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Featured Application: It is a hot topic to find green adhesive materials to adapt to the deep
space environment. Due to its economy, excellent electrical and thermal conductivity and
mechanical properties, pressureless sintered micron silver paste has great application potential
in the aerospace field. Several reliability issues with this material are mainly focused on its high
temperature stability, while the microstructural evolution and macroscopic performance in the
harsh deep space environment have not been considered. Moreover, the inevitable existence
of pores caused by the specific sintering mechanism will significantly affect the performance
of joints and result in potential reliability problems, and the relationship is not easily tested.
Therefore, using a cost-effective method to study this relationship is necessary to promote
its reliable applications. In this work, we design a test profile to stimulate the deep space
environment, develop a simplified reconstruction and simulation methodology and quantitatively
evaluate the elastic performance of joints. Furthermore, we also present the mechanism by
which microstructural evolution has a negative impact on elastic mechanical performance in
this environment.

Abstract: With excellent economy and properties, pressureless sintered micron silver has been
regarded as an environmentally friendly interconnection material. In order to promote its reliable
application in deep space exploration considering the porous microstructural evolution and its effect
on macroscopic performance, simulation analysis based on the reconstruction of pressureless sintered
micron silver joints was carried out. In this paper, the deep space environment was achieved by a test
of 250 extreme thermal shocks of =170 °C~125 °C, and the microstructural evolution was observed by
using SEM. Taking advantage of the morphology autocorrelation function, three-dimensional models
of the random-distribution medium consistent with SEM images were reconstructed, and utilized
in further Finite Element Analysis (FEA) of material effective elastic modulus through a transfer
procedure. Compared with test results and two analytical models, the good consistency of the
prediction results proves that the proposed method is reliable. Through analyzing the change in
autocorrelation functions, the microstructural evolution with increasing shocks was quantitively
characterized. Mechanical response characteristics in FEA were discussed. Moreover, the elasticity
degradation was noticed and the mechanism in this special environment was clarified.

Keywords: pressureless sintered micron silver joints; deep space environment; extreme thermal
shocks; reconstruction; simulation; elastic mechanical properties
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1. Introduction

In a deep space environment, the exploration equipment with complex electric systems suffers
from extreme thermal shocks, inducing material performance degradation and further leading to the
failure of electronic packaging. The reasons could be clarified by the research on the reliability of
Sn/Pb and SnAgCu solder packaging which shows vulnerability to thermal shocks of Pb-free solders
and Sn/Pb solders [1,2]. Therefore, finding alternative green bonding materials to adapt to the space
environment has become an urgent research hotspot. Considering its outstanding ability to withstand
heat, power, and stable mechanical properties [3-5], the sintered silver material has broad potential
applications in harsh environments. However, compared to nano-silver particles [6-8], the pressureless
sintered micron silver is affordable but is given less attention.

To reliably put it into use in deep space, the study of mechanical properties and the possible
degradation mechanism of pressureless sintered micron silver joints in a deep space environment
is valuable. Due to specific sintering mechanisms, randomly distributed pores inevitably exist
in the microstructure of sintered joints [9], which will significantly affect material properties
(i.e., the mechanical, thermal properties, etc.) and lead to possible reliability problems. The published
studies drew the conclusion that Spherical and cylindrical voids had a significant effect on the thermal
resistance of CSP packages [10], and an increase in void rate could result in a decrease in the shear
strength of the solder layer [11], and voids would greatly shorten the fatigue life due to reduction
in the overall carrying capacity [12]; these studies all established regular pore models and applied
different pore locations and distribution rates. This kind of simulation study is mainly used to analyze
the relationship between the microstructure and macroscopic performance of the porous adhesive
layer because of costly and technically demanding experiments. However, the pores were simplified to
the circle or column shape regardless of the actual shape in these simulations, so the corresponding
results could be less accurate. For obtaining precise results, other researchers worked to link real
microscopic structures of sintered silver with the properties. T. Youssef [13] reconstructed the 3D
model of a sintered sample by utilizing a focused ion beam—-scanning electron microscope (FIB-SEM)
and the software AVIZO, and analyzed the changing trend of thermal and mechanical properties with
increased porosity, which required a large number of high-accuracy serial slice images. X. Milhet [14]
obtained elastic constants of sintered joints by applying dynamic resonant testing to sintered bulk
specimens which were produced to represent the real structure, but this needed large expenditure.

