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Abstract

The role of underfill in enhancing the reliability of
flip chip packages is of paramount importance,
particularly for the low-cost packages made of organic
printed circuit boards. Amongst many reliability issues in
flip chip packages, delamination between the underfill
and other package components is detrimental to the
mechanical and functional performance of the package
because delamination often leads to premature failure of
the whole device. In the present study, the interfacial
bond strengths of both conventional and no-flow
underfill resins with die passivation, solder and
polyimide soldermask are measured based on the button
shear test; and the surface characteristics of these
substrates are analysed using several analytical tools,

including the atomic force microscopy, X-ray
photoelectron  spectroscopy and  contact  angle
measurement. Plasma and UV/ozone treatments are

applied before encapsulation to improve the underfill-
package components interface bond. It is found that the
interfacial bond strength of underfill with solder was the
weakest, while it was highest with silicon nitride
passivation layer amongst the above substrates studied.
Both plasma and UV/ozone treatments improved the
interfacial bond strength with polyimide soldermask
along with a decrease in contact angle of the surface.
Among the wvarious thermodynamic parameters the
spreading coefficient was shown to have close correlation
with the underfill-solder interfacial bond strength. The
significance of this finding is discussed.

Introduction

Although the use of underfill encapsulation improves
significantly the reliability of solder joint interconnection
in flip chip packages, delamination at various interfaces
remains a major concern. This is because delamination of
underfill degrades the solder joint reliability by
magnifying the solder deformation under cyclic loading.
Delamination also results in accumulation of moisture at
the failed interfaces leading to additional failure modes
[1]. Many approaches have been developed to improve
the interface adhesion, which include addition of silica
fillers in underfill to reduce the thermal mismatches
between the package components, incorporation of silane
coupling agent in underfill resin, and modification of the
surface properties of the package components based on
plasma or UV/ozone treatment.

Apart from the modification of material intrinsic properties
to enhance the interfacial bonding, there are also a number of
methods to evaluate the bonding quality. The formation of a
strong interface bond begins with the establishment of intimate
interfacial molecular contacts through wetting the substrate by
the liquid phase, along with minimum interfacial defects. Gent
& Schultz [2] suggested that the interface bond strength is
proportional to the work of adhesion and the plastic work of
the viscoelastic adhesive during fracture. The work of
adhesion, W,, is the energy required to separate reversibly the
interface between the two phases:

W, =v1+7v2— V12 (1)

where vy, ¥ and 7, are the surface tensions of solid phase 1,
liquid phase 2 and the interfacial tension between these phases,
respectively. In fact, the extent of wetting of one phase by
another is best illustrated by the contact angle phenomena. The
contact angle of a sessile drop of a liquid on a solid surface, 6,
corresponds to the lowest energy state of the system, which is
described by the well-known Young’s Equation.

Yoc080, =y, —v), (2)
Combining Equation 1 with 2 yields

W, =7,(1+cosd, ) 3)

Although there is correlation between the work of adhesion
and practical interface bond strength [3], a number of
discrepancies were reported [3, 4]. Instead, Mittal [3]
suggested that such a relationship would be invalid when the
adhesive completely wetted the substrate before the
solidification of the adhesive. Apart from the work of adhesion,
Wu [5-6] also proposed the spreading coefficient, (S,;), which
is defined as the decrease in free energy per unit area covered
by the liquid phase 2 on the substrate phase 1:

Sy =v1=-v2-v2=W, -2y, 4

A positive S value is required for spontaneous spreading
of the liquid phase onto the substrate surface. In other words,
the work of adhesion, W,, should be greater than the cohesive
energy of liquid, 27y,, for complete wetting of substrate by the
liquid phase [4]. The spreading coefficient was shown to
correlate well with the interface bond strength [3, 5]. Mittal [3]
further proposed the interfacial tension was probably one of



the most significant surface energetic parameters in
determining the interface bond strength: the lower the
interfacial tension the higher the spreading coefficient,
and the higher the interface bond strength. Apart from the
wettability theory in explaining the adhesion, there are
many other sources of adhesion, namely, mechanical
interlocking, interdiffusion and interpenetrating network
concepts, and chemical bonding theory [7].

It is well accepted that there is no single adhesion
mechanism responsible for the total interfacial bond
strength, and the relative importance depends on the
individual substrate-adhesive systems [7]. Hence,
understanding the whole flip chip package interface is
very difficult because of many different interfaces
involved. For example, the underfill-passivation system
is polymer/ceramic or polymer/polymer interface in
nature, depending on the passivation employed, e.g.
silicon oxide, silicon nitride and benzocylobutene (BCB).
It is well documented that the interface between the
underfill and passivation layer is prone to delaminate
under thermal cycling [8-9], humidity test [10], or
destructive test [11-13]. Besides modifying the
constituents of underfill material, additional surface
treatments of passivation layer, such as incorporating a
silanol or amine group into the layer [13-14] or
increasing the surface roughness [14], were further
proposed to improve the interface bond strength. On the
other hand, the underfill-soldermask interface constitutes
polymer/polymer adhesion, where diffusion-assisted
chemical reactions may take place accompanied with
some mechanical interlocking. The adhesion of underfill
with soldermask would be severely degraded when
exposed to hygrothermal environment [13,15], as well as
when subjected to surface contamination due to flux
residue [16] or residues remained after wet cleaning [17].
Plasma cleaning [18-21] and UV/ozone cleaning [22-23]
were employed to restore the degraded interfacial bond.

Relatively little attention has hitherto been given to
the interfacial bond strength between underfill and solder
joints. It is noted [24] that underfill delamination was
typically initiated from the region near solder joint
corners during thermal cycling, which is likely to be
associated with the local CTE mismatch between the two
components. Numerical analyses [25-26] confirmed the
detrimental effect of total debonding between the
underfill and solder bump on the device reliability. On
the other hand, surface oxidation over the solder joints
with varying degrees of tin oxide [27] and aging under
humid conditions [28] also deteriorated the interfacial
bond strength significantly.

As a continuation of our previous study on
characterizing the underfill adhesion [26], the interfacial
bond strengths of conventional and flux-containing no-
flow underfills with silicon passivations, soldermask,
plasma cleaned soldermask, and eutectic solder material
were measured in the button shear test. In order to
determine the factors governing the interface bond
strength, the surface roughness, surface chemical
compositions and thermodynamic surface energetics
were measured using the atomic force microscopy

(AFM), X-ray photoelectron spectroscopy (XPS) and contact
angle method. Attempts were made to establish the correlation
between various thermodynamic parameters and the interfacial
bond strength.

Experimental Procedure

In this study, two conventional and two no-flow underfill
resins (supplied by Dexter, Loctite and National Starch) were
processed according to the recommended curing conditions
given in Table 1. The composition and specifications of the
substrate surfaces are summarised in Table 2. The plasma
treatment on soldermasks was performed using an Edwards
Thermal Evaporation System Auto306 for 10 min. in argon
gas, while UVO/cleaner (Model 144AX-22) was employed to
expose the soldermask surface to UV/ozone for 5 min. The
specimen dimensions and testing conditions for the button
shear test are shown in Figure 1. A shear load was applied at a
speed of 50um/s using a blade 250um above the substrate
surface on a Dage 4000 Multi-purpose Bond Tester.

