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A Monte Carlo simulation based algorithm is developed to compute the effective diffusivity of lead free
solder alloys. Simulations are performed to determine the vacancy diffusivity for 95.5Sn–4.0Ag–0.5Cu
(SAC405) solder alloy for different paths. Temperature and micro-structural influence on diffusivity are
studied. A map of diffusivity versus temperature and average grain size is developed. Significant differ-
ences between diffusivity values reported in the literature for the same solder alloy is also discussed.
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1. Introduction ated interconnect lines according to established electromigration
Numerical simulation is very powerful and widely used in
material modeling. However, the reliability of a numerical simu-
lation depends greatly on the understanding of the physical/
chemical mechanisms, and the material property values used as
input. Precise material properties are as important as accurate
governing equations in many cases. Garbage-In-Garbage-Out is
a well known term among computational mechanists In the liter-
ature, for constitutive modeling of lead free solder alloys, some of
the material properties have been obtained by experiments; how-
ever, some of the very important ones are either not available or
reported values vary significantly from one reference to other.
Diffusion coefficient value is one of the most critical material
properties that affect electromigration (EM), thermomigration
(TM) and creep analysis of solder alloys because of their very
low melting temperature (about 220 �C). It is well known that
metals exhibit significant diffusivity at temperatures above
0.4Tm [1] One of the reasons for variation in the reported values
is the extreme difficulty in measuring diffusivity properties along
different diffusion paths independently.

Experiments usually provide an average value of diffusivity but
do not yield any information about the contribution of lattice, lat-
tice defect, grain boundary and surface diffusivities. Gleixner et al
[2,3] reported that lattice strain due to electromigration is too
small and lattice diffusion is too slow to nucleate a void in passiv-
ll rights reserved.
theories. However, they observed that voids nucleate much faster
than theoretical prediction. Authors attributed this discrepancy be-
tween theory and experimental observations to interface flaws and
interface contaminations. Basaran et al [4,5] have shown that void
nucleation due to thermomigration in solder alloys is governed by
the fastest diffusing constituents transport along the fastest path
rather than the average diffusivity of the matrix (host component)
and solute. However, in a macro-scale finite element analysis it is
not feasible to discretize a solder joint at the atomic level. Molec-
ular Dynamic Simulations (MDS) can provide a glimpse of these
different diffusion paths used by different constituents. However,
MDS is limited to very short time frame (femtosecond range). As
a result ‘‘a rare event” like diffusion cannot be observed as a func-
tion of time in MDS. Another drawback of MDS is the limitation of
number of atoms and grain boundaries that can be included in a
single analysis. Therefore, MDS are usually either for lattice or for
grain boundary, but not across both regions which would represent
inhomogenity of the matrix at the atomic scale.

In a macro-scale finite element analysis of a nanoelectronics
packaging solder joints an average diffusivity value must be used
because of computational cost of modeling at the atomic resolu-
tion, Fig. 1a. However, if we could discretize at a higher resolution,
different constituents and their boundaries and initial defects
would yield different diffusivities (Fig. 1b). Going one step further
in higher resolution would allow us to account for all diffusion
paths independently. Fig. 1c shows a grain boundary and lattice
interface. At this scale each region can be characterized by a sepa-
rated set of properties.

http://dx.doi.org/10.1016/j.commatsci.2009.06.015
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Fig. 1. Dimension gaps of multi-scale material modeling.
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Typical size of nanoelectronics packaging solder joint is in mi-
cron scale, while the typical grain boundary width is about
0.5 nm. Although the 0.5 nm width grain boundary is negligible
in dimension, its contribution to diffusion is significant [6]. The
existence of grain boundaries actually plays a major role in
diffusion process in polycrystalline material such as solder alloys.
Therefore, a single solder joint, needs to be meshed up to 106 ele-
ments in each direction to be able to simulate the change of the
continuity, which is impossible. Therefore, a homogenized effec-
tive diffusivity value, which accounts for all diffusion paths, is
needed for a multi-scale macro scale analysis.