In order to reconstruct the microstructure of sintered silver and predict its properties in an
economical, precise and practical way, the correlation function method based on the probability
and mathematical statistics theories is introduced. Correlation functions have been developed to
describe random heterogeneous materials, including n-point correlation functions, surface correlation
functions, the linear path function, chord-length density function and so on [15]. Among them,
n-point correlation functions can take the shape, distribution, and orientation of material components
into consideration, and have shown themselves to be feasible in the numerical simulation of isotropic and
anisotropic media, where n represents the order of functions. With a higher order, n-point correlation
functions could provide more precise characterization of heterogeneous microstructures [16-18], but the
technique of obtaining the optimum approximation with effective, unbiased, and accurate experimental
estimation from projected images is not yet mature. The second order correlation function (two points)
has successfully reconstructed porous media such as concrete [19], Berea sandstone [20] and other
composites [21,22], whilst retaining the microstructural features. However, few simulations studying
the microstructure of micron silver sintered joints which have similar porous morphology to the above
materials and their relationship with mechanical properties based on this method have been performed,
as a result of complex calculations and lacking of an approach to transfer the reconstructed models
into Finite Element Analysis models.

To solve the above problems, a thermal shock test of —170 °C~125 °C is conducted to simulate the
deep space environment, and the section morphology are obtained for further study. A simplified
reconstruction method of pressureless sintered micron silver joints is presented and used in simulation
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analysis of elasticity degradation, which is a key parameter to evaluate mechanical properties in
the deep space environment. The rest of this paper is organized as follows: Section 2 describes the
designed thermal shock test and sample information simulating the real package structure, as well as
SEM image acquisition required for modeling. Section 3 presents detailed methods of the morphology
characterization and reconstruction of joints and proposed simulation procedure, and then verifies these
methods with relative entropy, analytical models and test results. Section 4 analyzes the microstructure
evolution during extreme thermal shocks, and the mechanical response characteristics, and discusses
the negative effect of microstructure on elastic properties of joints. Finally, in Section 5, the concluding
remarks are stated.

2. Experiments

2.1. Die Attachment Samples

As shown in Figure 1a, the polished side of a square silicon die (5 mm X 5 mm X 1 mm) was
coated with a 50 nm Ti and a 50 nm Ag metallization layer using magnetron sputtering technology.
A Ti layer was used as an adhesive by reacting it with natural oxides on the wafers, and an Ag layer
provided a covering layer for tight integration with sintered micron silver paste. For the die bonding
substrate (10 mm X 10 mm X 2 mm), copper (Cu 99.9%) was selected to make it, and a 50 nm Ti layer
designed to prevent oxidation and copper atoms from spreading to sintered Ag joints was sputtered
on one side, followed by a 2 um Ag layer. The sandwich structure of the die attachment sample is
shown in Figure 1b, where the die attachment structure was the micron silver paste with a thickness of
100 um. The sample was assembled by brushing the paste on the metallized substrate, placing the
silicon wafer on the Ag paste with tweezers, and sintering in air at the temperature of 230 °C without
pressure, as shown in Figure 1c.
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Figure 1. Details of die attachment samples: (a) Ti/Ag plated silicon dies; (b) the die attachment
structure consisting of a Cu substrate, micron silver paste and one side polished die; (c) the curing
process of micron silver joints.
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Material parameters of the micron silver paste are listed in Table 1, and the SEM image with
spectrum spot and EDS analysis result are shown in Figure 2. It can be seen that the material consists
of submicron silver particles and silver flakes and involves the negligible carbon content which shows
a small peak.

Table 1. Parameters of the pressureless sintered micron silver material.

Parameter Condition Micron Ag Paste
Ag content (Wt%) in paste 92-94
Viscosity, E-type 3°cone (Pa-s) 5 rpm@RT 18-22
Thixotropic Index 0.5 rpm/5 rpm 6.5
Volume Resistivity (Q-cm) 5x 107
Poisson’s ratio 0.25
Density (g/cm?) 7.8
Elastic modulus (GPa) Nanoindentation@RT 25
CTE (ppm/°C) Isotropy 18

Spectrum

Full Scale 1226 cts

Figure 2. SEM image with spectrum spot and EDS analysis.

