Microstructure Characterization and Creep Behavior of Pb-Free
Sn-Rich Solder Alloys: Part Il. Creep Behavior of Bulk Solder

and Solder/Copper Joints
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Microstructure plays a critical role in the mechanical behavior of Sn-rich solder alloys. A unified
mechanistic understanding of creep in Sn-rich solder alloys, at various microstructural length
scales, is missing. Part I of this study focused on microstructure characterization of Sn-rich
solder alloys. Part II focuses on the creep behavior of bulk solder alloys and small solder joints
comparable in size and geometry to those in electronic packages. Pure Sn, Sn-0.7Cu, Sn-3.5Ag,
and Sn-3.9Ag-0.7Cu were used in these studies. At the bulk level, creep appears to be controlled
by subgrain formation, whose size is controlled by Ag;Sn orCusSns particles. At the smaller
joint level, where the microstructures are much finer, creep in Ag-containing alloys was con-
trolled by local climb and detachment along Ags;Sn particles. The threshold stress for creep is
inversely proportional to the Ag;Sn interparticle spacing. At the joint level, the creep of Sn and
Sn-Cu alloys was controlled by viscous flow at grain boundaries at low stress, and transition to

dislocation climb at higher stress.
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I. INTRODUCTION

SOLDERS are an important part of electronic
packages because they serve as mechanical and electrical
interconnects.!" ! During device operation, creep (long-
term stress at temperatures greater than half the
homologous melting point) and fatigue damage (ther-
momechanical cyclic stress) occur in solder joints due to
the coefficient of thermal expansion (CTE) mismatch
between the different materials in the electronic package.

As described in the companion article,' there is a
significant driving force toward developing high-perfor-
mance, environmentally-benign, Pb-free solder alloys.
Among several potential Pb-free solders, Sn-rich solders
(Sn-Ag, Sn-Cu, and Sn-Ag-Cu) have been broadly
targeted as potential candidates for replacement of the
Sn-Pb system.!"* These solders have emerged as prom-
ising alternatives because of their higher strength,
superior resistance to creep and thermal fatigue, and
adequate cost.' > The mechanical properties of the
solder are strongly influenced by microstructure, which
is controlled by thermal history, i.e., solidification rate
and aging. Thus, an understanding of the relationship
between microstructure (as controlled by cooling rate of
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the solder) and mechanical behavior of Sn-rich solders is
extremely important.

Several studies have examined the creep behavior of
Sn-rich solders in both bulk!” 2" and solder joint?'2*!
form. A comparison of work in the literature shows that
there is a profound difference in creep behavior between
the bulk material (thickness ~2 to 6 mm) and solder
joints, which are more comparable in size and geometry
to actual solder balls found in electronic packages
(diameter <1 mm). The relationship between bulk and
small solder joint creep behavior is not trivial, as the
creep behavior depends on several important variables
including microstructure, stress state, and testing geom-
etry. Tables I and II provide a summary of creep stress
exponents reported for bulk and small solder joint
samples for a given temperature range. In an attempt to
correlate the microstructure and creep behavior, the
secondary Sn-dendrite size and intermetallic particle size
were estimated from micrographs from the respective
reports wherever possible.

An examination of the creep-rate stress exponents (7)
for Sn-rich alloys is quite broad, spanning from 3 to
18721 Similarly, the activation energies (E,) in Sn-rich
solders have been reported in the range of 39 to
135 kJ/mol.""?) The large range in n and E, may
indicate that different creep mechanisms (i.e., dislocation
climb, grain boundary sliding, and viscous glide) are
taking place. Kerr and Chawla®! studied the creep
behavior of single Sn-Ag/Cu solder joints. Their micro-
structure consisted of Sn-dendrites and a eutectic mixture
of fine AgsSn particles (<85 nm) in a Sn matrix. Creep
data showed a well-defined low-stress (n = 4 to 6) and
high-stress (n = 14 to 20) regime. It was suggested that
the high-stress regime was caused by Agi;Sn particles
acting as barriers to dislocation motion and analyzed
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Table I. Summary of Creep-Stress Exponents for Bulk Samples in Tension
Creep Temperature Approximate Approximate
Stress Range Intermetallic Secondary Sn-Dendrite
Reference Material System Exponent (1) (°C) Size (um) Size (pum)
Ochoa et al” Sn-3.5Ag 7 to10 25 to 120 0.3 to 20 3t09
Wu and Huan§[8] Sn-0.7Cu 7to 12 30 to 120 — 50
Mathew et al.”) Sn and Sn-3.5Ag 5to7 23 to100 — 15
Mavoori e all'% Sn-3.5Ag 12 25 to 80 — —
Wu et al'! Sn-3.5Ag 11 105 0.5 20
McCabe and Fine!'” Sn 6to8 23 to 101 — —
Vianco et afl'*! Sn-3.9Ag-0.6Cu 4to7 -25 to 160 — 40
Xiao and Armstrong!'” Sn-3.9Ag-0.6Cu 4to11 45 to 150 — 10
Wade et all'® Sn-0.5Cu, Sn-3.5Ag, 8 to 13 105 to 130 0.5 30
and Sn-3.5Ag-0.5Cu
Joo et al'”] Sn-3.5Ag-(0 to 1.5)Cu 4to8 100 1 20 to 100
El-Bahay ef al!'® Sn-3.5Ag 3t09 200 to 220 — —
Kariya et al.l'”! Sn-3.0Ag-0.5Cu 9to 13 25to0 75 — 10 to 20
Raeder et al.”” Sn-3.5Ag 6to8 20 to 158 —
Table II. Summary of Creep-Stress Exponents for Solder Joint Samples
Approximate
Creep Temperature Creep  Temperature Approximate Secondary
Exponent () Range  Exponent (n1) Range  Intermetallic Sn-Dendrite
Reference Material System Low Stress (°C) High Stress (°O) Size (um) Size (um)
Kerr and Chawla®  Sn-3.5Ag 4106 25t0 130 14t020 25t0 130 0.06t00.09 4to6
Rhee et al.?? Sn-3.5Ag 6to 12 25to 150  — — — 15
and Sn-4Ag-0.5Cu
Jadhav et al.?? Sn-3.5Ag 5 50 7t09 150
Lau et al.?¥ Sn-3.5Ag 5 50 — — — —
Song et al.l* Sn-3.5Ag, Sn-0.7Cu, 410 6 60to 130  7tol2 60 to 130 — —
and Sn-3Ag-0.5Cu
Shin and YuP*¥ Sn-3.5Ag 6 100 9to 13 100 — 10
and Sn-3.5Ag-0.75Cu
Darveaux et al.*” Sn-3.5Ag — — 11 to 18 27 — —
and Sn-4Ag-0.5Cu
Weise et al.?® Sn-3.5Ag 3 11 to 12 <0.2 —

