. Lauser, T. Richter, V. Vadimas, R. Ambat, Electrochemical Impedance Spectroscopy
(EIS) for Monitoring the Water Load on PCBAs Under Cycling Condensing Conditions to
Predict Electrochemical Migration Under DC Loads, in: 2019 IEEE 69th Electron.
Components Technol. Conf., 2019: pp. 515-521. do0i:10.1109/ECTC.2019.00084.

B. Uralcan, I.A. Aksay, P.G. Debenedetti, D.T. Limmer, Concentration Fluctuations and
Capacitive Response in Dense lonic Solutions, J. Phys. Chem. Lett. 7 (2016) 2333-2338.
doi:10.1021/acs.jpclett.6b00859.

X. Zhong, G. Zhang, Y. Qiu, Z. Chen, W. Zou, X. Guo, In situ study the dependence of
electrochemical migration of tin on chloride, Electrochem. Commun. 27 (2013) 63-68.
doi:https://doi.org/10.1016/j.elecom.2012.11.010.



Chapter10 | 207

10. Overall discussion

This chapter provides an overall discussion of the results presented in the appended papers with
a view of the overall goal of the project and application of the results in relation with humidity
effects on electronics. Commercially used WOA flux activators played a vital role on the water
condensation and corrosion problems due to the hygroscopic and ionic nature. The combined
results from various activities in this project related to new activators compared the solderability
and humidity robustness of organic amine, amino acids, and blend WOA-amine based flux
activators in comparison with conventional WOA activators. Results from the investigations
demonstrate the synergistic impact of the flux activators on humidity related reliability issues on

electronics.

Contamination level in the condensed water was considered as the most effective impact on the
time to ECM failure of SAC solder alloys. Chapter 4 shows the climatic reliability of SAC alloy was
influenced by the elemental composition, and phase constitution and phase distribution in the bulk
material under the same testing condition. ECM susceptibility illustrates the climatic reliability or
corrosion reliability of solder alloys under actual service conditions with voltage bias loading. The
ECM susceptibility of the SAC alloys bulk materials from water droplet testing and the reflow
soldered SIR interdigitated pattern from accelerated climatic testing agreed with the corrosion
current density obtained from the potentiodynamic polarization results. The passivation domain
of SAC alloys from potential dynamic polarization testing is non-relevant to ECM susceptibility.
Result indicates that the SAC alloys with more uniform microstructure obtained the best
performance on the ECM susceptibility. To optimize the microstructure of the SAC, additivessuch
as Ni, Sb and Bi additives were used during alloy manufacturing. As a consequence, new phases
such as pure Bi phase and (Sn, Sb) solid solution were introduced to the microstructure of InnoLot
alloy, which influenced the micro-galvanic corrosion mechanism of the SAC alloy. Pure Bi phase
acted as the cathodic site during corrosion instead of AgsSn IMCs as know before, whereas (Sn,

Sb) solid solution acted as anode instead of B-Sn phase.

Combined results in the flux activator investigations from Chapter 5 exhibit the solderability of the
tested organic amines are much less than WOA flux activators, which is either due to the lower
boiling temperature or low activity of amino group under soldering condition. However, some
tested amino acids in Chapter 6 and blend WOA-amine activators in Chapter 7 shows better
solderability than commercial used WOA flux activators. The oxidation removal mechanism of

organic amine, amino acids and WOAs are different. Under soldering condition, amino group in
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organic amines and amino acids remove the CuO and Cu>O due to redox reaction, which is
different from the complexation and disproportionation reaction by the carboxylic group in WOA
and amino acids. Chapter 5 demonstrates the reaction of metal oxides removal in agueous amine
solution is by protonation and complex formation, which is different from the reaction under
soldering condition. One outcome from Chapter 5 is that the electrochemical analysis cannot be
used for solderability assessment of amino group contained flux activators. Additionally, the
relative lower wetting force of alkanolamine indicate that the hot plate spreading test cannot be
solely used as the assessment method for solderability evaluation. Results in Chapter 6
demonstrate the solderability of the amino acid depends on the melting temperature, which is
relevant to the prevention of the re-oxidation on the surface during the soldering condition.
Compared to WOA activators, the higher wetting force obtained by tested amino acid could be
attributed to the higher amount of zwitterions formation under soldering condition, which resulted
in a more reactive positive charge group of -NH3" for oxide removal. The enhancement of the
wetting speed of using amine additive in WOA activators was demonstrated in Chapter 7, which
is due to the formation of more reactive (R'CO)* as well as (R’NH)" charge groups from the amide

group in comparison with the carboxyl group in WOA activators under soldering process.