Table 1. Curing conditions for the underfills
Conventi

onal No-flow
A B C D
16 15 16 1
Curing Temperature (°C)| 0 0 5 60

Underfill

6

Curing Time (min) 7 30 10 0

Table 2. Substrates under investigation for adhesion test.

Substrates Specifications
Soldermask Taiyo 4000 polyimide
soldermask
Solder plate 63/37 Sn/Pb
Silicon Dioxide Passivation layer of 0.75um on
N the
Passivation bare die of 525um in thickness
Silicon Nitride Passivation layer of 0.75um
Passivation over the . s
bare die of 525um in thickness
50um/s
4#
l Shear
_______ ¢4mm blade
3~4mm derfill
. . underfi
in height l 250um tool
_____________ lift-up height
substrate

Figure 1. Schematic drawing of the button shear test.

The surface energies of the substrate and cured underfill
surfaces were determined by measuring the contact angles, 6y,
of de-ionized (DI) water and methylene iodide using a Kriiss
G10 contact angle measuring system. The polar and non-polar



(or dispersive) components, v;" and yld, respectively, of
surface energy were evaluated based on the harmonic-
mean approach [5].

4 d, d 4yPyP
y (1+COSe ): Y17Y2 Y172 (5)
21 y d d p p

Yitv2 Y1 tv2

The polar and dispersive components of surface
energy of the measuring liquids, " and 1%, are 22.1 and
50.7 for DI water, and 44.1 and 6.7 for methylene iodide,
respectively. Therefore, the interfacial tension, 7y;,, was
determined based on:

IR
R E

41y
T+

Yo =Y1+Y,— (6)

Results and discussions
Button shear test results

Figure 2 summarises the interfacial bond strengths
and the corresponding failure mechanisms of the four
underfills with various package components. These
failure mechanisms are schematically presented in Figure
3. The interface bond strength between the underfill and
solder material was the weakest among the substrates
studied, regardless of type of underfill resin. The failure
took place predominantly along the underfill-solder
interface (Figure 3(a)). With a such weak interface bond
strength, the underfill/solder interface is most likely the
location where debonding would initiate preferentially
during/after cyclic loading, as confirmed by the
numerical analysis [26].
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Figure 2. Interfacial bond strengths of underfill with various

substrates.
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The failure mechanisms and the corresponding
interfacial bond strengths of the underfill-soldermask
system were dependent significantly on the type of
underfill used. The conventional underfill interface failed
predominantly by delamination along the soldermask-
printed circuit board interface, rather than the underfill-
soldermask interface (see Figure 3(b)). This indicates a
much stronger bond for the latter interface than for the
former. In contrast, the no-flow underfill resins tended to
debond along the interface with soldermask, with
generally lower interfacial bond strengths than for the
conventional underfill resins.

Totally different failure mechanisms were observed
with the die passivation layers. The conventional
underfill failed cohesively with cracks propagating right
through the underfill itself (Figure 3(c)). In contrast,
cracks tended to propagate through the die, forming a
crater on the fracture surface of the samples with no-flow
underfill (Figure 3(d)). The interfacial bond strengths of
no-flow underfill with passivation were consistently
higher than that of the conventional underfill, and these
observations held for both the silicon oxide and silicon
nitride passivation layers. Therefore, the no-flow
underfill gave the highest interfacial bond strength with
passivation layers amongst the substrates studied. Strong
chemical bonds between the organosilane coupling agent
added in the epoxy-based underfill and the hydroxyl
group on the passivation surface were mainly responsible
for the underfill-passivation interfacial bond [29-30] , as
schematically drawn in Figure 4. In particular, the silicon
oxide passivation may form a C-O-Si and/or C-Si
covalent bond with the resin [31] which is absent in the
other systems.
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Figure 3. Schematics of different failure modes in button
shear test: (a) interfacial failure; (b) soldermask
debonding; (c) cohesive failure within underfill; and (d)
silicon cratering
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Figure 4. Bonding mechanisms of organosilane in the epoxy
resin with silicon nitride passivation [30].
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Figure 5. XPS analyses on soldermask: (a) before;
and (b) after argon plasma treatment.



Surface analyses on soldermask
Soldermask plays a key role in protecting the copper

traces from mechanical scratches, corrosion as well as
oxidation arising from the solder bumping/reflow
processes. For these reasons, soldermask is indispensable
in low-cost flip chip packages and thus the adhesion
performance of soldermask with encapsulant/underfill is
important. Plasma treatment of soldermask has been
widely used to enhance the interfacial bond strength.
Besides removing the surface contaminants arising from
wet cleaning, plasma treatment improved the surface
wettability by increasing the polar component of surface
energy and also was able to roughen the surface during
the physical bombardment of heavy ions, enhancing the
mechanical interlocking [32].

The atomic force microscopy (AFM) was performed
to study the substrate surface morphology and the
roughness. The result indicates that the average surface
roughness of soldermask increased from 56nm to 70nm
after plasma treatment, which was significantly higher
than the roughness of die passivation (around 2nm). This
observation suggests that the surface roughness was not
the principal determining factor for interfacial bond
strength of passivation layers with underfill.

The atomic compositions of substrate surface were
obtained from the X-ray photoelectron spectroscopy
(XPS). Figure 5 shows the deconvoluted XPS spectra for
the soldermask surfaces before and after the plasma
treatment, and Table 3 summarises the corresponding

elemental compositions and the interfacial bond strengths.

The decrease in carbon and increase in oxygen contents

suggest that the Ar plasma treatment not only removed the
contaminants on the soldermask surface, but it also induced
breakage of C-C and C-H bonds, in turn allowing double
bonds to form (i.e. crosslinking) and trapping of radicals [33].
Hence, more oxygen from air was incorporated with the long-
lived radicals on the soldermask surface after the plasma
treatment, as confirmed by the increase in oxygenated
functional groups.

bond and

Correlation  between interfacial strength

thermodynamic parameters

The surface free energies of substrate were evaluated by
measuring the contact angles in a sessile-drop test. Using
Equation 5, the polar and non-polar components of surfaces
were obtained and summarized in Table 4. Polarity is defined
as the ratio of the polar component, ", to the total surface
energy, Y. A number of points arise for discussion. The polar
component of the soldermask surface energy increased
significantly after plasma treatment, which was thought to be
attributed to the removal of surface organic contaminant, as
well as the incorporation of oxygenated polar groups [34]. The
contact angle measurement results (Table 4) agree well with
the XPS analyses (Table 3) before and after plasma treatment.
The increased polar groups enhanced the wettability and
allowed possible sites for covalent bonds to form during the
underfill curing, thence stronger interfacial bonds as seen in
the present work and others [32]. When compared to the
plasma treatment, the UV/ozone treatment was slightly less
effective in improving the total and polar component of
surface energy.A rather reversed observation can be made for
the UV/ozone treated passivation layers. Both the polar and

Table 3. Atomic compositions and interface bond strengths of solder with and without plasma treatment