2.2. Thermal Shock Test

The drastic change of ambient temperature in deep space missions is an important factor resulting
in internal defects in the packing of electronic devices. In order to study the mechanical properties
of this new bonding material in space missions, a thermal shock test was carried out to simulate
the aerospace environment, in which the temperature changed from —170 °C to 125 °C covering the
temperature range of the moon, Mars, common asteroids and comets. During the test, samples were
placed in a high and low temperature chamber with a thermal shock profile (Figure 3). The soak time
of extreme temperature was 15 min, and the frequency was about 30 min/cycle.
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Figure 3. Thermal shock profile for the test application.

2.3. SEM Images of Micron Silver Sintered Joints

Prior to the thermal shock test, the die shear strength test was conducted to evaluate bonding
strength and the reliability of bonding at the interfaces. The average shear strength of the sintered
micron silver samples was 15 + 2 Mpa, which showed good bonding quality. During the shearing
process, a fracture almost occurred through the adhesive layer, indicating the reliability of bonding at
the interfaces. However, there was still delamination occurring at the interface between the micron
silver paste and the substrate, as seen in Figure 4. This was related to defects in the metallized layer.
Samples that failed in such way in the further thermal shock test needed to be removed to focus on the
adhesive layer performance degradation.

EHT = 15.00kV Signal A= SE1 Date 5 Dec 2019 1pm EHT = 15.00kV Signal A= SE1 Date '5 Dec 2019 e
WD =120 mm Meg= 38X I { WD =120 mm Mg = 2398KX Time :43:27:27

@ (b)

2m EHT = 1500 kv Signal A = SE1 Date :20 Dec 2018 =
H WD = 7.0mm Mag= 500KX Time :13:39:28
(0

Figure 4. SEM images of the fracture of a micron silver joint after shear testing. The white frame
represents the die position: (a) fracture occurs at the substrate—joint interface; (b) larger view of micron
silver particles coalescing from selected red region in (a); (c) the metallized layer is separated from
the substrate.
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Sintered silver joints are characterized by a typical porous structure. Samples were taken out
and molded every few thermal shocks. After longitudinal grinding, two-dimensional (2D) images of
micron silver sintered joints were obtained by observing the microscopic morphology and shown in
Figure 5, which were used as the initial data for three-dimensional (3D) reconstruction. No significant
cracks were found in destructive tests.

2pm EHT =15.00 kV Signal A = SE1 Date :20 Dec 2019

— 2pm EHT = 15.00 kv Signal A= SE1 Date :20 Dec 2019 ZEISS
- WD = 7.0mm Mag= 10.00KX Time :13:44:06 | WD = 7.0mm Mag= 1000KX Time :13:47:01

(a) N (b)

1 pm EHT = 15.00 kV Signal A = SE1 Date :20 Dec 2019 — 2pm EHT = 15.00 kV Signal A = SE1 Date :20 Dec 2019 b
WD = 7.0mm Mag= 10.00KX Time :13:34:36 WD = 7.0mm Mag= 1000KX Time :13:63:37
() (d)

2um EHT = 15.00 KV Signel A= SE1 Date :20 Dec 2019 e
— WD = 7.0mm Mag= 10.00KX Time :13:36:16
(e)

Figure 5. SEM images of micron silver sintered joints under thermal shocks for: (a) 0; (b) 50; (c) 100;
(d) 150; and (e) 250 cycles.

3. Model Reconstruction and Finite Element Analysis

3.1. Structural Characterization and Reconstruction (SCR)

The Joshi Quiblier Adler (JQA) method [23] is a morphology autocorrelation-function-based tool
for reconstructing porous media. To study the relationship between microstructure and performance
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of micron silver sintered joints from a microscopic perspective, the method was simplified and used to
characterize 2D cross sections and reconstruct a two-phase heterogeneous 3D model to provide the
high-dimensional point cloud data required for simulation. During reconstruction, a Gaussian random

field was used to generate spatial media, and the morphology and dispersion of two-phase interface
were described by autocorrelation function. A region-based image segmentation technique iteratively
solved the porosity of 3D models which was consistent with original images, and these models were
corrected by smoothing operation. The whole flow is illustrated in Figure 6.

|7 —| Characterization |—

Material

Autocorrelation function

Binarization Filter function

Gaussian denoise

>
— Evaluation M 1 Smoothed Reconstruction [

image

Comparison of original and reconstructed samples

Smoothed image

Figure 6. The Flow chart of reconstructing stochastically equivalent 3D morphology of sintered micron
silver joints.