The humidity robustness of flux activator depends on water interaction with the function group
under service condition, which affected by the critical RH for water condensation and the pH in
electrolyte. The synergistic effect of hydroxyl group in alkanolamine and exposed humidity was
demonstrated in Chapter 5, which resulted lower RH level for water condensation and ECM in
comparison with commercial WOA activators. The hydroxyl group induced the water absorption
due to intermolecular hydrogen bond formation. Similarly, Chapter 6 demonstrates the highest
water absorption fraction was obtained by amino acid with hydroxyl group. Therefore, the flux
activators with hydroxyl group are not suggested for the flux formulation from humidity robustness
point of view. On the other hand, the active amino group in amino acids and organic amines
significantly increased pH of electrolyte due to protonation, which triggered the formation of
hydroxide ions for the neutralization of carboxyl groups. Consequently, the amino acids near pH
neutral in Chapter 6 and the blend WOA-amine activators in Chapter 7 exhibit lower leakage
current and high impedance response under high humidity exposure in comparison with
commercial WOA flux activators. Moreover, chapter 8 shows the amine additive in the solder
paste applications exhibited much lower leakage current during accelerated climatic test

compared to the solder pastes using WOAs or halide activators.
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For the SMT application in Chapter 8, flux activator used in reflow solder paste influenced the
climatic reliability of SMD. Under harsh climatic exposure, the hygroscopic halide and binary
blended WOAs activators promoted the water absorption in the encapsulation resin and
accelerated the degradation of the resin polymer, which triggered the release of the ionic
contaminations through the cracks and openings of the flux residue. Due to the hygroscopic and
ionic nature of the flux activator, the flux residue presented between two opposite biased terminals
start to absorb moisture, which generated a conductive path for the charge transfer between
electrodes. By increasing the stand-off height of the SMT component, the decreased spreading
area of the flux residue was due to the less presence of capillary effect beneath the component,

and the flux free region was formed between electrodes as the barrier to enhance the SIR.

For the conformal coating protection of PCBA in Chapter 9, the moisture barrier property has
minor impact in comparison with the adhesion due to the low thickness and the characteristic of
water permeability. The cleanliness of the flux residue on the PCBA determines the
performance of the conformal coatings. With the hygroscopic flux residue presented in the
PCBA-coating interface, more water was absorbed in the coating, which lead to the stress crack
on the coating after the cyclic climatic exposure. Under DC loads, the corrosion product was
build up from the anodic terminals and grew toward adjacent cathodic terminal through the
PCBA-coating interface. In the coating with poor adhesion, pocket was formed at the interphase
for the water accumulation, which lead to the catastrophic ECM failure even if moderate flux
residue presented at the interface. EIS is a non-destructive and rapid method for the analysis of
water absorption and impedance change under climatic exposure, however DC testing and

material characterization are mandatory for the corrosion failure analysis.
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11. Overall conclusions

SAC solder alloys in Chapter 4

1) The additive element influenced the microstructure in the SAC alloy. More uniform phase
distribution was obtained by the addition of Bi, Sb, and Ni in InnoLot alloy compared to
conventional SAC 305 alloy. The difference of Ag content significantly influenced the
microstructure homogeneity in the low Ag content alloys. More uniform microstructure was
obtained for 0.05 wt.% Ni addition rather than for 0.1 wt.% Bi addition in the matrix of Sn - 0.8
wt.% Ag - 0.7 wt.% Cu alloy..

2) The corrosion reliability of SAC solder alloy is depend upon the homogeneity of microstructure
and the phase constituents. Volta potential mapping result under ambient condition illustrated
the galvanic coupling between cathodic Bi phase and anodic (Sn, Sb) solid solution in InnoLot
alloy as well as cathodic AgszSn IMCs and anodic 3-Sn phase in the other four alloys. Pitting
occurred preferentially on (Sn, Sb) solid solution adjacent of Bi phase in InnoLot alloy, while
on B-Sn phase adjacent to AgsSn IMCs in other four alloys.

3) ECM results from WD test and SIR comb pattern test confirmed the ECM failure agreed to the
corrosion current density rather passivation domain of tested SAC solder alloy under 5 volt DC
bias loading.

Activators in wave solder flux in Chapter 5-7

1) Solderability of the amino group contained flux activator depends on the boiling temperature,
melting temperature, and activity of the functioning group for the oxides removal under
soldering condition. The flux activator candidates with lower boiling temperature (EA and DEA,
DIPA in Chapter 5) and higher melting temperature (Alanine in Chapter 6) are not able to
protect the metal surface from re-oxidation. The activity of amino groups in alkanolamines
resulted poor oxide removal under soldering condition compared to the commercial used adipic
acid activator in Chapter 5, while the maximum wetting force of glutamine model flux was
higher than adipic acid as shown in Chapter 6.

2) Hydroxyl group contained flux activators in Chapter 5-6 with relative higher boiling temperature
induce water condensation at lower RH compared to commercial used WOA activators, which
triggered higher leakage current and ECM dendrites formation. However, the increased testing
temperature from 25 °C to 60 °C significantly decreased the leakage current induced by
alkanolamines in Chapter 5. In addition, the leakage current and ECM occurrence were

prohibited by the presence of amino group contained glutamine in Chapter 6.
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3) The soldering properties depend on the reaction of amine additive and WOA flux activators.
Both of tripropylamine and naphthylamine in Chapter 7 are able to form amides with succinic
acids after flux formulation, while the adipic acid and amine additives did not form amide.
Tripropylamine and naphthylamine additive in succinic acid based model improved of the
wetting speed due to amide formation, whereas 0.2-0.4 wt.% tripropylamine additive in adipic
acid based model fluxes significantly increased the maximum wetting force.