XPS analysis Polarity from Button shear test
Atomic composition (%) contact angle Interface bond strength (MPa)
Cls Ols Nls Si2p o/C measurement A B C D
Before 68.30 22.53 0.92 8.26 0.33 15.68% 8.48 14.56 433 6.46
Plasma C-H C=0 COOH
Treatment 68.21 | 31.55 5.24
Cls Ols Nls Si2p o/C A B C D
After 48.17 40.70 2.49 8.63 0.84 55.30% 12.39 12.41 10.05 8.02
Plasma C-H C=0 COOH
Treatment 48.47 | 38.45 13.09
Table 4 Polarity of various package component surfaces and cured underfill.
Unit: mJ/m’ Y Y Yy Polarity (Y"/¥')
Solder plate as-received 14.20 29.89 44.09 0.32
ozone-cleaned 9.15 32.53 41.68 0.22
Soldermask as-received 5.53 30.37 35.90 0.15
plasma cleaned 39.16 31.66 70.81 0.55
ozone cleaned 16.87 24.57 41.44 0.41
soldermask
Silicon oxide as-received 41.66 25.19 66.85 0.62
passivation ozone cleaned 25.46 23.80 49.26 0.52
Silicon nitride as-received 34.76 26.28 61.04 0.57
passivation ozone cleaned 33.68 24.82 58.50 0.58
Underfill A 11.28 29.74 41.02 0.27
Underfill B 10.24 33.74 43.98 0.23
Underfill C 6.89 40.86 47.75 0.14
Underfill D 14.04 35.27 49.31 0.28




dispersive components of surface energy decreased after
the treatment, an indication of more contaminated
substrate surface due probably to overexposure. This
resulted in a reduction of work of adhesion even though
the interfacial energy also decreased after the UV/ozone
treatment, as shown in Table 5.Several thermodynamic
parameters have been successfully used to correlate with
the practical interfacial bond strength, for instance, work
of adhesion [3,35], analogous surface energies [3,36] and
polarities between adhesive and substrate [3, 5],
interfacial tension [3,5], spreading coefficient [3,5], etc.
Table 5 summarises the calculated values of these
parameters for various combinations of underfill and
substrate surface. The interfacial bond strengths are also
included where available. Judging from the various
failure mechanisms for different substrate surfaces
(Figure 3), only the underfill-solder interface showed
strictly adhesive failure, which satisfies the requirement
for correlating the thermodynamic parameters with the
practical interfacial bond strength. It is interesting to note
a linear variation of the interfacial bond strength with the
spreading coefficient, as shown in Figure 6. The higher
the spreading coefficient the stronger the interface bond
was [5].

y=04582x + 5.35
#=0095

Adhesion Strength, MPa

Spreading Coefficient, mI/m’
Figure 6. The correlation between spreading coefficient
and interfacial bond strength of various underfill resins
on solder material.

Concluding Remarks

The button shear test and contact angle measurements
were performed together with the AFM and XPS analyses to
evaluate the interfacial bond strength of underfill with various
flip chip substrate surfaces. The following remarks can be
drawn from this study.

1. All underfill resins exhibited the weakest interfacial bond
strength with solder material, indicating preferential
delamination along this interface when the package is
subjected to cyclic loading.

. A majority of underfill resins showed better interfacial bond
strengths with passivation layers than with soldermask.

.The interface bond strength of underfill with soldermask
was improved after argon plasma and UV/ozone treatments,
due to the removal of surface contaminants arising from wet
cleaning as well as the incorporation of polar groups
promoting chemical reactions with the underfill.

4. The spreading coefficient showed a linear correlation with

the practical interfacial bond strength of underfill with
solder material.
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Abstract

In this test, the effect of melting time on reflow soldering
of lead-free solder was investigated. Lead-free solders, which
had been qualified in a previous test, were used. The
production window for the melting time was investigated. As
is known, the melting time for solder joints should not be too
short since this may cause cold joints. On the other hand,
solder time should not be too long, either, because this may
cause brittle intermetallic, weakened solder joints. Also,
components cannot withstand too long a period in the elevated
temperature needed to melt the lead-free solder.

In the test, samples of copper rod 3 mm in diameter were
used and soldered together on their ends. The melting time in
the reflow oven was set to be that recommended by
manufacturers. The variations in the time were adjusted to be
about 30 % shorter than the recommended one and also two
times longer as well as about four times longer than
recommended. Using a universal pulling test machine, the
effect of the melting time on the solder strength was tested.
The pulling force needed to break the joint was measured and
compared. The strength of a normal tin-lead soldered joint
was tested and used as a reference level.

1. Introduction

Soldering is the most important method for joining of
mechanical components in electronics. Every component has
at least two contacts to be joined.

However, for environmental reasons the traditional solders
containing lead have been avoided. Prohibition of lead in
solder materials in the European Union will go into effect at
the beginning of the year 2008 and will be implemented
already by 2006. Nevertheless, few manufacturers have yet
implemented lead-free soldering in practice [2] [3].

The traditional tin-lead soldering method has been used a
few hundred years, at first in the mechanical joining of
components and then, from the beginning of the last century,
in electronics where it reliable method.

There are not very many tests made for lead-free solders
has been shown to be a very usable and and lead-free
soldering is not fully qualified in use.

Pure tin has been used in some coating techniques.
However, the melting point of tin is much higher than for
eutectic tin-lead solder.

Because of the lack of information regarding reliability in
practice, a lot of reliability tests, for instance, thermal cycling
and vibration tests, are needed before lead-free solder can
replace traditional tin-lead solder.

Testing with a universal tester will show the pulling
strength of a joint. In the solder joint, the amount of harmful
tin-copper intermetallic increases as a function of temperature
and time.

The growth of harmful intermetallic causes brittleness and
weakening of the solder joint. The growth of intermetallic is
shown in Equation 1 and in Table 1 [1].

6 = kvt (1)

where,
6 = thickness of layer [nm]
k = growth factor [nm*s %]
t = time [sec.]

Table 1. Coefficient k [nm * s™%]

Sn -Cu 20°C 100°C 150°C 170°C

k[nm*s™] |0.26 1.4 3.8 10

In table 1 we can see the effect of temperature on the
growth factor, k. The growth of factor k depends on the
formation of metal alloy (Sn-Cu) [1].

2. Test arrangement

In the test, pieces of copper rod 3 mm in diameter and
about 25 mm long were soldered together. The ends of the
copper rods were smoothed in a lathe to obtain flat and
smooth surfaces. The copper surfaces were cleaned with
isopropyl alcohol to remove any grease.

The soldering jig used was made from FR-4 PWB material
by milling in jig grooves of approx. 2.5 mm in width to accept
the samples to be soldered. Soldering paste was applied
manually onto the ends of the copper specimens. The grooves
on the soldering jig kept the copper rods in position during
soldering.

The investigated soldering paste was a lead-free soldering
paste (Paste A) which was compared to a soldering paste
containing lead (Paste B) and to a paste containing bismuth
(Paste C). See Table 2. Table 3 shows melting times,
soldering temperatures and speed of the soldering machine for
different soldering pastes [4] [5] [6].