and Sn-4Ag-0.5Cu

by a threshold stress analysis. Dislocation climb was cited
as the predominant mechanism controlling creep defor-
mation in the low-stress regime. Climb-controlled defor-
mation during creep has also been postulated as an
operative mechanism by Wu and Huang!®® and Mathew
et al.,”’ although these studies were conducted in bulk
solder. In fact, in these bulk solder studies, a single creep-
stress exponent was observed over the entire stress range.
It is possible that this may be due to the bulk solders
having a much coarser microstructure (secondary Sn
dendrite size ~15 to 50 um) compared to the solder joint
(secondary Sn dendrite size ~4 to 6 um). At temperatures
close to the Sn-3.5Ag solder melting point (200 °C to
220 °C), it has been proposed that creep deformation was
due to viscous glide (n = ~3, 0 = ~30 kJ/mol)."® It has
also been postulated that the operative mechanism for
creep deformation in Sn-rich alloys may be grain bound-
ary sliding along Sn-Sn grain boundaries.****! However,
Ochoa ez al! used scanning electron microscopy and
atomic force microscopy to show that the contribution of
grain boundary sliding to the total creep strain in
Sn-3.5Ag solder is very small (~ <8 pct total strain).
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Several diffusion mechanisms have been reported for
Sn-rich alloys.”*®! For bulk Sn-rich solders, dislocation
core diffusion (Q = ~50 to 70 kJ/mol)?!%13 or Jattice
diffusion (Q = ~100 to 120 kJ/mol)!®'”' have been
reported as the operative diffusion mechanism over a
wide temperature range (25 °C to 120 °C). Interestingly,
in other reports diffusion mechanisms have been shown
to be influence by temperature!*!'*?13] with two
separate processes involved during creep. At low tem-
peratures (<75 °C) creep is controlled by dislocation
core diffusion and at high temperatures (> 75 °C) creep
is controlled by lattice diffusion. It is clear that there are
several discrepancies between studies of Sn-rich alloys
containing Ag and Cu. Since very few of these studies
provide an in-depth quantification of the microstruc-
ture, it is difficult to decipher the influence of specific
microstructure feature on the creep behavior. Thus,
upon reviewing the literature, we can conclude that a
unified mechanistic understanding of creep in Sn-rich
solder alloys is still required.

A comprehensive study is necessary to determine the
relationship between microstructure (i.e., intermetallic
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particle size and spacing), creep stress exponents, and
activation energies. Particular attention needs to be paid
to dislocation-particle interactions to help rationalize
the high-stress exponents (n > 10) observed in these
systems. In this article, which is Part II of our study, we
provide a comprehensive understanding of the creep
behavior for Sn-rich solder alloys. Bulk solder creep
behavior is compared to small solder sphere joint
creep behavior, where the solder joints are analogous
in size and geometry to those employed in electronic
packages. We refer to the comprehensive microstructure
characterization detailed in Part I' to draw conclusions
regarding the relationship between creep behavior and
microstructure. The underlying mechanisms for creep
deformation in bulk Sn-rich solders and small solder
joints will be determined by invoking a subgrain and
threshold stress analysis to account for anomalously
high-creep stress exponents. Theoretical deformation
models will then be used to explain and predict the
magnitude of the threshold stress in terms of disloca-
tion-particle interactions. Finally, the postulated creep
mechanisms were studied and verified by transmission
electron microscopy (TEM) of crept samples.

II. EXPERIMENTAL PROCEDURE

Characterization of the creep behavior of bulk solder
and small solder joints was conducted on four materials:
pure Sn, Sn-0.7Cu, Sn-3.5Ag, and Sn-3.9Ag-0.7Cu.
Detail on sample fabrication and reflow for both bulk
and solder joints are provided in Part I of this study.!®

Creep testing of the small solder joints was conducted
on a micromechanical testing system (TYTRON¥*) at

*TYTRON is a trademark of MTS Systems, Minneapolis, MN.

temperatures of 25 °C, 60 °C, 95 °C, and 130 °C. The
system consists of an actuator that incorporates a thin-
film air bearing for near friction-free operation.?'*?! A
DC linear motor function enables application of dis-
placement through the actuator assembly. The strain
was measured using a high-resolution displacement
gage, with a sensitivity of about 0.1 yum. The load was
measured using a £250 N load cell with a resolution of
+0.1 N. A convection air furnace was used to control
the temperature during the creep tests, and samples were
secured with water-cooled grips. The temperature var-
iability in the solder, measured with a thermocouple
close to the sample, was approximately +0.1 °C. To
compensate for variability in solder joint geometry, the
joint thickness and pad size were measured in each
sample in order to accurately measure the applied stress
and strain.