By measuring the intermetallic (IMC) growth, Arrhenius rela-
tionship was used to determine the activation energies for
SAC405 lead free solder alloy, as shown in Table 1. However, these
varying values actually represent the properties of the IMC layer at
the interface, which is significantly different than solder alloy it-
self. No effective diffusivity value for solder alloy SAC405 has been
reported in the literature. In most studies diffusivity of SAC405 is
assumed to be the same as that of pure tin because tin makes up
95.5% by weight of the entire composition, [7,8]. This simplification
is not accurate and is not supported by any experimental evidence.
It has been shown by Abdulhamid et al. [9] and Li et al. [10] that
although 95.5% of the composition for SAC405 is tin, copper(0.5%)
and silver(4.0%), effective mass transport and degradation is still
dominated by the fastest diffusing atoms during electromigration
and thermomigration processes. Therefore, it is not reasonable to
use the value of pure tin as an approximation for SAC405. In this
paper, a method is proposed to compute the diffusivity of
SAC405 (Sn95.5/Ag4.0/Cu/0.5 by weight) using Monte Carlo simu-
Table 1
Activation energy for SnAgCu solder alloy as reported in the literature.

Q (Kcal mol�1) Ref.

16.5 Allen [11]
20.6 Dariavach [12]
19.3 Gee [13]
17.4 Xu [14]
lations and experimental data. The proposed methodology allows
the user to predict diffusivity based on different variations of
microstructure, initial defects and variations in grain boundaries.

Monte Carlo simulation [15] is a procedure in which random
numbers are generated according to probabilities assumed to be
associated with a source of uncertainty [16]. It is a widely used
class of computational algorithm for simulating the behavior of
various physical and mathematical systems. Monte Carlo methods
are distinguished from other simulation methods (such as molecu-
lar dynamics simulations) by being stochastic as opposed to deter-
ministic algorithms.

The term Monte Carlo method describes a large class of ap-
proaches with the following common characters;

1. develop a probability model or a random process associated to
the target problem;

2. define a domain of possible inputs and generate inputs ran-
domly from the domain;

3. perform a deterministic computation on the given inputs;
4. aggregate the results of the individual computations into the

final results;
5. use the statistical characteristics as the approximation solution

and error estimate for the real problem.

Based on these principles a simulation methodology has been
developed to estimate effective diffusivity of SAC405 solder for dif-
ferent microstructures.
2. Atomic view of diffusion

A profound observation was made by Robert Brown in 1827
that small particles suspended in an isothermal fluid move ran-
domly. Brownian motion had been an experimental confusion
and philosophical debate for more than 75 years until Albert
Einstein came up with his theory in 1905 [17]. In this paper,
Einstein used his hypothesis to show the consistency of random
motions of macroscopic particles with the presence of molecules
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in the suspending fluid. He reasoned that molecules comprising
any phase of matter are always subject to thermodynamic fluctua-
tions of a purely statistical nature. These fluctuations provide the
motivating source of stochastic motions occurring in matter all
the way down to the atomic scale. The molecular view of diffusion
finally lead to an important statistical mechanical concept called
random walk. A random walk is a mathematical formalization of
a trajectory that consists of taking successive steps in random
directions. Most generally, random walks are any stochastic pro-
cess where the position of a particle at a certain time depends only
on its position at some previous time and some random variable
which determines its subsequent step length and direction.

Using the concept of random walk, the cumulative distribution
surrounding an instantaneous point source in three dimensions is
deduced by Glicksman [18], which finally yields a relationship be-
tween the root-mean-square displacement of the diffusion cloud
and the diffusion parameter as shown

hR2i1=2 ¼
ffiffiffiffiffiffiffiffi
6Dt
p

ð1Þ

In solder alloy SAC405, there are three constituents with differ-
ent diffusion coefficients. Considering an instantaneous point
source located at the origin, r = 0, at the initial time t = 0. After a
period of time, the different diffusants will spread at a different
range according to their inherent diffusivity, as is illustrated in
Fig. 2.

By assuming that in the mixture, the occurrence probability for
each diffusion couple is proportional to their mole percentage, or
the fraction of number of atoms. After simple algorithm operation,
we have

hR2i ¼
Xm

i¼1

Xm

j¼1

ninjhR2iij ð2Þ

where ni, nj are mole percentage of the ith and jth component indi-
vidually; hR2iij stands for the mean-square-radial displacement for
the ith and jth components.