Table 2. Tested solder pastes

Paste sample [%] [%] [%]
A=(lead-free) Sn/95.8 Ag/3.5 Cu/0.7
B=(tin-lead) Sn/62 Pb/36 Ag/2
C=(lead-free Sn/58 Bi/42 -—-
with bismuth)




Table 3. Tested solder pastes. Melting time [s],

Temperature [ °C ] and Speed [ mm/min ]

Paste Test 1 Test 2 Test 3 Test 4

sample

A 12/220 40/220 80/220 200/220
Tamura |/1.07 /0.9 /0.6 /0.35

B 32/183 42/183 122/183 -

Techno Eye | /1.0 /0.85 /0.60

C 22/138 44/138 100/138 -

Heraeus |/0.9 /0.7 /0.7

Temperature profiles for soldering pastes were taken as
of soldering paste
manufacturers, which were then modified as shown in the
following figures:
for lead-free Tamura solder (A) Figure 1
for tin-lead Techno eye solder (B) Figure 2
for lead-free Hereaus solder (C) Figure 3.
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Figure 3. Lead-free solder (Heraeus).

A reflow oven of the type KOKI-UHARC was used in
soldering and the pulling test machine was of type Testometric
M350-5KN.

Temperature profiles of the reflow oven were set so that
the maximum temperature would not go over the adjusted
limit value. The melting time was varied by changing
throughput time of the oven and temperatures of different
zones in the oven. Temperature probes of the test board were
set to the same place on the upper side of the test board where
soldered samples were placed during the soldering process.

Mechanical strength was tested with the pulling test
machine. During the pulling test the samples were pulled at a
constant speed of 0.3 mm/min. A computer registered the
force used in the test.

The test results of the pulling machine are shown in figures
4a, 4b, 4c and 4d. In these figures, samples (A) were soldered
with lead-free solder paste, samples (B) were normal tin-lead
solders and samples (C) were soldered with lead-free solder
paste containing bismuth. In these tests the melting time was
changed as shown in table 3. The pulling force of each sample
was measured when the melting time was changed.

3. Results and discussion

Figure 4a shows the pulling strength when the melting time
was shortened about 30% - 80% (0.3 times - 0.8 times). Figure
4b shows all results with the melting time of the specifications
of the manufacturers (=100%). In Figure 4c the melting time
has been lengthened (about 2 times - 3 times) and in Figure 4d
only lead-free solder paste was used (melting time was quite
Tong: T =5 times ) [4] [5] [6].
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Figure 4d. Lead-free solders. Melting times:
Al =12s, A2 =40s, A3 =80s, A4 =200s

Table 4 shows, for each of the solder pastes, the maximum
pulling breaking strength [N/mm?] with the different melting
times [s].

Fluxes of the tin-lead solder pastes may have an effect on
strength of the solder joints [7].

The results of the tests show that the differences in the
normal and the nearly normal melting times have no great
effect on the pulling strength.

With a much longer melting time, when the values of the
specifications are exceeded 5 times, the strength of the solder
joint is not weakened as expected, but instead, the lengthened
melting time seems to increase the durability and the
toughness of the solder joint.

Table 4. The pulling strength [N/mm?]
and the melting time[s]

Paste Melting | Melting | Melting | Melting
time 1 time 2 time 3 time 4
A 143 136 135 147
12 40 80 200
B 154 147 146 o
32 42 122
C 98 111 127 o
22 44 100

Figure 4c. Lengthened melting time

In Figure 4a - 4d the curve is caused by creep mechanism.
Creep's mechanism is a permanent, irreversible deformation
and it results finally in failure of joints. There are many
metallurgical factors affecting the creep rate. The grain size,
the degree of prior strain is the most important factors. It has
been seen that the creep elongation is also highly dependent
on the pressure, by which the specimens were pressed together.
Higher stress caused narrower space to be filled by solders,
thus allowing shorter elongation before rupture [8].

The maximum shear strengths are shown as bar diagram in
Figure 5.
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4. Conclusion

The tests seemed to show that, contrary to what was
assumed, an extended melting time improved soldered joint
reliability.

This means that a moderately longer melting time didn't
produce a harmful amount of SnsCug intermetallic layer. The
extended melting time seemed to increase the durability and
the toughness of the soldered joint.

Table 4 shows the average value of the pulling strength
tests at the breakdown points for all types of solder paste
(sample types A, B and C). The results are also presented
graphically in figures 4a, 4b, 4c and 4d.

The lead-free solder paste used in the tests proved usable
although the melting time was extended three times beyond
the normal. It should also be noted, that the extension of the
melting time of the solder will increase the stress to the
soldered components. Also, the temperatures used in lead-free
soldering are a bit higher, and this causes an extra stress to the
components. It is uncertain what will happen when lead-free
solder joints are temperature cycled.

The lead-free solder paste will have to be tested with all
traditional test methods like vibration, heat cycling and other
burden tests, before it is possible to replace the traditional tin-
lead solder with lead-free solder paste in the entire production.

However, it is well to keep in mind that at present, the
temperature cycling test is very rigorous compared to the
stress encountered during the whole lifetime of a lead-free
soldered product [9].
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Abstract

The intermetallic formation between Sn-Ag-(Cu) solders
and metal pads was characterized using scanning electron
microscopy(SEM), Energy Dispersive Spectroscopy(EDS),
and X-ray Diffractometer(XRD). The intermetallic phase
formed in the interface between Sn-Ag-Cu and Au/Ni/Cu pad
in tape BGA package is likely to be ternary compound of Cu-
Ni-Sn from EDS analysis. Cu was also segregated in the
solder/Ni interface. XRD analysis confirmed that n, -CugSn;
type intermetallic phase formed in the interface between Cu
containing solders and Ni substrates and NizSny intermetallic
formed in the Sn-Ag solder/Ni interface. The Cu atoms in the
solder seem to diffuse in the solder/Ni interface and to form
CueSn;s type intermetallic in the Sn-Ag-Cu specimens. The
increase in the Cu concentration of the solder increased the
intermetallic thickness after reflow.

Introduction

The tin-lead solder alloys have been widely used in the
electronic industry, because of its abundant nature storage,
low cost, suitable melting point, and excellent soldering
properties. However, because lead and lead compounds are
poisonous, the usage of them will not only bring the
environmental pollution but also will impair worker’s health.
Nowadays many governments tend to forbid the usage of
lead-containing products[1]. Many electronic manufacturers
have announced their road maps to replace Pb-containing
solder connections with Pb-free solder ones. In US, several
Pb-free programs have been initiated by several professional
societies, in order to integrate the industry-wide efforts to
implement Pb-free solutions in a timely fashion[2]. The new
solder must be able to produce solder joints with acceptable
joint strength, and at the same time, also be able to withstand
thermal fatigue over the projected operating life of the
soldered assembly and meet other reliability requirements,
such as adequate corrosion, oxidation and electromigration
resistance. The material cost of a new solder should not be so
high as to overwhelm the assembly cost. With the above
guidelines in mind, a number of Pb-free solders have newly
been developed. Some of the examples include Sn-3.5%Ag,
Sn-3.5%Ag-0.7%Cu, Sn-3.5%Ag-4.8%Bi, Sn-0.7%Cu, Sn-
5%Sb, Sn-20%In-3%Ag, Sn-8%Zn-3%Bi and Sn-10%In-
3%Ag-1%Cu[2]. Sn-Ag solders with small addition of Cu is
considered as one of the best solders which replace eutectic
Pb-Sn solder because of its advantages in reliability,
mechanical properties and solderbility compared with other
lead-free alternatives such as above solders.