Bulk creep specimens were machined into dogbone
specimens 10 cm in length, 0.4 cm in thickness, and with
a gage length of 3.2 cm. The samples were machined
from the bottom of reflowed blanks (Indium Corp,
Ithaca, NY), where the microstructure was relatively
homogenous. Creep tests were conducted at 25 °C,
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95 °C, and 120 °C on a servohydraulic load frame. The
creep experiments were conducted using a box furnace
and water-cooled grips. The strain was measured with a
clip-on extensometer with a gage length of 2.5 cm and a
sensitivity of about 2 um. The specimen temperature
was monitored using a thermocouple located near the
middle of the gaged section of the specimen, and was
approximately £0.5 °C. Additional creep testing of the
bulk solder microstructure was conducted on the
TYTRON using smaller tensile specimens with a gage
section width of 2.4 mm, thickness of 0.5 mm, and
length of 20 mm. This was conducted to minimize the
sample-to-sample variability that was observed in the
larger bulk specimens due to processing (i.e., internal
porosity, flaws within gage section, etc.)

The activation energy during creep was determined
using two separate methods:®>** (1) constant stress
experiments, where the temperature of the sample at
constant stress was incrementally increased and the
strain rate measured; and (2) conventional constant
stress, constant temperature experiments. The purpose
of utilizing the first method was to ensure that the
activation energy for creep was not structure-dependent
and microstructure coarsening was not influencing the
apparent diffusion mechanism. After creep TEM was
conducted. Details of TEM sample preparation are
provided in Part 1.1

III. RESULTS AND DISCUSSION

The presentation of creep results is divided in terms of
(a) bulk solder and (b) small-scale solder sphere joints.
Within each section, the creep behavior is characterized
in terms of creep stress exponents, activation energies
for creep, and TEM of crept samples. Analytical and
numerical models were used to explain the experimen-
tally-observed trends. The authors have also previously
studied the creep behavior of Sn-3.5Ag both in bulk
form!” and in solder joints.*” These studies are included
as a means of comparison. Section III-B discusses the
unification of bulk and small-scale length creep behavior
in terms of the relevant microstructural parameters and
their length scales.

A. Creep Behavior of Bulk Solder

As shown in Part I' of this study, the size of Ag;Sn
particles for bulk, water-quenched, and solder joints was
quite fine, on the order of 100 to 200 nm, while those in
furnace-cooled samples were much coarser, on the order
of 10 to 17 um. It is interesting to note that there was no
difference in Ags;Sn particle size and aspect ratio
between Sn-Ag and Sn-Ag-Cu alloys. The aspect ratio
of AgsSn in the finer microstructures was on the order of
I to 2, indicating that the particles were somewhat
spherical. On the other hand, furnace cooling provided
sufficient time for diffusion and particle growth to take
place, resulting in Ag;Sn rodlike structures (i.e., much
higher aspect ratio). Slower cooling also resulted in an
increase in interparticle spacing, which is directly related
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to particle size. These differences in microstructure had a
profound effect on the creep resistance.

The creep behavior of bulk Sn, Sn-0.7Cu, and Sn-
3.9Ag-0.7Cu solder systems was studied at 25 °C, 95 °C,
and 120 °C. The steady-state creep rate vs applied stress
was used to obtain the creep stress exponent, n. The
steady-state strain rate during creep can be related to the
applied stress by the Mukherjee—Bird—Dorn equa-

tion:?®

. Gb\ so\" -0,

8SA<RT> (G) eXp(RT) ]
where & is the minimum steady-state strain rate, Q.
denotes the activation energy for creep, o is the applied
stress, n is the creep stress exponent, G is the temper-
ature-dependent shear modulus, b is the burger’s vector,
R is the gas constant, 7 is the temperature in Kelvin,
and A is a constant. The creep rate vs applied stress data
for the four alloys in bulk form are shown in Figure 1.
Figure 1(a) through (d) show the data for samples
cooled at 0.1 °C/s (furnace-cooled), while Figure 1(¢)
through (h) show creep data for samples at 24 °C/s
(water-quenched). The Sn exhibited the highest creep
rate followed by Sn-Cu, Sn-Ag, and Sn-Ag-Cu for
samples at both cooling rates.

A summary of the creep-stress exponents is shown in
Table III. For the bulk 0.1 °C/s cooled samples, the n
exponent is ~7, while for 24 °C/s it ranges from 7 to 10.
These values fall within the wide range of reported stress
exponents for bulk Sn-rich solder alloys (n = 3 to 13)./ 2"
Bulk pure Sn system exhibited an n exponent of 7,
independent of cooling rate. This correlates well with other
studies on bulk pure Sn, where stress exponents of 7 have
also been reported.”'?! The value of the stress exponent
indicates dislocation climb as the predominant mechanism
for creep. This is discussed in more detail later in this
section.

It is interesting to note that in general the bulk Sn-rich
alloys, while exhibiting better creep resistance than pure
Sn, had stress exponents similar to that of pure Sn. This
is more so the case in the slower cooled samples (1 °C/s),
which had a coarser microstructure consisting of large
Sn-dendrites and widely dispersed CugSns or Ags;Sn
needles intermetallics. The Sn-Ag and Sn-Ag-Cu mate-
rials cooled at 24 °C/s, i.e., materials with a finer
microstructure behaved more like dispersion-strength-
ened alloys. In these alloys the creep resistance increased
significantly due to the very fine scale of Ag;Sn, which
had a size of 200 to 250 nm and interparticle spacing of
<265 nm. Some evidence of this can also be seen in the
slight increase in the stress exponent to 10 at ambient
temperature.

