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A new fatigue lifetime prediction model is
developed for sintered Ag nanoparticles.

This model considers damage  slip
accumulation, stiffness and strength fatigue
degradation.

A low-cost method for estimating key model
parameters of prediction model is proposed.
This model provides a solution that balances
model complexity and engineering
convenience.

This paper provides a novel perspective for the
reliability analysis of porous structures.
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1. Introduction

Abstract

Sintered silver nanoparticles (AgNPs) are widely used in the electronic
packaging of high-power chips, yet their random internal porous
structure is prone to fatigue degradation. In this study, a new cyclic
cohesive zone model (CCZM) is proposed for predicting the fatigue
lifetime of sintered AgNPs. This model not only considers the
cumulative effect of damage slip during cyclic loading but also realizes
simultaneous stiffness and strength fatigue degradation under low-stress
loading. In addition, to improve the usability of the model, a low-cost
estimation method of the model’s key parameters and the corresponding
VUMAT user subroutines are proposed. Based on this, cyclic tensile
tests on Sintered specimens confirm the occurrence of damage slip
within the porous AgNPs structure. The predictive performance of the
model and the sensitivity of its characteristic parameters are also
thoroughly analyzed and discussed. The new CCZM provides a solution
that balances modeling complexity and engineering convenience for the
reliability assessment of porous structures.

Keywords
sintered silver nanoparticles, damage slip, new cyclic cohesive zone
model, fatigue lifetime prediction

Sintered silver nanoparticles (AgNPs) are favored as packaging
materials for high-power chips due to their exceptional thermal
conductivity [1]. Sintered AgNPs provide electrical
interconnections and structural support between the chip and the
substrate. Nonetheless, they possess complex random porous
structures [2], and when subjected to long-term service in
complex alternating thermal and mechanical environments, they
are prone to fatigue degradation [3], rendering a weak point in

the interconnection package structure [4], [5]. Therefore, it is
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necessary to focus on their reliability and evaluate their service
lifetime, to promote the reliable application of sintered AgNPs
in high-power semiconductor devices.

Conducting reliability assessments from the perspective of
lifetime prediction has seen substantial development in recent
years [6], [7], [8], [9]. In comparison to time-consuming and
costly reliability tests, theoretical analyses and predictive
models have become more favored among researchers, as they

provide a more intuitive and rapid understanding of product
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reliability [10]. For example, traditional S-N curves [11] and the
Paris model [12] provide rough estimates of fatigue lifetime and
reliability. The Physics of Failure (PoF) [13], a semi-
mechanistic and semi-empirical predictive model, further
enhances the effectiveness of these assessments. Moreover,
prediction methods based solely on degradation-driven data rely
on earlier accelerated degradation tests and historical
monitoring data [14], [15]. Usually, this kind of reliability data
is very rare, which somewhat restricts its widespread

application.  Currently, numerical simulation methods,
exemplified by finite element analysis, are more popular in
practical applications due to their high predictive accuracy and
visualization capabilities [16]. The cohesive zone model (CZM)
is one of the more effective numerical simulation methods,
developed based on damage and fracture mechanics theory. It
uses Traction-Separation (T-S) curves to describe the
mechanical response of the interconnection structure, offering
a more intuitive and concise approach compared to other
methods. Over the past few years, CZM has been widely applied
and shows great potential in predicting the lifetime of porous
structures [17].

The cyclic cohesive zone model (CCZM) is developed based
on CZM [18]. The primary focus of CCZM is to establish a link
between fatigue damage and performance degradation. The