Eq. (2) inevitably yields that

D ¼
Xm

i¼1

Xm

j¼1

ninjDij ð3Þ
3. Lattice diffusivity for SAC405

Although there is no direct experimental data for the diffusivity
of SAC405, many researchers studied the diffusion behavior of tin,
silver, copper and their interactions, as can be seen in Table 2.

By comparing the coefficients for different diffusion couples in
Table 2 we can see that the interstitial diffusivity of copper in tin
is far larger than that of the rest components (atomic radius of
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Fig. 2. Probability density for SAC405 spread
Cu is 1350 Å versus Sn 1450 Å). In other words, although the
weight percentage of copper and silver are far less than tin, they
still play a major role in the atomic diffusion and vacancy diffusion
of SAC405.

Using Eq. (3), we can get an approximation for the lattice diffu-
sivity of SAC405 based on the mole weight of each composition.
The temperature dependent lattice diffusivity of SAC405 is finally
expressed by

Dl
SAC405 ¼ 5:20� 10�5 cm2 s�1 exp �8:0 Kcal mol�1

RT

 !
ð4Þ
4. Grain boundary diffusivity

In polycrystalline metals the atoms are less regularly bonded
along grain boundary. As a result, grain boundary energy is higher
than regularly aligned lattice energy. As a result, these boundary
atoms can easily break bonds with neighbors and can diffuse to an-
other lattice site. Hence, the grain boundary diffusion controls the
EM and TM process in solder alloys [7,8,28–36]. Exact mathemat-
ical solutions of grain boundary diffusion have been worked out
by Whipple [37], and by Suzuoka [38], for two sets of boundary
conditions. Whipple assumed that the surface concentration of
the diffusant is maintained everywhere at some constant value
(constant concentration source model), on the other hand Suzuo-
ka’s model is based upon the assumption that the thin uniform
layer of material deposited on the surface of the solute diffuses into
the sample, but without there being any diffusion at all within the
layer parallel to the surface (instantaneous source model). Whip-
ple’s solutions [37] is given by

Dgbd ¼ �
@ ln C
@ ln x6=5

� ��5=3
ffiffiffiffiffiffiffiffi
4Dl

t

r
0:785=3 ð5Þ

Suzuoka’s solution [38,39] is given by

Dgbd ¼ �
@ ln C
@ ln x6=5

� ��5=3
ffiffiffiffiffiffiffiffi
4Dl

t

r
ð0:72b0:008Þ5=3 ð6Þ

where Dgb is the grain boundary diffusivity, Dl is the lattice diffusiv-
ity, d is the grain boundary width, t is the annealing time, C is the
liquid tracer agent concentration in a section at a depth of x cm
from the original surface, and b is given by

b ¼ Dgbd

2Dl
ffiffiffiffiffiffiffi
Dlt
p ð7Þ

It has been reported that at room temperature, Dgb=Dl � 109[6],
the grain boundary width d is about 5� 10�8 cm [40]. By simple
calculation we can find that Suzuoka’s grain boundary solution is
only a few percent different from Whipple’s solution for SAC405
m source

Sn
Ag
Cu

ing from an instantaneous point source.



Table 2
Relevant diffusion coefficient for tin–silver–copper diffusion system.

Solute Solvent: Sn

wt% mol% D0 (cm2/s) Q (Kcal mol�1) Ref.

Sn 95.50% 94.73% 12:8þ5:9
�4:1 26.0±0.4 Huang 1974[19] Interstitial diffusivity

N/A 25.6 Meakin 1960[11] Sn (c axis)
N/A 29.4 Sn (a axis)

Ag 4.00% 4.34% 7.10 � 10�3 12.3±0.4 Dyson 1966[20] Bulk diffusion of Ag in Sn
N/A 16.8 Su 2002[21] Ag3Sn

Cu 0.50% 0.93% 2.4 � 10�3 7.9 Dyson 1967[22] Bulk diffusion of Cu in Sn
2.6 � 10�5 21.4 Flander 1997[23] Cu6Sn5

1.8 � 10�5 12.9 Mei 1992[24] IMC Cu-Sn
N/A 20.1 Yoon 2003[25] Spreading
N/A 10.0 Immersing
N/A 22.1 Pinizzotto 1993[26] Cu6Sn5 at the Cu substrate interface
N/A 12.2±3.8 Chason 1989[27] Cu6Sn5 Sn Equilibrium
N/A 20.8±1.0 Cu6Sn5 Sn Deficient
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solder alloy. However, concerning its implicit form, Suzuoka’s solu-
tion requires much more computational effort costs than Whip-
ple’s. Therefore, Whipple’s solution is used in this work.