Measurements of activation energy were taken for the
bulk solder cooled at 0.1 °C/s, since the stress exponents
were constant at all temperatures. The activation
energies were between ~52 to 67 kJ/mol for all four
solders in the temperature range of 25 °C to 120 °C
(Table 1V). These values compare well with recent
studies on bulk Sn-rich alloys where the activation
energy ranged from 55 to 77 kJ/mol.”'>'") Further-
more, they are consistent with the activation energy
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required for dislocation core diffusion in ?ure Sn, which
is in the range of 50 to 70 kJ/mol.”*¢ 3% Thus, for the
temperature range in the present study, dislocation-core
diffusion appears to be the dominant diffusion mecha-
nism during creep in the bulk specimens. It is important
to note that although the small quantities of alloying
additions have a significant effect on creep resistance,
they seem to have a minimal effect on the diffusion
mechanism in bulk Sn-rich solders.l*"!

An analysis of the creep-stress exponents and activa-
tion energy for creep showed that creep appears to be
taking place by dislocation climb, with diffusion taking
place through the cores of dislocations. Sherby and co-
workers,***! demonstrated that when well defined
subgrain boundaries form during creep a marked
change in the stress exponent occurs from n = ~5 to 8.
The exact mechanism for subgrain formation is not
fully understood, although it is generally agreed that
subgrains are associated with slip bands.****! Further-
more, second-phase particles, such as Ag;Sn in Sn-Ag
and Sn-Ag-Cu, or CugSns and grain boundaries in Sn-
Cu and pure Sn, can act as pinning sites that define the
area of subgrains.* The influence of subgrain size
during creep can be described as follows: ")

. /13 Deff o\38
‘ K(b) b’ (G) 2
where b is the burgers’s vector, G is the shear modulus, 1
is the subgrain or barrier distance (in our case, the
interparticle spacing), and Deg is the effective diffusion
coefficient. The creep exponent (¢ < ¢®) and subgrain
exponent (¢ o /3) arise analytically from analysis of the
creep data used to develop the model.*!*%) Additionally,
it has been shown that for systems where the micro-
structural features were much finer (<200 nm) no
subgrain formation occurred during creep.[* It should
be noted that dislocation climb remains the operative
deformation mechanism during creep even with the
change in creep stress exponent from n = 4 to 7 to
n =8 to 10.414
The steady-state creep rate at 14 and 18 MPa was
plotted vs AgsSn interparticle spacing at 120 °C and
95 °C for bulk Sn-3.5Ag solder (Figure 2). The results
reveal a dependence of strain rate with 4 to the power of 3.
These results were further validated by normalizing the
creep-strain rate by D/’ and plotting this vs stress
normalized by shear modulus (Figure 3). The data is well
described by a slope of ~8, confirming the influence of
subgrain formation and diffusion along dislocation cores.
Our hypothesis of subgrain formation controlled by
AgsSn particles is further supported by TEM analysis.
Figure 4 shows evidence of subgrain formation in Sn-
3.5Ag cooled at 24 °C/s. The formation of low-angle
boundary networks is readily observed in the crept
specimens. The formation of the cell walls is due to
accumulation of edge dislocations b_;/ climb leading to
the development of the subgrain.*”) Some degree of
subgrain formation may also be occurring in the 24 °C/s
Sn-Cu alloy with n exponents of 10 and 8 observed at
25 °C and 95 °C. However, due to the absence of fine
AgsSn particles, and the coarse spacing between CugSns
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Fig. 1—Steady-state creep rate as a function of stress for alloys cooled at 0.1 °C/s: (a) Sn, (b) Sn-0.7Cu, (¢) Sn-3.5Ag, and (d) Sn-3.9Ag-0.7Cu;
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—e—25¢C
—{d—o95°C 3
—a—120°C
E K]
ER)
<
1l e
100
—8—25¢C ]
L [—O—oesc 4
E |—a—120C o E
L 4 e
E "n
-
E i ®w
E n~7 3
E o
Sn-Ag 3
L L Lol L TR R R
10 100
c (MPa)
(c)
[ e 25c | ]
E n~7 O ec | 3
F o a 120c| 3
.
3 ERE
£ n~7 ] KJ
3 ER
3 ]
.
L v el
10 100
o (MPa)
(e)
L ® 25C ]
E | o wc o E
£ A 120C k|
E n~8 E
o
. ERC)
E {m) 5 *w
E 4 3
i n8 7/ n-10 ]
£ Sn-Ag ]
L L L Lol L L L1 \7
1 10 100
c (MPa)

METALLURGICAL AND MATERIALS TRANSACTIONS A

&

o 5C Sn-Cu
E | H—95C -
E —&—120°C 3
E n~7 |
L L Lol L L Lo
1 10 100
G (MPa)
(b)
—8—25C Sn-Ag-Cu
E | —O—95C
E | —&—120°C
E /u ]
3 / n~7 :
E 4 3
n il L
10 100
o (MPa)
(d)
§ Sn-Cu
e ® 25°C 4
E H 95°C A E|
£ A 120C
, n~8 ]
VAN ]
3 - 3
c n7 24 no10
L n i i L
10 100
o (MPa)
(f)
E Sn-Ag-Cu 1
e ® 25°C |
O 95C
£ A 120°C ]
3 n-8 3
F E(\j’ E
o
L n-8 n~10 b
i L L Lol L L TR \:
1 10 100
o (MPa)

VOLUME 39A, FEBRUARY 2008—353



Table III. Summary of the Stress Exponent for the
Respective Solder Systems

Bulk Solder

0.1 °C/s 24 °CJs
Solder System  25°Cto 120°C 25°C 95°C 120 °C
Sn 7 7 7 7
Sn-Cu 7 10 8 7
Sn-Agl” 7 10 8 8
Sn-Ag-Cu 7 10 8 8

Table IV. Activation Energies for Bulk Solder Alloys
(0.1 °C [s)