The reliability of the solder joints is sensitive to the type
and the thickness of intermetallic phase. The composition of
intermetallic is dependent primarily on the solder
composition[3]. The formation of  intermetallic
compound(IMC) layer provides a chemical bonding between
the solder and the substrate and is necessary for the joint
strength, but an overgrown IMC layer is known to be
detrimental to the joint strength due to the brittle nature of
IMCs. The Sn-3.5Ag-0.7Cu solder bumps on Ni have
interfacial intermetallics with Ni-Cu-Sn ternary composition
and the Sn-3.5Ag-0.7Cu solder bumps on Cu have Cu¢Sns. It
is widely reported that the Sn-3.5Ag solder without Cu forms
a binary compound Ni;Sny[2-6]. Kang reported that the
intermetallic compounds grown in Sn-Ag-Cu appeared to be
of two layers, which consist of the top layer having a higher
Cu contents than Ni and the bottom layer attached to the Ni
layer having a higher Ni content than Cu[7]. The Sn-3.5Ag-
0.7Cu solder bumps on Ni charaterized intermetallics of Ni-
Cu-Sn ternary compositions as (Ni, Cu)sSns intermetallics
from EDS analysis[4]. In the present investigation, the
intermetallic phases were analyzed using XRD as well as
SEM and EDS. In addition, we investigated the effects of Cu
concentration in Sn-Ag solders on the morphology and the
growth of intermetallics.

Experimental Procedure

Two types of specimens were used in the present study.
The 1st type specimen was the real BGA sample(FlexBGA®
by Amkor Technology). The Sn-4.0wt%Ag-0.5wt%Cu or Sn-
3.5wt%Ag  solder balls were placed on the
Au(max1.0 m)/Ni(1.5 (m)/Cu(18 ym) pads and the solder
bumps were formed after reflowing at 240°C. The second
type specimen was fabricated specially for XRD analysis.
The Sn-4.0wt%Ag-0.5wt%Cu or Sn-3.5wt%Ag solder balls
were mounted on Ni foil with the flux and reflow at 240 C.
Also, the intermetallic formation was characterized in the
interfaces between Sn-Ag-Cu solders with various Cu
contents and Ni foils.

The both type specimens were mounted with epoxy and
were metallographically prepared to a final finish of 0.05 um
alumina slurry for SEM analysis. EDS analysis was also
performed to determine the elemental compositions of
intermetallic phases quantitatively. XRD specimens were
made by etching out the solders in a 10%HNO;+90%H,0
solution so that the IMC structure was fully exposed(Fig. 1).
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Fig.1. Etching of solders for SEM and XRD
analyses.

Sn-Ag-(Cu) solder balls / UBM(Au/Ni/Cu)

Fig. 2 shows the cross-sectional optical image of solder
bumps on Au/Ni/Cu UBM. Solder bumps on Ni/Cu UBM
pads are clearly seen. Since the thin Au layer is dissolved into
the solder, the Ni layer became in contact with the Sn-Ag(-
Cu) solder. Intermetallic is formed between Sn-Ag(-Cu)
solder and Ni layer. Fig. 3 and 4 show the cross-sectional
SEM images of Pb-free solder bumps on Au/Ni/Cu. These
samples were reflowed once or five times. Two types of
intermetallics were observed; one was observed between the
solder/UBM interface and the other was observed in the bulk
solder. In the bulk solder, large intermetallic particles such as
Ag;Sn formed. Interfacial intermetallics of dendrite-type
were observed in the interface between Sn-Ag-Cu solder and
Au/Ni/Cu UBM, on the other hand blocky type intermetallics

Fig. 2. FlexBGA"-

were observed between Sn-Ag solders and the UBM. The
thickness of interfacial intermetallic increased after the 5th
reflow. The composition of the intermetallic found in the
interface between Sn-Ag-Cu solder and Au/NiCu UBM was
analyzed using EDS technique; Ni, Cu and Sn have 22, 33,
45 at% respectively. These EDS analysis indicates that the
intermetallic is likely to be (Cu, Ni)¢Sns. After removing the
solder by 10%HNO;3;+90%H,0 solution, intermetallic
morphology was observed by SEM(Fig. 5 and 6). In Fig. 5,
thin needle-like intermetallics were observed and each
needle-like feature thickened after Sth reflow. Fig. 6 shows
the morphology of the intermetallics were needle-like after
the 1st reflow and become more square after the 5th reflow.
Comparison of the morphology of the intermetallic phase(Fig.
5 and Fig. 6) tells the intermetallic phase formed in the Sn-

Ag-Cu solder is different that in the Sn-Ag solder. Fig 5 and
Fig. 6 also show one column of intermetallic thickened with
the number of reflows. Fig. 7 and Fig.8 show the elemental
X-ray mapping results near the in

N

terface between the Sn-Ag-
TR e

Fig. 3. Cross - sectional SEM images of Sn-
4.0wt%Ag-0.5wt%Cu solder bumps on Au/Ni/Cu
pads (a) The 1st reflow (b) The S5rd reflow.
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Fig. 4. Cross - sectional SEM images of Sn-3.5wt%Ag
solder bumps on Au/Ni/Cu pads (a) The 1st reflow
(¢) The 5th reflow.

% @.99M 0663

Fig. 5. SEM images showing intermetallic morphologies
after Sn-4.0wt%Ag-0.5wt%Cu solder bumps on
Ni/Cu UBM pads are etched away layer (a) The 1st
reflow (b) The Sth reflow.
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Fig. 6. SEM images showing intermetallic morphologies
after Sn-3.5wt%Ag solder bumps on Ni/Cu UBM pads
are etched away layer (a) The 1st reflow (b) The Sth
reflow.



(Cu) solder and Au/Ni/Cu pads after the 1stand Sth reflows.
X-ray mapping results show that Ni was found only on the Ni
layer of the metal pad and Ag was found inside the solder. Ag
came from Ags;Sn intermetallics. Cu signal was detected on
the top region of Ni layer as well as in the Cu layer below Ni
layer. Cu intensity on the top of Ni layer increased after the
5th reflow(Fig. 8).

Fig. 7. X-ray mapping of the Sn-
4.0wt%Ag-0.5wt% Cu solder bump on
Au/Ni/Cu after the 1st reflow.
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Fig. 8. X-ray mapping of the Sn-
4.0wt%Ag-0.5wt%Cu solder bump on
Au/Ni/Cu after the 5th reflow.