4) The amine additive used in Chapter 7 significantly increased the humidity robustness of WOA
flux activator after soldering process. Tripropylamine and naphthylamine additives in adipic
acid based model fluxes significantly increased the ERH and DRH in comparison with pure
adipic acid flux under testing temperature of 60°C. The tripropylamine and naphthylamine
additive in succinic acid model fluxes significantly decreased the leakage current level below
threshold value of 10 pA under testing condition of 98% RH/25°C and 98% RH/40°C after

simulated soldering process.

Activators in reflow solder flux in Chapter 8

1) Conductive ionic substances was released from the reflow flux residue after climatic exposure
under at 60 °C, 98% RH. The increased conductivity value for extracted solutions were due to
the release of different activators due to the opening up of the residue film. The binary blended
WOAs activators and halide activators in residue accelerated hydrolytic degradation of the
resin due to their lower DRH.

2) Flux activator used in flux formulation resulted different spreading effect of flux residue after
soldering process. With WOA flux activator, the larger spreading area of flux residue on SIR
pattern induced higher charge transfer, which is not related to the measured conductivity of
the released substances from the residue after climatic exposure.

3) Type of flux activator used in flux formulation significantly influenced the leakage current value
during accelerated climatic test. The lowest leakage current level was obtained by flux residue
with amine additives due to Bronsted-Lowry acid base neutralization of WOA-amine activators.
The ECM failure of reflow soldered SIR pattern was attributed to the low DRH and ionization
of the corrosive halide under humid condition.

4) Due to capillary effect, reflow flux residue connected solder joints in the dummy SMT
component with lower stand-off height, which provided a hydrophilic media for charge transfer
under humid conditions. However, increasing the stand-off height of component resulted in a
flux free region between solder joints if the spreading area of the flux residue is small.

Conformal coatings in Chapter 9
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1) The moisture diffused through the coating only has minor impact on the performance of
conformation coating. The coatings with flux residue showed lower impedance due to the
absorption moisture by the residue, which accelerated the failure of the coating.

2) High impedance and low leakage current of coated clean SIR pattern suggest that the
cleanliness is the key factor for the protection from conformal coatings. Together with
cleanliness, compatibility of the coating with flux residue resulting in good adhesion results in
better performance as found for elastomeric acrylate coating.

3) Synthetic rubber is not suitable for the flux residue contaminated PCBA application due to poor
adhesion. The corrosion cell formed in the blister due to the water diffusion and dissolution of
ionic flux residue, which lead to the ECM failures with 100% failure rate.

4) Low leakage current and high impedance was obtained for urethane acrylate coating with flux
residue, however cross-sectional examination showed delamination and growth conductive

corrosion products, which could have resulted in failure during extended exposure.

Wave solder flux

The investigation of blended WOA-amine activator obtained the humidity robustness and
excellent solderability. However, the influence of the degradation product of tripropylamine and
succinic acid on the inhibition ECM is still unknown. Therefore, a continuation of the chemical
analysis for the degradation product need to be conducted. The effect of blend WOA-amine
activator on the corrosion process of Sn or SAC alloy can be monitored using Scanning
Electrochemical Cell Microscopy with/without bias voltage loading. Moreover, the present work
only confirmed the amide formation using succinic acid and selected amine additives, whereas
the adipic acid did not reaction with amine additive. In order to obtain a proper flux formulation
temperature for the robust flux manufacturing, the mechanism of the amide formation with
different amine and WOA candidates required a further study, following with the reliability and

solderability investigation of the new flux formulation.

Reflow solder flux

Investigation in this work demonstrates the risk of the flux residue spreading after the
manufacturing process or under harsh climatic exposure. A further investigation is required to
understand the reason of reflow flux spreading. Additionally, cracks and opening was observed

after humidity exposure, which triggered the release of the conductive substances on the surface.
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Therefore, to prevent the degradation and spreading of the reflow flux residue, new flux
formulation for the reflow solder paste need to be investigated.

Conformal coating

To optimize the humidity robustness of the flux chemistry, organic amine will be or has been used
as an important component in the flux for both wave soldering process and reflow soldering
process. Limited information is available on the compatibility study of the conformal coating and
flux residue with organic amine additives. A systematic investigation is required to understand the
effect of the flux residue with organic amine additives on the adhesion and water absorption

behavior of conformal coatings under harsh climatic exposure.

Since organic amine inhibited the corrosion performance at the surface on the PCBA. The organic
amine or chemical with amino group can be used as the additive for the conformal coating.
However, if the reaction between the WOA flux residue and organic amine in the coating induced
more hygroscopic amide at PCBA-coating interface, more water will be absorbed by the conformal
coating. Therefore, the solder flux and conformal coating can be designed as a couple products

for the electronic manufacturing industry.
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