Solder Alloy 25 °C to 120 °C (kJ/mol)

Sn 63.6 + 3.8
Sn-Cu 56.5 £ 0.5
Sn-Agl” 52.8 + 1.0
Sn-Ag-Cu 60.7 £ 0.3
5| O 120°c,14mPa i
5107 @ 95 °C, 18 MPa ]
T @ ) =265 nm T
310 A A =307 nm
| m 2=352nm i
"W
a3
101 -
8107 [ ]
I Sn-3.5Ag 4
6107 s s
2102 3102 4102
A (nm)

Fig. 2—Creep dependence on subgrain size for bulk Sn-3.5Ag water-
cooled at 120 °C, 14 MPa and 95 °C, 18 MPa. The results indicate
¢ AP, where p = 3.

particles (~390 nm) the fraction of subgrain networks is
much lower and thus, the observed stress exponent of 7
at 120 °C. In fact, Weertman®® has shown that the
creep rate is controlled by annihilation of piled-up
dislocations through climb within grain boundaries, and
concluded that in coarse grained materials with subgrain
formation the subgrains may not be an effective barrier
to piled-up dislocations.

B. Creep Behavior of Solder/Cu Joint

The creep behavior of the same alloys in Sn-rich
solder/Cu joint form was studied at 25 °C, 60 °C, 95 °C,
and 130 °C. Since the solder joints were tested in shear
using a lap shear geometry, the creep-strain rate was
measured in terms of steady-state shear strain rate, 7, at
a given applied shear stress, t (Figure 5). Table V

354—VOLUME 39A, FEBRUARY 2008

L

LERLL R e

sl v vl

/(D23
3.

vl vl 3ol

10 é ® Sn-Ag,95°C
F ¢ Sn-Ag, 120°C
1O12 ;* o Sn-Ag-Cu,120°C
o Sn-Ag-Cu, 95°C
10" 3 o e
10 [ ) ]
10 10_4 10_3 10_2
o/G

Fig. 3—¢/D7* vs 5/G, where 1 is the subgrain size. Bulk water-cooled
creep data superimposed on a common curve attesting to the ¢ oc A°
at constant diffusivity and modulus compensated stress. Slope of the
curve reveals that the stress exponent is ~8.

summarizes the creep-stress exponents for the Sn-rich
solder/Cu joints. The Sn-3.5Ag and Sn-3.9Ag-0.7Cu
solder/Cu joints (Figure 5(a) and (b)) both exhibit
classic dispersion-strengthened creep behavior. A well-
defined two-tiered behavior comprised of a low-stress
regime (LSR) and high-stress regime (HSR) is quite
apparent. In the LSR, a stress exponent (n) of approx-
imately 6 was observed at 25 °C and 60 °C, while at
95 °C and 130 °C n was approximately equal to 4. These
exponents are characteristic of creep controlled by
dislocation climb.*”! In the HSR, the stress exponent
was always greater than 10. The observed change in the
stress exponent between low temperatures (25 °C and
60 °C) and high temperatures (95 °C and 130 °C) can be
linked to a change in diffusion mechanism during creep.
The Sn and Sn-0.7Cu joints (Figure 5(c) and (d)), on the
other hand, exhibit a single-tier behavior at low
temperatures and an “‘S-shaped” transition at high
temperatures, analogous to Newtonian viscous glide at
grain boundaries."” The absence of a transition in stress
exponent behavior between the LSR and HSR is
expected, since the Sn is a single phase material and
the Sn-0.7Cu solder joints show little dispersion
strengthening, due to the large CugSns intermetallic
particles and their large spacing.

The Sn and Sn-0.7Cu solder joints also both exhibited
a single-tiered stress dependence, indicating a single
creep mechanism. This was also apparent upon exam-
ining the activation energy measurements for the entire
temperature range (25 °C to 130 °C) studied (Table VI).
A single diffusion mechanism was identified and it
correlates to lattice diffusion in pure Sn, which has been
reported to range between 98 to 118 kJ/mol.*%*73% The
difference in diffusion mechanisms observed between
bulk specimens and small solder/Cu joints in Sn and Sn-
0.7Cu may be attributed to the lack of subgrain
formation at the smaller grain sizes of the solder joint,
and thus, less of a dependence of diffusion along
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Fig. 4—Evidence of subgrain boundary formation during creep deformation in water-cooled Sn-3.5Ag solder at 12 MPa and 95°C.

dislocation cores. Transitions in creep mechanisms with
grain size have also been observed in other material
systems.[5 1-56]

The creep behavior of Sn-Ag-Cu and Sn-Ag solder
joints is intimately linked to their dispersion-strength-
ened microstructures, and is inherently different from
both the bulk alloys, and the Sn and Sn-0.7Cu solder
joints. Two activation energies were measured in two
temperature regimes, indicating that two different diffu-
sion mechanisms are operating during creep. For the
higher temperature regime (95 °C to 130 °C), the
activation energies for both Sn-3.5Ag and Sn-3.9Ag-
0.7Cu fall between 105 and 126 kJ/mol. These compare
well with the activation energies for lattice diffusion of
pure Sn.B%¥7-381 1n the lower temperature regime (25 °C
to 95 °C), the activation energy for both Sn-3.5Ag and
Sn-3.9Ag-0.7Cu is approximately 0.4 to 0.5 of the value
for lattice diffusion of pure Sn, and has been confirmed
to correspond to dislocation core diffusion.”->”) Work
conducted by Breen and Weertman!®*®! on polycrystalline
Sn showed that the transition temperature from lattice
diffusion to dislocation core diffusion occurs abruptly in
a temperature range of 0.7 to 0.85 Ty,. This has been
confirmed in both the present study for Sn-3.9Ag-0.7Cu
and in the work by Kerr and Chawla®! for Sn-3.5Ag.