Sn-Ag-(Cu) solder balls / Ni foil

The intermetallic phase identification by XRD technique
was tried in the FleXBGA® specimens, but it was difficult
because the area of intermetallic formation was too small to
get the sufficient intensity. Therefore, we tried for XRD
analysis using the specimen where solder balls were placed
on the Ni foil and reflowed(Fig 11). Fig. 12 and Fig. 13 show
that the intermetallic formed at the solder/Ni interface. The
thickness of the intermetallic phase increased with the
number of reflows. Fig. 14 shows the XRD patterns of the
intermetallics formed on the solder /Ni interface after the Sth
reflow. Fig. 14(a) shows that intermetallic compounds

Fig. 9. X-ray mapping of the Sn-
3.5wt%Ag solder bump on Au/Ni/Cu
after the 1st reflow.
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Fig. 10. X-ray mapping of the Sn-
3.5wt%Ag solder bump on Au/Ni/Cu
after the Sth reflow
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Fig. 11. solder bumps on Ni foil for XRD analysis

observed are Ag;Sn, Ni;Sn, and CugSns Expecially, CugSns
phase formation is clearly seen. There is a possibility of Sn
and Ni reaction to form Ni;Sn, but additional experiments are
necessary to clarify it. In Fig. 14(b), Ni;Sny and Ag;Sn were
observed. NizSny observation by XRD confirmed the
previous result[2-6]. Table 1 summarized the thickness of
intermetallic measured from the cross-sectional SEM images.
The results show that intermetallics thickness was increased
with the number of the reflow cycles. The intermetallic
thickness in the BGA specimen where solder bumps formed
on Au/Ni/Cu UBM pad was larger than that in the specimen
where solder balls mounted on Ni foil at the same condition.
This results seems to be related to the size of metal layer. The
intermetallic formation is limited due to the UBM pad size in



the BGA specimen, where as the intermetallic will form on
the whole Ni layer in the Ni foil.

Table 1. Summary of intermetallic thickness between
solder and metal pad

specimen Istreflow  3rd reflow  5th reflow
Sn-Ag-

Cu/metal pad 0.89 um 0.94 1m 1.33 m
Sn-Ag-Cu/Ni

foil 0.47 pm - 0.99 um
Sn-Ag/metal

pad 0.70 m 1.03 1m 1.66 tm
Sn-Ag/Ni foil 0.46 um - 0.75 um

- : not measured

—_ i1rm
HYue27 20KV X5,000 12mm

Fig. 12. Cross - sectional SEM images of Sn-
4.0wt%Ag-0.5wt% Cu solder bumps on Ni foil (a) The
1st reflow (c) Sth reflow.
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HYuez2 2@Kuv X5,000 14mm

Fig. 13. Cross - sectional SEM images of Sn-
3.5wt%Ag solder bumps on Ni foil (a) The 1st reflow
(c) The 5th reflow.

Cu segregation was also found in the interface between
Sn-4%Ag-0.5%Cu and Ni foil(Fig. 15 and Fig. 16). In these
specimens Cu was not contained in the substrate. And Cu
segregation was not detected in the interface between Sn-
3.5%Ag and Au/Ni/Cu(Fig 9 and Fig. 10). As a result, the Cu
contained in the solder was the source of the Cu segregation
in the interface. Cu segregation resulted from the formatin of
the CugSns type intermetallic phase. It is very interesting that
CugSns type IMC formed at the solder/Ni interface. Many
previous studies[1, 4-5] proved that CusSns growth was very
fast during reflow in Pb-Sn solder/Cu joint; specially, faster
than Ni;Sny. Anomalously high diffusion rate of Cu in Sn has

been observed at temperatures below the melting point of
Sn[7]. Apparently Cu atoms have a high mobility in liquid Sn,
and (Cu, Ni)sSns can grow significantly faster than NizSn,.
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Fig. 14. The XRD patterns of the interfaces in
the solder/substrate joints after the Sth reflow. (a)
Sn-4.0wt% Ag-0.5wt% Cu solder/Ni foil (b) Sn-
3.5wt%Ag solder/Ni foil.

SE. 255 *
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Fig. 15. X-ray mapping of the Sn-
4.0wt%Ag-0.5wt%Cu solder bump on Ni
layer after the 1st reflow.



Fig. 16. X-ray mapping of the Sn-
3.5wt%Ag solder bump on Ni layer after
the 5th reflow.
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Fig.18. Cross - sectional SEM images of Sn-Ag-
0.5wt%Cu solder bumps on Ni foil (a) The 1st reflow
(b) The Sth reflow.
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Fig.17. Cross - sectional SEM images of Sn-Ag-
0.36wt% Cu solder bumps on Ni foil (a) The 1st
reflow (b) The Sth reflow.

The cross-sectional SEM images showing the
intermetallic growth on the Sn-Ag-Cu solder with different
Cu concentrations(0.36, 0.50, 0.75 and 1.06 wt%) are shown
on Fig. 17-Fig. 20. The intermetallic growth behavior in the
Sn-Ag solders with various Cu concentrations are
summarized in Fig. 21 by plotting the intermetallic thickness
with Cu concentration measured from Fig. 17-Fig. 20. The
intermetallic thickness increased with Cu concentrations and
the number of reflow cycles. The Cu atoms in the solder
played a major role to form the intermetallics.

Conclusions

From
drawn:

HYU212

2oKU

this investigation following conclusions can be

(CuNi)¢Sns intermetallic was observed in the
interface between the Sn-Ag-Cu solder and
Au/Ni/Cu UBM in the real BGA specimens.
Ni;Sny intermetallic was observed in the interface
between Sn-Ag solder and Au/Ni/Cu UBM. Ag;Sn
intermetallic was observed in Sn-Ag-(Cu) bulk
solder.

XRD patterns show that n, -CugSns and Ni;Sny
were formed in the interface between Sn-Ag-Cu
solder and Ni foil.

The Cu contained in the solder was the source of
the Cu segregation in the interface.
The intermetallic thickness increased with Cu

concentration and the number of reflow cycles in
the Sn-Ag-Cu solders.

—_ _10Fm
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Fig.19. Cross - sectional SEM images of Sn-Ag-
0.75wt% Cu solder bumps on Ni foil (a) The 1st
reflow (b) The Sth reflow.
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20. Cross - sectional SEM images of Sn-Ag-

1.06wt%Cu solder bumps on Ni foil (a) The 1st
reflow (b) The 5th reflow.
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Fig. 21. Intermetallic growth in Sn-Ag-Cu
solders with Cu concentration.
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Abstract

Sn-9Zn eutectic solder alloy is a potential candidate to
replace 63Sn-37Pb alloy as interconnecting material in
electronic packaging industry. But the inferior wettability and
poor oxidation resistance make this alloy not suitable for
application widely.

In this study, different Ag contents were added into the Sn-
9Zn alloy to improve the wettability, oxidation resistance, and
adhesion strength of interface.

A pull-off test was used to estimate the adhesion strength
of interface between Sn-Zn-xAg solders and Cu substrate,
scanning electron microscope (SEM) was utilized to observe
the fracture morphology, energy dispersive spectrum (EDS)
was employed to analyze the distribution of elements. Finally,
X-ray diffraction (XRD) was exploited to identify the
intermetallic compounds (IMCs) formed at the interface.

Experimental Procedure

The Sn-Zn-xAg lead-free solders used in this study were
made with pure metals, and the Ag content x of 0.5, 1.5, 2.5
and 3.5 wt%. Pure Sn, Zn and Ag were mixed in a stainless
steel crucible and melted at 600 C, stirred to homogenization.

Cu substrate (oxygen-free, high conductivity) was
degreased in 5 wt% NaOH solution at 70 C, then rinsed in de-
ion water. After degreasing, it was immersed in 5 vol% HCI
solution to remove the oxide on the Cu substrate, and rinsed in
de-ion water again. After fluxing (flux used in this study was
3.5 wt% dimethylammonium chloride), Cu substrate was
dipped in the melted solder alloy as shown in Fig. 1', For an
excellent wettability, the dipping temperature was controlled
at 350+5C, for 30 s, at a dipping rate of 11.8 mm/s.