There are four main steps required to reconstruct the randomly distributed medium from an SEM

picture using SCR, which are given below:

1.

Denoising, threshold segmentation and binarization processing are applied on the original image
to get the two-phase random medium, which is expressed as V(w) € R3, a spatial domain.
Where w is the domain intercepted from the probability space of volume V, including two parts:
the pore volume fraction @1 in the region V; and the volume fraction of micron silver particles
@7 in the region V. Binary porous media may be represented by an indicator function I(x),
as defined below:

I(x) = 1

l,xeV;
0,xeV, )

The two-point autocorrelation function S2(r) is used to describe the morphology as shown in
Equations (2) and (3). S2(r) is defined as follows: two arbitrary points, x1 and x2 of the distance r,
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are selected in an observation region, and the probability that both points are in one phase is S2(r),
which is illustrated in Equation (4). For the isotropic material in this study, it can be calculated by
bilinear interpolation [24].

Si(r) = (F'(x)I'(x2)) = P{F(x1) = 1, (x2) =1}, b
Si(r) =¢i,r=0
2
{hm§@—¢2’ ©)
22\ = @i
M N
| X X Lijlivmjn
S (1’) _ (mm)eq]i=1j=1 @
2 wMN '
where w is the number of elements in the set () which is calculated in Equation (5):
Q= {(m,n)|m2 +n? =%, r < [min{M, N} /2] } (5)

The normalized autocorrelation function in the spherical coordinate, as Equation (6), is used as
the filtering function of normally distributed noise:

pry = AlPG R =000~ o] ©
- E{[Ii (x) - ¢i]”} ‘

3. Xl and X2 are uniformly distributed random numbers. Based on Box-Muller, these two random
numbers can be used to generate Gaussian-distributed noise N efficiently, with a mean of 0 and
a variance of 1, as shown in Equation (7).

N = v=2InX; cos(2nXy), X1 ~ U(0,1), X5 ~ U(0,1). @)

As shown in Equation (8), the initial 3D image with Gaussian noise can be obtained:

1(i,j,k) = Y N(r,5,6) X F(i+ 7, + 5,k +t). ®)

7,5t

According to Equation (9), iterative threshold segmentation is performed on 3D images to match
the porosity of SEM pictures. The Fourier transform is used to perform three-dimensional Gaussian
smoothing operation to correct reconstructed 3D models, which is calculated as Equation (10).
Finally, high-dimensional binary matrix is then obtained:

Z Il(jvl)
1<i<M

1<j<N

porosity(%) = — N X 100%, )

222 2y? 2_22))

flx,y,2) = 27'6_2% exp(—(— -7 _ (10)

4. Kullback-Leibler (KL) divergence, also known as relative entropy, is a measure of the difference
between two distributions P1 and P2 to evaluate the reconstruction quality, as shown in



Appl. Sci. 2020, 10, 6368 9of 22

Equation (11). The KL divergence is calculated from 0 to +co, indicating the similarity from the
most to the least.

1(x)
P1||P2 Pl IOg (11)
;( Py(x)’

Through the above process, a series of high-dimensional data equaling to the 3D geometry
reconstructed model could be obtained and transferred into the Finite Element Analysis (FEA) model
as below. The high-dimensional data can be discretized and reduced into a set of unit information,
called volume data. These data logically form a 3D array space, and each array point stores volume
location and feature information, called a voxel. The location of one voxel was determined by layer,
row and column, as shown in Figure 7a. Voxels belonging to the medium are marked as v =1, and those
belonging to the pore are marked as v = 0. The thin layer of volume data is shown in Figure 7b.
All voxels” information is stored in a TXT file and imported in the ANSYS Parametric Design Language
(APDL) program to build the 3D entity in ANSYS Mechanical for FEA, which is a Boolean description
of micron silver sintered material with voxels as units in space. The voxel is built by 8 key-points
illustrated in Figure 7c, where i, j and k represent the voxel location coordinate, respectively.

silver
particle
Layer
Row
X
Column 0
(a)
(i,j-1k)
(i'l,]"l,k) (l_l'jrk)
(ij-1k-1) @7 k1)
(F-LFLED (i k-1)
()
Figure 7. Indication of spatial data. (a) Spatial volume data; (b) A thin-layer model; (c) One voxel built
in ANSYS Mechanical.