The transition in activation energy can be used to
explain the change in stress exponent observed between
the low-temperature regime (n = ~4) to the high-tem-
perature regime (n = ~6). Sherby and Burke®™® suggested
that during high-temperature creep, both lattice diffusion
and dislocation core diffusion are taking place simulta-
neously. A relationship for creep considering an effective
diffusion coefficient, D.g, was developed:
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Detr = Difi + Dyt 3]

fa=n/Np [4]

where D, is the lattice diffusion coefficient, D, is the
dislocation core diffusion coefficient, and f; and f, are
the fraction of atoms associated with lattice diffusion
and dislocation core diffusion, respectively. The fraction
of atoms participating in a given diffusion mechanism
(f), 1s expressed in terms of the number of contributing
atoms (1), number of atoms per m> (N), and the
dislocation density (p).°”! The dislocation density then
can be expressed as a function of stress:

) s

where K is a constant, ¢ is the applied stress, and FE is
Young’s modulus of the material. Using Eq. [5], f; can
be expressed in terms of stress.> When Dy is substi-
tuted into the constitutive equation for creep, we obtain
the following relation:

7= A(Lefﬂ;?;eGb) (%)n = A'(Defrective) (%)n

A0 (2 (2) = 4 0e) () 6

Thus, assuming that diffusion takes place primarily
along dislocation cores in the lower temperature regime,
the dependence of strain rate on stress will increase by a
power of 2.
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Fig. 5—Strain rate vs applied stress for (a) Sn-3.5AgP? and (b) Sn-3.9Ag-0.7Cu solder joints at 25 °C, 60 °C, 95 °C, and 130 °C. Note the
transition in stress exponent from 6 to 4 in the low-stress regime with increasing temperature. Strain rate vs applied stress for (¢) Sn and
(d) Sn-0.7Cu solder joints at 25 °C, 60 °C, 95 °C, and 130 °C. Note the S-shaped transition in the high-temperature regime (95 °C to 130 °C).

Table V. Summary of the Stress Exponent for the Respective
Solder Systems

Solder/Cu Joints

LSR

HSR
Solder 25 °C 95 °C 25 °C 95 °C
System to 60 °C  to 120°C  to 60 °C  to 120 °C
Sn 4 4

Sn-Cu 4 4
Sn-Agl? 6 4 14 to 15 20
Sn-Ag-Cu 6 4 15 20

It can be seen that the creep behavior between the
bulk and solder joints is notably different. For Sn-Ag
and Sn-Ag-Cu alloys in bulk form, a single high-stress
exponent defines the data, while for the solder joints a
two-tiered behavior is observed (LSR and HSR).

The stress exponent values for the AgzSn-containing
solder joint alloys (Sn-Ag and Sn-Ag-Cu) are much
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Table VI. Activation Energies for Solder Joints

in the Low-Stress Regime

Solder/Cu Joints (kJ/mol)

Solder System 25 °C to 60 °C 95 °C to 130 °C

Sn 109 £ 6
Sn-Cu 102 £ 4
Sn-AgP!] 50 £ 5 126 + 8
Sn-Ag-Cu 55+ 4 105 + 7

higher in the HSR compared to the LSR (Table V). The
high-stress exponents in the HSR are consistent with the
behavior of many precipitation- and dispersion-strength-
ened materials where a transition in creep deformation
mechanisms is observed.!®* %% In these materials, a fine
distribution of second-phase particles exerts a resistive
force on dislocations, also termed an internal stress.
Thus, the actual creep-stress is equal to the applied stress
minus the internal resisting stress. Several studies have
invoked the concept of threshold stress in precipitation
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and dispersion-strengthened alloys to explain the high
apparent stress exponent values and high apparent
values for activation energy.l**%¥ Other studies have
used the threshold stress analysis to study the creep
behavior of Sn-rich solders.®®! We have used this
approach to determine the true stress exponent in the
solder systems and to explain the mechanisms that are
occurring during creep deformation.

The threshold stress, t,,, can be incorporated into the
Mukherjee—Bird—Dorn equation by subtracting it from
the applied stress. The expression for the steady-state
shear strain rate then becomes

. Gb\ /T — Th\" -0,
VS_A(RT)( G ) eXp(RT> 7]
The threshold stress for the creep data was calculated
using the following approach. The creep data was
1

analyzed by plotting 3.)2 vs applied shear stress for n
values ranging between 4 and 6 in the LSR. For 25 °C
and 60 °C, an exponent of n = 6 was applied and for
95 °C and 130 °C, n = 4 was used. The curves were
then extrapolated to a zero strain rate and the threshold
stresses were determined.[®® % Figure 6 shows a repre-
sentative plot of the threshold stress analysis, analyzed
for Sn-Ag-Cu joints. It should be noted that upon
normalizing the applied stress by the temperature-
dependant shear modulus, the threshold stress for all
temperatures is fairly constant, indicating that the
mechanism responsible for the threshold stress is similar
at all temperatures.