Both Levine and MacCallum [41] and Spindler and Nachtrieb
[42] show that the relationship between ln C and x6=5 is linear. This
relationship was measured by Spindler and Nachtrieb [42] in the
temperature range of 574–1046 �C. In the absence of more precise
experimental data for SAC405, in this study, Spindler and
Nachtrieb’s data is assumed to hold for SAC405, which is given by,

d ln C

dx6=5 ¼ �88:67� 18:36 cm�6=5 ð8Þ

The annealing time in Spindler and Nachtrieb [42] study was
106 s, which is comparable in magnitude to the typical electromi-
gration and thermomigration testing on solder joints.

5. Monte Carlo simulations for Varying Microstructures

Solder alloys are polycrystalline materials with randomly ori-
ented grains. According to Smith and Guttman [43] and Levine
Fig. 3. Examples of microstructure m
and MacCallum [41], the randomly oriented grains in a macro-
scopically homogeneous body are polyhedral and no one shape
can be regarded as typical. The mean linear dimension, hli, of a
grain can be established by a simple linear grain boundary inter-
cept counting on a random two dimensional section of the body
according to ASTM Standard E112. If k is the total length of grain
boundary trace exposed per unit area of a random section
through the body, without any assumption regarding the actual
shape of the grains or disposition of the boundaries, one can show
that [41,43]

k ¼ p=2hli ð9Þ

A FORTRAN program has been coded to simulate diffusion in
randomly oriented in SAC405 polycrystalline, taking into account
lattice, and grain boundary diffusivity and microstructural topog-
raphy. Random number sequences are generated to simulate the
propagation of diffusion considering random grain orientation,
grain size, grain shape, and activation energy of SAC405 polycrys-
talline. Fig. 3 shows some examples of microstructure models of
different mesh density. Effective diffusivity is calculated for each
odels (average grain size: 1 lm).
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randomly generated microstructure. By evaluating these stochastic
values, temperature and grain size dependent diffusivity equations
are determined.

In order to study mesh sensitivity of the proposed algorithm
5 � 5, 10 � 10, 20 � 20, 40 � 40 and 80 � 80 lattice meshes were
used. 1000 simulations have been done for each mesh density,
except for 80 � 80, to evaluate the total length of grain boundary
per unit area. Fifty simulations were run for 80 � 80 lattice be-
cause of computational limitations. The results are plotted in
Fig. 4, where k is the total length of grain boundaries. For refer-
ence k, once we know hli for each microstructure, it can be ob-
tained as is defined by Eq. (9). From Fig. 4 we can see that k
approaches to the reference ratio with the increasing mesh den-
sity. The difference between the calculated k and the reference
value of k is due to the artificial boundary effect created by
mesh sensitivity of the method. From Fig. 4 we can see that
when we increase the mesh density to 40 � 40, the artificial
grain boundary induced error is negligible. In other words, a
mesh of 40 � 40 can effectively simulate the distribution of poly-
crystalline microstructure. Fig. 5 shows estimated diffusivity as a
function of replication number. From this figure we can see that
when the replication number is larger than 500 times, both the
estimated diffusivity and variance remain the same, which indi-
cate that the Monte Carlo algorithm used in this work is con-
verging and stable.
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5. Discussion of results

Computing time rises dramatically with the increasing lattice
density. For example, with a 3.2 GHz Xeon CPU, it takes just a
few minutes to finish a 1000-loop for a model with mesh density
of 20 � 20. As we increase the mesh density to 40 � 40, it takes
about 40 hours to finish a 1000-loop simulation. When it comes
to 80 � 80, the computing time needed is more than 6700 h. How-
ever, as we have shown in Fig. 4, it will not yield a significant
improvement in accuracy by increasing the mesh density from
40 � 40 to 80 � 80. Therefore, 40 � 40 lattice boxes are adopted
in our simulation for effective diffusivity simulations.