Without considering the effect of the grain boundary of fused micron silver particles,
reconstructed models of joints can be obtained by reverse filling the pores with Boolean operation.
Reconstructed pore visualization results and 3D FEA models corresponding to SEM images of micron
silver sintered joints under different thermal shocks are shown in Figure 8.
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(b)

(d)

(e) ®)

0 o

(8 (b

Figure 8. Reconstructed pore topological structures and 3D Finite Element Analysis (FEA) models
with mesh in a small area corresponding to SEM images of micron silver sintered joints under
different thermal shocks: (a,b) 50; (c,d) 150; (e,f) 150; (g,h) 250 cycles. In 3D views of the left column,
gray represents defined geometric boundaries, and blue is the iso-surface.
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Normalized autocorrelation functions of SEM images and 3D reconstruction models are plotted in
Figure 9, where the size of reconstructed models (250 pixels) is much larger than the observed correlation
length of SEM samples (the autocorrelation function asymptotic location), illustrating reconstructed
models can represent the microstructure of sintered joints. The KL divergence values are calculated and
listed in Table 2, which are within an acceptable range (less than 15%). Both qualitative observation and
quantitative calculation show that the reconstructed models are consistent with the original images.
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Figure 9. Comparison of autocorrelation functions of SEM images and 3D reconstruction models with
thermal shock cycles are (a) 50; (b) 100; (c) 150; (d) 250.
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Table 2. Kullback-Leibler (KL) divergence between autocorrelation functions.

Thermal Shock (Cycles) 50 100 150 250
KL divergence 011 012 012 0.08

3.2. FEA Simulation

To obtain the effective elastic modulus value of the micron silver sintered joints under thermal
shock, the simulation loading conditions were set as below: one side of the reconstructed model
was subjected to a fixed constraint and the opposite side was put into stress o, shown in Figure 10.
The input Young’s modulus was set from nanoindentation result of 25 Gpa. The density and the
Poisson’s ratio were 7.8 g/cm? and 0.25. For the FEA model with length L, the displacement on the
force surface and equivalent stress of each node are extracted, and the effective elastic modulus is
calculated by Equations (12) and (13).

FiL
Ei = A_xi’ (12)
LE  Llowe/(T)]
E=1—=" , (13)
n n

where E; is the effective elastic modulus obtained by fixing X, Y and Z planes, respectively, to eliminate
the calculation error caused by structural randomness. Fi is tension, x; is displacement and A is the
section area. n is the number of simulation tests, and o4 is the average tensile stress which is calculated
as Equation (14). dL; is the average displacement in the stress direction.

ZO,‘ X Vl'
Ogve = 1—/ (14)

Vmedium

o; is the equivalent stress in the i" node. V; is the volume of element in which node i resides. Vegium iS
the total volume of all nodes in elements.

ANSYS|
ELEMENTS hs

Figure 10. Simulation loading diagram. Green represents a fixed constraint, and red represents applied
tensile stress. The element type is Solid 226.

The calculation of average stress can reduce the stress inequality caused by complex structure,
which is equivalent to the effective stress of sintered joints. Moreover, it depends on the microstructural
characteristics rather than stress concentrations of individual points.

Table 3 shows the model size, the number of elements and calculation time during simulation.
After generating FE models, the solving process generally requires 20 to 30 min. The cumulative time
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spent on modeling and meshing is relatively significant, about 3 h, so as to ensure the quality of these
simulation models.

Table 3. Information about elastic modulus simulation.

Thermal Shock (Cycles) Model Size (Pixels) Number of Elements  Calculation Time (min)

50 172,195
100 168,307

3 7
150 250 160,390 20t0 30
250 160,380

The simulation results of displacement and equivalent stress are shown in Figures 11 and 12.