After dipping, the specimens were heat treated at 150 C
for 100, 250, 400, 750 and 1000 hrs, respectively. XRD was
utilized to identify the IMCs formed at the interface at a
scanning rate of 4 °/s, from 20 to 100 ° of 2 6. A pull-off
instrument” as shown in Fig. 2 was employed to estimate the
adhesion strength of interface after heat treatment.

Finally, the fracture morphology was observed with SEM,
and EDS was exploited to analyze the distribution of elements.

Surface morphology observation

One of the disadvantages of Sn-9Zn alloy was inferior
wettability’”, which can be improved by using suitable flux®”’.
The flux used in this study was DMAHCI, Fig. 3 shows the
smooth morphologies of Cu substrate as dipped in solders.
With increasing the silver content in alloy, some unmelted

solder lumps were found on the surface, which were suggested
to be high melting point IMCs. The DMAHCI was a very
suitable flux for Sn-9Zn system.

I dipping direction

slow motor

furnace

heater

sample

solder melt

z-axis plate

Fig. 2. Schematic diagram of pull-off test instrument.

(b)



(e)
Fig. 3. Surface morphologies of Cu substrate dipped in Sn-Zn-
xAg lead-free solders at 350 C for (a)0.0Ag, (b)0.5Ag,
(c)1.5Ag, (d)2.5Ag, (¢)3.5Ag

XRD diffraction analysis
XRD patterns were utilized to identify the IMCs formed at

the interface between solder and Cu substrate as shown in Figs.

4 and 5. It was found that CusSns and CusZng formed at the
interface, as the silver content was below 0.5 wt%. When the
silver content in solder was above 1.5 wt%, Ag;Sn IMC was
also found at the interface. After heat treatment, it was even
found that Ag;Sn grew as a film on the surface.
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Fig. 4 XRD diffraction pattern of interface between Cu and
Sn-Zn-0.5Ag solder after heat-treated at 350 C for 1000 hrs.

Adhesion strength of interface

Fig. 6 shows the adhesion strength of interface between Cu
substrate and Sn-Zn-xAg lead-free solders as dipped at 350C
for 30 s. It was found that the interface had a maximum
adhesion strength of 10.46 MPa when the Ag content was 1.5
wt%. When the Ag content was increased to 2.5 wt%, the
adhesion strength of interface decreased to 8.49 MPa. It was
suggested that the interfacial bonding was fairly weak between
CueSns and Sn-Ag matrix’ decreased the adhesion strength
when the Ag content was above 1.5 wt%.

Intensit

Fig. 5 XRD diffraction pattern of interface between Cu and Sn-
Zn-1.5Ag solder after heat-treated at 350 C for 1000 hrs.
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Fig. 6 Adhesion strength of interface between Cu substrate
and Sn-Zn-xAg lead-free solders as dipped at 350 C for 30 s.
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Fig. 7 Adhesion strength of interface between Cu substrate and
Sn-Zn-xAg solders after heat-treated at 150C for 1000 hrs.

Fig. 7 shows the adhesion strength of interface between Cu
substrate and Sn-Zn-xAg lead-free solders after heat-treated at
150°C for 1000 hrs. It was found that the adhesion strength of
interface between Cu and Sn-9Zn alloy decreased from 10.08
to 3.63 MPa as aged. However, adhesion strength of interface
between Cu and Sn-Zn-xAg solder decreased from 10.1 to
6.08 MPa only.

Therefore, it was concluded that adding Ag into Sn-9Zn
alloy could enhance the heat-resistant property of interface. It
was suggested that Ag;Sn which was formed at interface after
heat treatment has excellent adhesion with substrate’
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Abstract

In the electronics industry worldwide, using lead-free
solders is becoming more mandatory recently. On that regard,
substantial amounts of work related to lead free solders are
under way, and Sn-3.5Ag based ternary alloys with Bi or Cu
are strong candidate materials. In the present work, Sn-3.5Ag-
xBi alloys with five different levels of Bi (0, 2.5, 4.8, 7.5,
10wt%) were prepared. For the Bi containing alloys, the brittle
fracture mode appeared showing small amount of reduction of
area, while the ductile fracture mode was true for the Bi free
alloy. Microstructural examination of ruptured specimens
showed cavitations on grain boundaries normal to the load
axis, and a significant of grain boundary sliding particularly
for the 10wt% Bi alloy. Using SEM, EDS etc., the precipitates
inside of and on grain boundaries were identified and their
roles in creep strength were explained.

Introduction

Recent worldwide legislative move to ban the use of Pb in
consumer electronics triggered intensive research efforts to
find materials without toxicity and environmental poisoning as
alternatives to conventionally used Pb-Sn eutectic solder[1-3].
The new solder material is supposed to have environmental
friendliness, as well as compatibility to the existing
manufacturing line, good wettability, good mechanical and
electrical property, low cost, and etc. Recently, Sn-3.5Ag
eutectic based ternary alloys[4-8] have been gaining wide
support from industry, but data on their mechanical properties
are rather rare yet. The third elements added to the eutectic
include Cu, Bi, In, and Zn[9]. Shimokawa, et al.[10] reported
that creep deformation of Sn-57Bi-Ag was dependent on the
slip at interfaces between Sn and Bi phases. Vianco, et al[11]
studied Sn-3.5Ag-Bi alloys with varying Bi content, and found
that hardness leveled off at 5 wt% Bi which was about the
solubility limit of Bi in the [ -Sn phase. The main
strengthening mechanisms were solid solution and
precipitation hardening.

In this study, Bi was added to the Sn-3.5Ag eutectic alloy
up to 10 wt%, and creep deformation of these alloys under
stable microstructures were investigated.

Experimental Procedures

Chemical compositions of Sn-3.5Ag based solder alloys
are listed in Table 1 and the nominal composites of Bi was 0,
2.5,4.8,7.5, and 10 weight percents (denoted as % hereafter),
respectively. In literature, bulk specimens of chill-cast alloys
were usually used for the creep studies[12-14]. However, bulk
specimen were generally much larger than solder bumps used
in real packages, and consequently, microstructures of

specimens were quite different from those of solder bumps.
Additionally, as-cast creep specimens usually undergo severe
microstructural changes during creep which vary wth the
applied stress and creep temperatures.

In this experiment, as-cast alloys were cold-rolled about
50%, and dog-bone specimens were machined, and
subsequently aged at 393 K for 12 hours to obtain stabilized
microstructures. Then, creep testing under constant load were
conducted at 373 K and ruptured surfaces were examined.

Alloy Sn Ag Bi
0Bi 95.7 3.61 -

2.5Bi 93.7 3.57 2.51
4.8Bi 91.5 3.59 4.84
7.5Bi 88.5 3.63 7.62
10Bi 85.8 3.68 10.1

Tab. 1. Composition of solder alloy. (wt%)

Results

Variations of Vickers hardness are presented as functions
of the Bi content in the Sn-3.5Ag alloys in Fig.1. It can be
seen that the hardness of as-rolled specimens increase
continuously with the Bi content and saturate around 4.8 %Bi.
From the Sn-Bi phase diagram[15], the hardness increase
seemed to arise from the solid solution strengthening of Bi
atoms in the [3 -Sn matrix, which saturated at the solubility
limit. In the case of specimens aged at 393 K, hardness
increased above 4.8 %Bi and tended to saturate at 8 %, which
was ascribed to the precipitation of Bi particles above the
solubility limit. Note that differences of hardness between the
12 hours and 100 hours aging were insignificant at all Bi
levels, which suggested the creep wunder constant
microstructures at 373 K. Fig.2 shows X-ray diffraction data
of 0, 4.8, and 7.5 Bi alloys, and it can be seen that the 7.5 Bi
specimen showed the Bi peak after 12 hrs aging at 393 K,
while Bi peaks were not found in the 4.8 Bi specimens. Note
that all the specimens showed XRD peaks of Ag3Sn.