The last five digits of Real Time Clock (RTC) value are used to
generate random number seed for every loop. RTC is a computer
clock that keeps track of the current time. The method of using
CPU time to generate random seeds comes from error theory.
According to error theory [44], the values composed by the last
few digits of CPU time in a big enough time span is random. In this
way we can randomize the initial status of our repetitive simula-
tions. We record the random number seed for every loop so that
we can repeat any single loop if needed although the seed itself
is unpredictable before simulation.

In this work, effective diffusivity is calculated for seven levels of
temperatures: T = 26.85 �C (300 K), 46.85 �C (320 K), 66.85 �C
(340 K), 86.85 �C (360 K), 106.85 �C (380 K), 126.85 �C (400 K),
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and 146.85 �C (420 K). For each temperature level, 4 different grain
sizes are used in the study: d = 1 lm, 2 lm, 4 lm and 8 lm. Using
six different temperatures and 4 different grain sizes the grid
shown in Fig. 6 was obtained. The effective diffusivity values
needed for the FEM simulations can be obtained from this Fig. 6.
The details of the data plotted in Fig. 6 are given in Appendix. Based
on these data, an empirical equation which describes the relation-
ship of effective diffusivity and grain boundary diffusivity, can be
obtained as Eq. (10),

Deffective ¼ 0:69
d
d

Dgb ð10Þ

Eq. (10) has a form similar to Hart’s relationship[45], which has the
following form

Deffective ¼ Dl þ
d
d

Dgb ð11Þ

As we mentioned before, for solder alloys, the contribution of
lattice diffusion, Dl, to effective diffusion is negligible, since lattice
diffusivity is nine orders of magnitude smaller than grain boundary
diffusivity. Therefore, Hart’s model basically uses the product of
grain boundary diffusivity and the fraction of grain boundary area
over the whole cross section area as the effective diffusivity. It
doesn’t consider the randomness of the microstructure. Hart’s
model provides a fair approximation only when the grain is evenly
distributed. According to our study, Hart model over-estimates the
diffusion by 45%, which results in a reduction factor of 0.69 as seen
in Eq. (10).

Ye [7] and Lin [8], assumed atomic diffusivity of SAC405 to be
2.97 � 10�11 cm2/s at 300 K, d = 0.3 lm grain size based on pre-
mise that pure tin grain boundary diffusivity will govern the diffu-
sion in SAC405. However, from Fig. 6 we can see that the calculated
Table A1
Diffusion coefficient for different grain size at 300 K.

Grain size (micron) k kRef

d = 1 Average 1.63 � 104 1.64 � 10
StdDev 1.24 � 102 5.03 � 10

d = 2 Average 8.16 � 103 8.18 � 10
StdDev 7.53 � 10 3.04 � 10

d = 4 Average 4.08 � 103 4.09 � 10
StdDev 2.83 � 101 1.34 � 10

d = 8 Average 2.04 � 103 2.05 � 10
StdDev 1.65 � 101 6.79 � 10
effective diffusivity is in the magnitude of 10�7–10�6 cm2/s. At
300 K, d = 1 lm, the effective diffusivity is calculated to be
2.23 � 10�6 cm2/s, which is five orders larger than the value
adopted by Ye [7] and Lin [8]. Considering the diffusivity of Ag in
Sn and Cu in Sn are both more than six orders of magnitude larger
than the self diffusivity of pure tin. In SAC405 copper and silver are
the major diffusants; therefore these impurities govern the effec-
tive diffusivity of the alloy.
6. Conclusions

In this paper a stochastic method is proposed to find the effec-
tive diffusivity of lead free solder alloy, SAC405, using the experi-
mental data available in the literature and Monte Carlo
simulations. Based on a considerably large sample space, the effec-
tive diffusivity is obtained at seven levels of temperature and four
different grain sizes. This map covers most of the diffusivity values
that may be need for most FEM analysis of nanoelectronics solder
joints subjected to thermomigration and electromigration.

Our work shows that the assumption of tin grain boundary dif-
fusivity dominates SAC effective diffusivity significantly underesti-
mates the value of SAC diffusivity.