ANSYS| ANSYS| ANSYS|
o e o

SMN =-.151E-08
SMX =.232E-09

ANSYS| ANSYS| ANSYS|
o e o

sy wsys sy

vy
RSY.

sMx

(8) (h)

e

ANSYS| ANSYS|
iy iy

() (k) )

Figure 11. Displacement analysis results of micron silver sintered joints under different thermal shocks
by fixing X, Y and Z planes, respectively: (a—c) 50; (d—f) 100; (g—i) 150; (j—1) 250 cycles.
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Figure 12. Equivalent stress analysis results of micron silver sintered joints under different thermal
shocks by fixing X, Y and Z planes, respectively: (a—c) 50; (d-£) 100; (g—i) 150; (j—1) 250 cycles.
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3.3. Analytical Model and Experimental Validation

The analytical model of the effective elastic constants of porous solids is based on numerical
simulation and microstructure measurement, and it is considered to be a relatively accurate empirical
equation for predicting elastic properties. In order to ensure the rationality of this simulation route and
accurately quantify the microstructural damage on elastic properties of micron silver sintered joints,
two analytical models were used to calculate the elastic modulus at different thermal shocks and these
results were compared with simulation results. The first model corresponds to the Ramakrishnan and
Arunachalam (R&A) method [25] and is conducted as Equations (15) and (16).

Ep = Eo(1-p)*/(1+byp), (15)
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Y 1 (4vo + 3p — 7vop) ’ 16)
4 (1+2p-3ovgp)
where, b, = 2 to 3v, p is the pore volume fraction. vy, E is the Poisson’s ratio and elastic modulus for
undamaged material, and E, is the elastic modulus corresponding to a certain damage state.
Another model, the modified value of porous materials (M) [26] in Equation (17) was used to
estimate the effect of microscopic damage on elastic modulus. The parameter definition is the same

as above.

_ _ 2
9 4?)0 52)0 ) (17)

Ep = E() - pEo( 7_ 500

Furthermore, nanoindentation test was used to measure the load and corresponding displacement
of pressureless micron sintered joints. The geometric vertices and center point of the silver welding
layer were selected as test positions, and the average value was taken as the test result. If there is a
large deviation in the above positions, it is determined that the silver bonding layer of the sample is
uneven during sintering, and needs to be rejected. Meanwhile, a new sample is re-selected for testing.
The designed stress curve is shown in Figure 13.

T T T T

stress curve
2000 4= = = = = = = =

Pressure (UN)

[
1
[
1
[
1
1
1
1000 A !
1
1
1
1
1
1
1
1
1

Time (s)

Figure 13. Applied nanoindentation stress curve.

For geometries based on SCR method, normalized calculation results of FEA and theoretical
models and nanoindentation tests are plotted in Figure 14. The error among simulation and test
and R&A method is within 15%, which indicates that the proposed simulation route and the elastic
properties of micron silver sintered joints obtained by FEA are reliable and precise.

T T T T T T

<1009 9 = R&Amethod (b,-20)
~
(\Jm/ osh ®  R&A method (b,~30)
L; A M method T
"g 0.90 4 A ¥ Nanoindentation
2 A ¢ TFEA
= 0.85 - A .
E ] A
& 0.80 ¢
o V.oUA [ ]
£ ¢ 3
3 v 7
£ 0751 v -
5 ¢ . .
2 0.70 * °
i v 4
S
& 0.65 1 *
[e] v
Z

0.60 T T T T T T

0 50 100 150 200 250

Thermal Shock between -170°C and 125°C (cycles)

Figure 14. Relative comparison of FEA, analytical models and nanoindentation results.
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4. Results and Discussion

4.1. Microstructural Evolution

The simulation illustrates that the effective elastic modulus degrades with the accumulation of
shock cycles. In order to study the cause of performance degradation, the microstructural evolution is
characterized from autocorrelation functions.

The specific surface, marked as s, of two-phase media is defined as the two-phase interface area per
unit total volume, which can be obtained from the slope of the two-point autocorrelation function [27].
In this study, s of original images and reconstructed models is conducted from Equation (18):

—s/m,D =2
"OZ{ —ZZD:B ‘ (1%

Specific surface can be used to estimate the hydraulic diameter (Dy) of porous media [28], which is
calculated in Equation (19). V is the volume fraction of the medium:

4V
Dy = — (19)
s
The captured autocorrelation functions of original SEM images from Figure 5 changes with
thermal shocks are shown in Figure 15. There is an increase in the slope at the origin and a decrease in
the correlation length. Changes of the mean particle size, hydraulic diameter and specific surface in

SEM pictures and reconstructed models are calculated as shown in Table 4.
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Figure 15. Autocorrelation functions under the accumulation of thermal shocks.