Several mechanisms have been proposed to explain
the origin and magnitude of the threshold stresses in
precipitate and dispersion-strengthened alloys, where
dislocation mobility is hindered by an array of particles.
If dislocations bow out between particles, the threshold
stress is equal to the Orowan stress, t,, which is given

by[64,65]
Gb
7, = 0.84 (i = dp) 8]

Second, the internal stress may be equal to the disso-
ciation stress, 7p, which describes the stress associated

0.4 T T T

0.35 - 25°C _

0.3 -

> ede

0.25

1/n

> 02

0.15 -

0.1

0.05 -

0

5107 1107°

3

1510° 210° 25107

T/G

Fig. 6—Threshold stress for Sn-3.9Ag-0.7Cu solder joint.
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with the dissociation of lattice dislocations into interfa-
cial dislocations at the matrix-garticle interface that
surmount the particle by climb:*%

p =103 (@) exp <20rp) [9]
rp A

Third, if a back stress, 73, is required to create an
additional segment of dislocation as it surmounts the
particlﬁ by local climb, the threshold stress is given

yl67-68
=03 (%) [10]

where A is the interparticle spacing, dp is the average
particle size, rp is the average particle radius, G is the
shear modulus, and b is burger’s vector (0.317 nm for
Snl®®%) A fourth mechanism has been observed
experimentally that elucidates the secondary interac-
tions of the dislocation with the particles after the
dislocation has surmounted the particle.’%7? Initially,
the dislocation line length in close proximity to the
particle-matrix interface undergoes climb, while the
portion not in contact with the particle remains in
the glide plane. It is suggested that the particles have
interfaces that may slip and can attract dislocations by
reducing the total elastic strain energy. The attractive
interaction results in the dislocation detaching from the
departure side and results in a detachment stress that
reflects the increase in strain energy of the dislocation.
Arzt and co-workers®**7*" developed the following
model to analyze the detachment process:

u= () il

where 4 is the interparticle spacing, G is the shear
modulus, b is burger’s vector, and k is the relaxation

20

Sn-Ag Joint
Sn-Ag Bulk

Sn-Ag-Cu Joint
Sn-Ag-Cu Bulk
Climb Model n
~— Detachment Model

o
OmoOe

Threshold Stress (MPa)
=

o
T
@]
1

0 I 1 I I 1 |
140 160 180 200 220 240 260 280

AgSSn Interparticle Spacing (nm)

Fig. 7—Comparison of predicted threshold stress determined by dis-
location climb and detachment models with experimentally deter-
mined threshold stress as a function of interparticle spacing.
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parameter described by a modified dislocation line
energy:

(Gb*), = k(Gb*),, [12]

where p refers to the particle interface and m the matrix.
Arzt and Wilkinson!”®! showed that the relaxation
parameter, k, also provides a critical transition value
below which dislocation bypass becomes detachment-
controlled.

The model predictions were compared to the exper-
imentally determined threshold stress. A comparison
was only made on materials with a fine microstructure

since these materials exhibited classical dispersion
strengthening behavior, i.e., anomalously hi%h values
of creep-stress exponent. Kerr and Chawlal®? initially
suggested that the high-stress regime was caused by
Orowan bowing of dislocations around the Ag;Sn
particles. However, upon comparing the model predic-
tions to our experimental results it is evident that local
climb and detachment model predict the experimental
threshold stress best, suggesting dislocation climb over
the intermetallic particles as the principal creep mech-
anism. Therefore, it appears that at larger Ag;Sn
interparticle spacing the creep behavior is dominated
by dislocation climb, and as the interparticle spacing

Fig. 8—TEM micrographs after creep ((110) zone axis): (a) eutectic region within a Sn-3.9Ag-0.7Cu sample crept at 14 MPa and 95 °C showing
dislocation-particle interaction, (b) eutectic region within Sn-3.5Ag sample crept at 12 MPa and 95 °C showing similar interactions, and (c) grain
boundary of a Sn sample crept at 4 MPa and 95 °C showing dislocation mobility is unrestricted with lack of impeding particles.
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decreases this is transitioned to climb controlled by
dislocation detachment (Figure 7).

Local climb and detachment conclusions are further
supported by TEM analysis of the crept samples
(Figure 8(a) and (b)). These micrographs show disloca-
tions interacting with the particles and likely climbing
over AgsSn. Thus, dislocation climb appears to be the
operative mechanism in the precipitate-strengthened Sn-
3.9Ag-0.7Cu and Sn-3.5Ag solder/Cu joints. It is evident
that dislocation mobility is severely hindered by inter-
action with the finely dispersed intermetallic particles.
This is very different from the case of pure Sn, where the
dislocations move unobstructed (Figure 8(c)). The pre-
ceding analysis indicates that the creep behavior of the
dispersion-strengthened alloys, Sn-Ag and Sn-Ag-Cu,
appears to be controlled by Ag;Sn size and spacing. To
examine the effect of interparticle spacing, creep exper-
iments were conducted on Sn-3.5Ag solder joints of
different Ag;Sn size and spacing (as controlled by
cooling rate).

The data are shown in Figure 9. The plot clearly
shows that for the lower interparticle spacing of Ags;Sn,
the creep behavior is described by a two-tier transition
in the stress exponent. Thus, we can deduce that the
single-tier behavior observed in bulk specimens is due to
the coarser microstructure in these materials, i.e., larger
AgsSn size and spacing. The AgzSn particle size in the
bulk tensile specimens was approximately 70 pct larger
than that of the other microstructures, while the
interparticle spacing was approximately 56 pct larger.
It is likely that a critical particle size and spacing exists,
and it corresponds to the transition between single-
tiered and the two-tiered creep behavior.

C. Finite-Element Modeling of Grain-Boundary Sliding
Accommodated by Power-Law Creep

It is interesting to note that in pure Sn and Sn-0.7Cu
solder joints at 95 °C and 130 °C, a transition region at
intermediate stresses is observed. As discussed previ-
ously, in both the LSR and HSR the stress exponent is
approximately 4. This S-shaped behavior was first
observed by Cline and Alden™® for Pb-Sn eutectic
alloys. They reported that metallographic observations
show increasing grain boundary offsets with decreasing
strain rate near the upper strain rate end of the
“transition.”