It is also shown that Hart’s model is conservative in revealing
the relationship between effective diffusivity and grain boundary
diffusivity. By using Hart’s model, the effective diffusivity is about
45% overestimated. A reduction factor of 0.69 is suggested to mod-
ify Hart’s effective diffusivity model.
Appendix

See Tables A1–A7.
Dl (cm2/s) Dgb (cm2/s) Deffective (cm2/s)

4 3.11 � 10�10 6.51 � 10�3 2.23 � 10�6

1 3.14 � 10�12 3.82 � 10�5 5.13 � 10�8

3 3.12 � 10�10 6.51 � 10�3 1.11 � 10�6

1 3.02 � 10�12 3.82 � 10�5 2.89 � 10�8

3 3.11 � 10�10 6.52 � 10�3 5.56 � 10�7

1 3.38 � 10�12 3.88 � 10�5 1.34 � 10�8

3 3.11 � 10�10 6.51 � 10�3 2.76 � 10�7

0 2.99 � 10�12 3.21 � 10�5 7.41 � 10�9



Table A2
Diffusion coefficient for different grain size at 320 K.

Grain size (micron) k kRef Dl (cm2/s) Dgb (cm2/s) Deffective (cm2/s)

d = 1 Average 1.63 � 104 1.64 � 104 1.45 � 10�10 4.47 � 10�3 1.53 � 10�6

StdDev 1.29 � 102 5.41 � 101 1.43 � 10�12 2.54 � 10�5 3.75 � 10�8

d = 2 Average 8.16 � 103 8.18 � 103 1.45 � 10�10 4.47 � 10�3 7.63 � 10�7

StdDev 6.73 � 101 2.75 � 101 1.42 � 10�12 2.31 � 10�5 1.52 � 10�8

d = 4 Average 4.08 � 103 4.09 � 103 1.45 � 10�10 4.47 � 10�3 3.84 � 10�7

StdDev 3.53 � 101 1.39 � 101 1.39 � 10�12 2.43 � 10�5 9.64 � 10�9

d = 8 Average 2.04 � 103 2.05 � 103 1.45 � 10�10 4.47 � 10�3 1.90 � 10�7

StdDev 1.88 � 101 6.95 � 100 1.38 � 10�12 2.30 � 10�5 5.70 � 10�9

Table A3
Diffusion coefficient for different grain size at 340 K.

Grain size (micron) k kRef Dl (cm2/s) Dgb (cm2/s) Deffective (cm2/s)

d = 1 Average 1.63 � 104 1.64 � 104 3.11 � 10�10 6.51 � 10�3 2.23 � 10�6

StdDev 1.24 � 104 5.03 � 101 3.14 � 10�12 3.82 � 10�5 5.13 � 10�8

d = 2 Average 8.16 � 103 8.18 � 103 3.12 � 10�10 6.51 � 10�3 1.11 � 10�6

StdDev 7.53 � 101 3.04 � 101 3.02 � 10�12 3.82 � 10�5 2.89 � 10�8

d = 4 Average 4.08 � 103 4.09 � 103 3.11 � 10�10 6.52 � 10�3 5.56 � 10�7

StdDev 2.83 � 101 1.34 � 101 3.38 � 10�12 3.88 � 10�5 1.34 � 10�8

d = 8 Average 2.04 � 103 2.05 � 103 3.11 � 10�10 6.51 � 10�3 2.76 � 10�7

StdDev 1.65 � 101 6.79 � 100 2.99 � 10�12 3.21 � 10�5 7.41 � 10�9

Table A4
Diffusion coefficient for different grain size at 360 K.

Grain size (micron) k kRef Dl (cm2/s) Dgb (cm2/s) Deffective (cm2/s)

d = 1 Average 1.63 � 104 1.64 � 104 6.12 � 10�10 9.09 � 10�3 3.08 � 10�6

StdDev 1.19 � 102 4.90 � 101 5.34 � 10�12 4.42 � 10�5 8.13 � 10�8

d = 2 Average 8.18 � 103 8.17 � 103 6.13 � 10�10 9.08 � 10�3 1.54 � 10�6

StdDev 6.33 � 101 2.65 � 101 5.36 � 10�12 5.03 � 10�5 3.53 � 10�8

d = 4 Average 4.09 � 103 4.09 � 103 6.12 � 10�10 9.09 � 10�3 7.73 � 10�7

StdDev 3.37 � 101 1.41�101 5.69 � 10�12 5.08 � 10�5 2.01 � 10�8

d = 8 Average 2.04 � 103 2.04 � 103 6.13 � 10�10 9.09 � 10�3 3.87 � 10�7

StdDev 1.70 � 101 7.04 � 100 5.13 � 10�12 4.84 � 10�5 9.64 � 10�9

Table A5
Diffusion coefficient for different grain size at 380 K.