Table 4. The particle size, hydraulic diameter and specific surface of original images and
reconstructed models.

Thermal Shock (Cycles)  Dpzp (um)  Dpsp (um)  Dgop (um)  Dpggsp (um)  syp (um™1)  s3p (um™1)

0 4.30 - 3.16 - 1.10 -
50 3.03 2.88 1.88 2.03 1.70 1.57
100 224 2.12 2.25 2.16 1.37 1.43
150 1.91 1.82 2.15 2.05 1.40 1.47
250 2.03 1.97 1.98 1.86 1.50 1.60

It can be seen that the average micron-silver particle size decreases, while this is in contrast
to a slight increase in the size of silver grains (—45 °C~250 °C) reported in [29]. It should be noted
that the surface diffusivity of silver is relatively lower at 125 °C [30] than the melting point and
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sintering temperature. Meanwhile the soak of —170 °C seems to prevent particle recrystallization
growth and even reverse-driven particles from dispersing. The hydraulic diameter of the medium
declines with fluctuation. If the porous medium is regarded as an interconnected pipeline network,
the above situation can be interpreted as the rise of pore density and pore nucleation growth induced
by cyclic loading, which is consistent with the measured increase in average pore size and porosity [31].
The whole tendency of the specific surface goes up, which physically means that the total surface area
of pores increases. The results demonstrate that damage gradually accumulates with thermal shock
testing, resulting in the increase in porosity and the role of pores as grain growth inhibitors. The contact
area between adjacent grains and the size of the medium decreases. The medium particles tend to
disperse. In Figure 15 autocorrelation functions slightly oscillate after 50 thermal shocks, which reflects
in the influence of the roundness of micron silver particles. Furthermore, another important finding
from visual the view of pores (Figure 8) is that the pore distribution area becomes uneven and the local
density changes, which will further promote the initiation of cracks.

4.2. Mechanical Response Characteristics

Extrema of mechanical response characteristics of nodal solutions in previous FEA simulation
could be observed in Figures 11 and 12, which illustrate the displacement and stress of reconstructed
micron silver sintered joints suffering different thermal shock cycles in the X, Y, and Z directions.
It can be seen that the maximum and minimum values of the displacement and stress show a similar
fluctuation in the X and Z directions with increasing thermal shocks. This is because the x—z plane
represents the parallel interface of this sandwich structure, and the Y axis is the longitudinal constrained
sintering direction, so there is a certain degree of anisotropy.

It can be found that the maximum displacement point appears near the junction of silver phase and
larger pores, or the corner of pores, and the value shows an increasing trend, which demonstrates that
the rise of porosity and particle dispersion caused by increased thermal shocks leads to the decrease in
the size of the load-transmission area between particles, and can further result in a large displacement
field across the local bearing surface. This situation also indicates that the elastic performance of
micron silver sintered joints declines. On the other hand, the variation range of triaxial stress gradually
increases as the thermal shock cycles increases. In addition, stress concentrations exist in all three
directions. This situation could be explained by more likely stress concentrations resulting from the
growing porosity.

Table 5 illustrates the triaxial elastic modulus and the effective elastic modulus by FEA, and the
apparent density of samples. It can be seen that the Y-axis elastic modulus is a little greater than
those of the X and Z axes. This phenomenon should be derived from the sample structure, and the
constrained sintering state leads to a slight anisotropic microstructure [32]. Considering the slight
degree of anisotropy, the effective elastic modulus is adopted to evaluate the degradation behavior of
the micron sintered silver joints. As the thermal shock cycles increase, the apparent density of micron
silver joints decreases, indicating that cyclic thermal stress can drop the material densification.

Table 5. The elastic modulus in three directions, the effective elastic modulus and apparent density.

Thermal Shock (Cycles) Ex (GPa) Ey(GPa) Ez(GPa) E,(GPa) Apparent Density (g/cm?3)

50 19.63 20.70 19.50 19.94 7.46
100 17.60 20.98 19.08 19.22 7.22
150 16.31 18.12 17.52 17.32 7.05
250 16.22 16.92 15.56 16.24 6.93

4.3. Elasticity Degradation

Based on the data in Table 5, Figure 16 illustrates the change of effective elastic modulus and
porosity of micron silver sintered joints with accumulated extreme thermal shocks. The porosity
changes from 13.19% to 25.75% and the effective elastic modulus decreases by about 36%. Since the
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elastic modulus of three axes is calculated with deviation among different directions, it can be concluded
that the elastic properties of micron silver joints are also related to the microscopic topological structure.
The closer the reconstruction is to the original, the less the simulation fluctuates.