To better understand the deformation modes present
we invoke the model and explanation provided by
Crossman and Ashby.[® They modeled the transition in
systems where the boundaries between grains are
allowed to slide in a Newtonian viscous manner, and
deformation within the grains takes place by power-law
creep. At low stress, deformation within the grains is
accommodated by sliding at the grain boundaries so
there is acceleration in creep rate. Increasing the stress
results in a transition in creep rate, where the contribu-
tion of dislocation creep increases. Finally, at stress
levels beyond the transition, the contribution from free
sliding to the overall deformation is negligible. The net
effect is that a stress dependence of n = ~ 4 exists in
both the low- and high-stress regimes.

METALLURGICAL AND MATERIALS TRANSACTIONS A

10 E T T TorrrTTd E
L ® ;-352nm ;
2 F O 1 =288nm E
10 3 A A=177nm 3
. ¢ 1=167nm n-~20 1
- & A=159nm 3
— 10 ¢ .
R : E
el
107k 3
10-8;_ n~8 ]
10708 e e

1 10 100

T (MPa)

Fig. 9—Comparison of the Sn-3.5Ag creep data at 95 °C for all
testing geometries. For a relatively constant interparticle spacing, the
creep behavior is similar irrespective of testing geometry.
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Fig. 10—Schematic and finite element method model of hexagonal
Sn grains with viscous grain boundaries used to model creep behav-
ior in pure Sn and Sn-Cu alloy.
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To better understand the deformation modes present
in the solder joints, we conducted finite element mod-
eling based on the model developed by Crossman and
Ashby.”) A two-dimensional, plane strain, axisymmet-
ric model of hexagonal grains encompassed by a viscous
boundary layer was used to analyze the stress state of
the system. The symmetry axis was fixed vertically
(displacement in the 2-direction with U, = 0) but was
allowed to move horizontally while the bottom of
sample was fixed (U, = 0 and displacement in the
I-direction, Uy, is 0). Figure 10 shows a schematic of the
modeled grains, which were loaded in shear.

The boundaries between grains were allowed to slide
in a Newtonian viscous manner, and deformation within
the grains was modeled using power-law creep:

. DyGb\ /T\"
—4 (—) 13
P=a(%r) G 13
where G is the shear modulus, b is the burger’s vector,
Dy is the lattice diffusion, R is the gas constant, and 7 is

0.001

10

*>= 107

the stress exponent. The relative sliding rate of two
grains that meet at such a boundary is given by

Ugs = (%)‘L’ 4]

where w is defined as twice the atomic size, which slides
in a Newtonian viscous manner, and 7, is the viscosity
of the boundary, defined as

5= (s 15

where Dpis the grain boundary diffusion coefficient. The
constitutive behavior for the grain boundary is shown in
Figure 11. At low stress, deformation within the grains
is accommodated by sliding at the grain boundaries.
Thus, an acceleration in creep rate is observed. Increas-
ing stress results in a transition in creep rate, whereby
the contribution of dislocation creep increases. Finally,
at stress levels beyond the transition, the contribution

g, Mises
(Ave. Crit.: 75%)

(b)

+8.Z216e-01
+7.5331e-01
+6.847e-01
+6.163e-01
+5.478e-01
+4.774e-01
+4,105%e-01
+3.425e-01
+2.741e-01
+2.056e-01
+1.372e-01
+6.875e-02
+3.065e-04

Fig. 12—(a) Finite element model prediction of S-shaped creep behavior observed experimentally in pure Sn and Sn-Cu at elevated temperatures.

(b) Stress state within Sn grain and grain boundary during deformation.
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from free sliding to the overall deformation is negligible.
The finite element method (FEM) model was able to
predict the S-shaped creep behavior inherent in pure Sn/
Cu joints (Figure 12(a)). Figure 12(b) shows the pre-
dicted stress state within the grain structure during
deformation. The viscous nature of the boundary
accommodation results in relaxation of the stress within
the boundary. The net effect is that a stress dependence
of n = ~ 4 exists at both low and high stresses, even
though the strain rates are somewhat accelerated within
the low-stress regime

IV. CONCLUSIONS

The creep behavior of Sn-rich bulk solders and small
solder joints was investigated. Based on experimental
and modeling results, the following conclusions are
made.

1. The creep behavior of the bulk solder alloys was
controlled by subgrain formation of dislocations
pinned by Ags;Sn particles (in Sn-Ag and Sn-Ag-Cu)
or CugSns and grain boundaries (Sn-Cu and Sn).
The creep-stress exponents observed for these mate-
rials systems (n = ~7 to 8) and TEM observations
support this conclusion. Activation energies in these
materials correlated with that of diffusion along dis-
location cores (at subgrain boundaries) in Sn.

2. The Sn-3.5Ag and Sn-3.9Ag-0.7Cu solder joints be-
have as precipitation strengthened systems. In these
solder alloys, the intermetallic particles strengthen
the Sn matrix, and the creep behavior in both systems
show a low-temperature regime (25 °C to 60 °C)
where n = 6, and high-temperature regime (95 °C to
130 °C) where n = 4. This phenomenon can be ex-
plained by the measured transition in the activation
energy, where dislocation core diffusion transitions
to lattice diffusion at higher temperatures.

3. Local climb and dislocation detachment have been
established as the operative mechanisms responsible
for the observed threshold stress in the Sn-Ag and
Sn-Ag-Cu solder joints. This is based on the thresh-
old stress dependence of AgzSn interparticle spacing
and good agreement with analytical predictions.

4. It was established that the creep behavior of pure
Sn and Sn-0.7Cu solder joints is different from pre-
cipitation-strengthened systems. The creep data
points to a single tier stress exponent (n = 4),
which is consistent with the lattice diffusion of Sn.
However, at high temperatures both solder systems
show an S-shaped phenomenon, corresponding to
power-law creep accommodated by viscous grain
boundary sliding. The experimentally observed
behavior was modeled and confirmed by finite ele-
ment analysis.
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