Grain size (micron) k kRef Dl (cm2/s) Dgb (cm2/s) Deffective (cm2/s)

d = 1 Average 1.63 � 104 1.64 � 104 1.13 � 10�9 1.23 � 10�2 4.15 � 10��6

StdDev 1.49 � 102 6.42 � 101 8.90 � 10�12 6.06 � 10�5 1.05 � 10�7

d = 2 Average 8.18 � 103 8.18 � 103 1.12 � 10�9 1.23 � 10�2 2.09 � 10�6

StdDev 6.35 � 101 2.60 � 101 8.36 � 10�12 6.46 � 10�5 5.28 � 10�8

d = 4 Average 4.09 � 103 4.09 � 103 1.12 � 10�9 1.22 � 10�2 1.03 � 10�6

StdDev 3.77 � 101 1.52 � 101 1.03 � 10�12 6.58 � 10�5 2.80 � 10�8

d = 8 Average 2.04 � 103 2.04 � 103 1.12 � 10�9 1.22 � 10�2 5.18 � 10�7

StdDev 1.58 � 101 6.30 � 100 9.27 � 10�12 6.56 � 10�5 1.19 � 10�8

Table A6
Diffusion coefficient for different grain size at 400 K.

Grain size (micron) k kRef Dl (cm2/s) Dgb (cm2/s) Deffective (cm2/s)

d = 1 Average 1.63 � 104 1.63 � 104 1.93 � 10�9 1.60 � 10�2 5.41 � 10�6

StdDev 1.36 � 102 6.12 � 101 1.61 � 10�11 8.16 � 10�5 1.44 � 10�7

d = 2 Average 8.18 � 103 8.17 � 103 1.93 � 10�9 1.60 � 10�2 2.71 � 10�6

StdDev 7.01 � 101 3.02 � 101 1.71 � 10�11 8.77 � 10�5 6.18 � 10�8

d = 4 Average 4.09 � 103 4.09 � 103 1.93 � 10�9 1.60 � 10�2 1.35 � 10�6

StdDev 3.47 � 101 1.37 � 101 1.63 � 10�11 8.91 � 10�5 3.60 � 10�8

d = 8 Average 2.04 � 103 2.04 � 103 1.93 � 10�9 1.60 � 10�2 6.77 � 10�7

StdDev 1.58 � 101 6.46 � 100 1.36 � 10�11 7.88 � 10�5 1.67 � 10�8
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Table A7
Diffusion coefficients for different grain size at 420 K.

Grain size (micron) k kRef Dl (cm2/s) Dgb (cm2/s) Deffective (cm2/s)

d = 1 Average 1.63 � 104 1.64 � 104 3.16 � 10�9 2.04 � 10�2 6.89 � 10�6

StdDev 1.54 � 102 6.00 � 101 2.07 � 10�11 1.01 � 10�4 1.80 � 10�7

d = 2 Average 8.17 � 103 8.17 � 103 3.16 � 10�9 2.04 � 10�2 3.43 � 10�6

StdDev 6.13 � 101 2.69 � 101 2.12 � 10�11 9.20 � 10�5 8.08 � 10�8

d = 4 Average 4.09 � 103 4.09 � 103 3.15 � 10�9 2.04 � 10�2 1.73 � 10�6

StdDev 3.12 � 101 1.31 � 101 2.37 � 10�11 1.02 � 10�4 3.70 � 10�8

d = 8 Average 2.04 � 103 2.04 � 103 3.15 � 10�9 2.04 � 10�2 8.60 � 10�7

StdDev 1.49 � 101 5.65 � 100 2.55 � 10�11 1.16 � 10�4 2.02 � 10�8
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