26 T T T T

N
=
1

N
]
1
1

22

__ 1"
\1\1 1

—=— Simulation Analysis

1
IS5
Porosity(%)

Effective Elastic Modulus (GPa)
» IS5
1 1

=
e
1

Model Porosity

12

14 T T T T T T
0 50 100 150 200 250
Thermal Shock between -170°C and 125°C (cycles)

Figure 16. Changes in effective elastic modulus and porosity.

Compared with analytical predictions which only consider porosity as the main factor, it is found
that FEA is close to the R&A method for solving the problem of modulus uncertainty by using the
special model of the change of the effective Poisson’s ratio. However, the forecast is slightly larger.
The large deviation of the M method may be related to the premise that the composite material
consists of a continuous matrix phase with a high concentration of rigid spherical inclusion suspension.
The comparison with the test results also indicates that FEA can easily realize the prediction of
elastic properties in micron silver sintered joints. The calculation taking errors caused by structural
randomness into account basically covers nanoindentation results (Figure 17).
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Figure 17. Effective elastic modulus degradation with porosity.

To clarify the elasticity degradation, a mechanism analysis is taken and discussed below. Micron
silver atoms are held together by interaction and the elastic properties are directly related to the
relative movement between atoms. Due to the mismatching of the thermal expansion coefficient of the
sandwich structure, the adhesive layer is mainly subjected to shear force in the deep space environment
regarding approximately monotonic loading. This may lead to lattice shift and dislocation slip in the
microstructure (Figure 18).
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Figure 18. Dislocation from the perspective of a slip plane.

If the dislocation stops due to the concentration of micro-stress in sintered silver joints, a constrained
region will be formed, where other dislocations may stop. At this time, the subsequent dislocation
of the same dislocation increment occurs, piling up as shown in Figure 19. This defect can cause a
decreasing number of atomic bonds; consequently, the effective elastic modulus shows degradation.
Moreover, this defect can be observed as the growth of pores and dispersion of silver grains.

Figure 19. Ductile dislocation piling up.

5. Conclusions

This study is undertaken to provide a cost-effective modeling and simulation method for the
elastic mechanical properties of pressureless micron silver sintered joints based on microstructure
reconstruction and analyzing the cause of its elasticity degradation in a deep space environment.
The following conclusions are drawn:

(1) A simplified statistical reconstruction method based on JQA is proposed, which takes the random
morphology and distribution characteristics of the real pores into account, and applied to
reconstruct the microstructure of micron silver sintered joints under thermal shock test conditions
and transferred into an FEA model. The comparison of autocorrelation functions characterizing
morphology features of SEM images and reconstructed models proves this method is feasible.

(2) A simulation process based on the reconstructed model is proposed to obtain the effective elastic
modulus of sintered joints. Through comparing the result with that of analytical models and
nanoindentation tests, the relative error (less than 15%) indicates the rationality of this method.

(3) The microstructural evolution is quantitively characterized by autocorrelation functions. In the
simulative deep space environment, with increasing thermal shocks, the average micron-silver
particle size and hydraulic diameter decrease, while the specific surface goes up, resulting in the
increase in porosity and dispersion of silver grains.
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(4) The FEA simulation results show that, due to the sandwich sample structure, the constrained
sintering state makes the sintered silver joints present a slight anisotropy, which is reflected
in the differences of displacement, stress and elastic modulus among X, Y, and Z directions.
As thermal shock cycles increase, the material densification declines, resulting in the decreased
apparent density, a larger displacement field across the local bearing surface, and more likely
stress concentrations.

(5) Elasticity degradation is noticed during the thermal shock test. The mechanism analysis shows
accumulated thermal shocks lead to cyclic shear force in sintered joints, which induces lattice shift
and dislocation slip in the microstructure. Furthermore, dislocation piling up causes the effective
elastic modulus of sintered joints to decline due to broken atomic bonds.
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