Optical micrographs of specimens with varing Bi contents
before creep tests are presented in Fig.3. White and dark areas
in Fig.3(a) are Sn matrix and finely dispersed Ag3Sn
intermetallic compounds (IMC), respectively, which were
observed under rapid cooling conditions[16][17]. On the other
hand, needle-like precipitates observed in 7.5 Bi and 10 Bi
alloys were identified as Ag3Sn. Therfore, addition of Bi to



Sn-3.5Ag resulted in finely dispersed Bi particles and
irregularly shaped Ag3Sn IMC around 3 -Sn globules[18].
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Fig. 1. Hardness of Sn-3.5Ag-xBi alloys with varying Bi
content in the as-rolled and heat treated states. Fig. 2. X-Ray Diffraction of Sn-3.5Ag-xBi specimen.
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Fig. 3. Optical micrographs of (a) 0, (b) 4.8, (c) 7.5, (d) 10Bi
alloys which were annealed for 12 hrs at 393K after
rolling.

Creep curves of the Sn-3.5Ag based alloys did not show
the primary creep in most cases and the secondary creep
ensued immediately after loading, which was followed by the
tertiary creep. Minimum creep strain rates are plotted as
functions of applied stresses in Fig.4, and it can be seen that
the 2.5 Bi alloy showed best creep resistance, while the 10 Bi
alloy showed the worst. It appears that Bi atoms in the solid
solution below the solubility increased creep resistance
slightly, but segregation of Bi to grain boundaries or
precipitation of Bi particles in the matrix above the solubility
limit deteriorated the creep resistance. Stress exponents of the
minimum creep rate, n (€~c") were 410.6 except the 10 Bi
specimen which showed n=2. The stress exponent of n=2 was
reported in the case of superplastic deformation by grain
boundary sliding[19-21]. However, in the case of 10 Bi
specimen (ref. Fig.9), brittle creep fracture with the rupture
strain of 0.8 was observed, which showed little sign of
superplasticity. Grivas[20] observed n=7 for the shear stresses
greater than 7 MPa, but n=2 for the opposite in the Sn/37Pb
solder, and ascribed the latter to the superplastic creep by the
grain boundary diffusion controlled grain boundary sliding. In
the case of Sn-3.5Ag solders, Mavoori[22] reported, n=11.3

for stresses between 10 and 22 MPa, which made contrast to
n=5.0 reported by Mathew[23] for stresses between 3 and 11
MPa. Thus, the present result (n=4.5 for the Sn-3.5Ag alloy)
showed reasonable agreement to that of Mathew's. Minimum
strain rates are plotted as functions of the Bi content at several
stress levels in Fig.5. Except the 5.25 MPa data, the steady
state creep rate showed minimum at 2.5 %Bi and further
addition of Bi deteriorated the creep resistance.

Creep rupture times are plotted as functions of the applied
stress in Fig.6, and it can be seen that the rupture time was
longest for the 2.5 Bi specimens but shortest for the 10 Bi
specimens, as expected. The stress exponent of the rupture
time, m (¢,~c™™") was approximately 5 for the 0 Bi specimens
but decreased to 3 for the 10 Bi specimens. In the manner of
Fig.5, rupture times are plotted as functions of the Bi content
in Fig.7, and it can be seen that rupture time was longest for
the 2.5 Bi specimens but decreased with further addition of Bi.

Figure 8 shows the reduction of area (ROA) of ruptured
specimens as a function of the Bi content. It can be seen that
Bi containing alloys generally showed lower reduction of area
than the Bi-free alloy. The 0 Bi specimens showed highest
ductility with the tendency of ROA to increase with stress,
while 7.5 Bi and 10 Bi showed poorest ductility which was
pretty much independent of the applied stress.

n
o O0Bi 453
e 25Bi 3.84
v 4.8Bi 3.96
A 75Bi 3.39
4 10Bi 2.01
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Fig. 4. Minimum creep rates as functions of applied stresses
at 373K.
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Fig. 5. Minimum creep rates as functions of the Bi content
under several stress levels at 373K.

o O0Bi 4.93
® 25Bi 4.49
v 4.8Bi 4.04
A 75Bi 3.37

10Bi  3.03

10°F E

10°F E

t.(h)

10'F

3 4 5 6 7 8 9 10
¢ (MPa)

Fig. 6. Rupture time as functions of applied stresses at 373K.
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Fig. 8. Reduction of reduction of area vs. the applied stress
for various specimens.

Fig.9 is the optical and SEM micrographs of ruptured 4.8
Bi specimens under several stress levels. Developments of
microcracks by the interlinkage of facet sized grain boundary
cracks were found, and the grain boundary sliding seemed to
assist the linking process under 5.25 MPa. In contrast, the
same specimen under 7 MPa showed fewer grain boundary
sliding because the creep strain by grain boundary sliding
occupied smaller portion of the total strain at higher stress. As
can be seen from Fig.9(c), which is an enlarged image of the
circled area of Fig.9(b), facet sized single cavities developed
instead of numerous cavities at grain boundary precipitates of
the facet. Studies on the development and interlinkage of facet
sized intergranular cavities are rare in literature. From Fig.9(c),



it seems to be related to the cavity nucleation on bulky Ag3Sn
particles on the grain boundaries, fast grain boundary
diffusion, high creep rate, and soft matrix.

gad-diréction -
Det WD Exp 1 10um
100kv 3.0 2000x SE 103 763

AccV Spot Magn

Fig. 9. An optical micrograph of the ruptured 4.8Bi specimen
at (a) 5.25 and (b) 7 MPa. (c) An SEM micrograph of
the circled region in (b).

From the above analysis, the creep rupture of Bi
containing alloys were concluded to occur by coupled
mechanism of high temperature dislocation creep, nucleation
and growth of creep cavities, grain bounary sliding and
intergranular brittle fracture.

Conclusions

1. Creep resistance of the Sn-3.5Ag alloys were best at
2.5 %Bi showing smallest creep rate and maximum rupture
time, but deteriorated with more Bi.

2. Creep curves hardly showed primary creep regions, and
stress exponents of the minimum creep rate were
approximately 410.6 except the 10 Bi alloy which showed
n=2. On the other hand, rupture time showed stress exponents
of 3 for the 10 Bi alloy and 4£0.9 for others.

3. Additions of Bi increased the propensity for brittle creep
fracture lowering the reduction of area from 0.6 to 0.2.

4. For Bi containing alloys, creep rupture occurred by the
mechanism of the high temperature dislocation creep plus
nucleation and growth of creep cavities, grain boundary
sliding, and intergranular brittle fracture.
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