most direct means is the stiffness or strength degradation, as
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shown in Fig. 1(a). Choi et al. [19] proposed a CCZM model
based on stiffness degradation. Damage is calculated when the
maximum traction stress threshold is surpassed. This model
effectively simulates crack propagation in composite materials
[20]. Xun et al. [21] introduced a strength degradation-based
CCZM, which has been widely applied in geotechnical
engineering to model fatigue-induced material strength
reduction. Roe-Siegmund et al. [22] presented a highly regarded
CCZM that accounts for both simultaneous stiffness and
strength degradation [23]. This model ingeniously formulates
a nonlinear damage constitutive relationship using an
exponential functional form [24], as shown in Fig. 1(b).
Building on this concept, an elastic-plastic damage CCZM with
a potential function form has also been developed [25], [26].
However, the aforementioned CCZMs all assume that the
unloading path returns directly to the origin and do not consider
the unique degradation behavior of porous structures during the
fatigue stage. The limitations of unloading along the origin in
the CCZM have been reported [27], [28]. Moreover, most
CCZMs commence damage calculations solely upon reaching
damage initiation stress (maximum traction), which not only
overlooks fatigue damage occurring under low-stress conditions
but may also lead to unrealistic lifetime predictions for sintered

AgNPs.

ction

Fatigue

fa

Strength & Stiffness

S; Separation O

degradation simultaneously

8, J,; Separation

Fig. 1. Common CCZMs for fatigue lifetime prediction. (a) Stiffness or strength degradation. (b) Both stiffness and strength

degradation simultaneously.

Therefore, a new CCZM is proposed for considering the
unique degradation behavior and predicting the fatigue lifetime
of porous sintered AgNPs. This model not only does not ignore
the low-stress damage but also considers the damage slip
accumulation. The findings of this paper will aid designers in
their initial reliability design efforts as well as users in

conducting prognostic analyses [29]. In the rest of this paper,

Sec.2 introduces the modeling background. Sec.3 introduces the
constitutive relationships, damage calculation formulas, and
application methods of the new CCZM. Sec.4 conducts model
validation. Sec.5 analyzes the sensitivity of the model’s

characteristic parameters. Sec.6 summarizes the findings of the

paper.

Eksploatacja i Niezawodno$¢ — Maintenance and Reliability Vol. 27, No. 3, 2025




2. Model Building Background

Due to the particularity of the low-temperature sintering process,
sintered AgNPs are a typical random porous material. During
the cyclic loading process, tiny cracks initiate and propagate
within AgNPs, leading to microscopic metal bond breakage and
internal dislocation slip motion [30]. Typically, this minor
internal structural damage is both unnoticeable and irreversible.

The irreversibility of dislocation slip in microstructures has

Sintered AgNPs A
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been extensively discussed by Hael Mughrabi et al. [31]
Although the damage has already occurred, the material tends
to revert to its initial position after unloading [32],
a phenomenon referred to as "virtual connection.". Upon stress
reloading, the virtual connection area rapidly disengages,
providing a potential path for crack propagation. In addition,
when a void is present in front of a damaged area, a broader slip
is likely to occur. This phenomenon is termed "damage slip," as

depicted in Fig. 2
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Fig. 2. Damage slip behavior of sintered AgNPs.

Conventional CCZMs are developed for composite
delamination and colloidal degradation and are not fully
applicable to describe the fatigue degradation of porous
materials. Under cyclic loading conditions, the sintered body’s
damaged area diminishes resistance to crack propagation,
leading to variations in displacement on the T-S curve under
identical stress conditions. However, most CCZMs that unload

and reload from the origin fail to capture this damage slip

phenomenon. Furthermore, previous damage initiation
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conditions required the load to reach the maximum traction
force or for the opening displacement to exceed the damage
initiation threshold, which overlooked minor damage at low
stress levels and contradicted the concept of cyclic
irreversibility [31]. Therefore, it is imperative to develop a new

CCZM to address these limitations.
3. New Cyclic Cohesive Zone Model

3.1. Model description
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Fig. 3. Schematic diagram of the new CCZM constitutive model.
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The new CCZM consists of four parts: the envelope curve,
damage slip, cyclic fatigue damage stage, and monotonic
softening stage. When the cohesive element is subjected to an
external load that does not exceed the envelope curve, it enters
the fatigue damage stage, where stiffness and strength begin to
degrade, with synchronous damage slip occurring. Upon
entering the unloading stage, it maintains the stiffness value
prior to unloading and returns to the starting position without
damage. Upon entering the reloading stage, it continues to
progress from the position of accumulated damage slip, and
fatigue damage continues to increase. Once the load reaches or
exceeds the envelope curve, the model transitions to the
monotonic softening stage, where the material’s softening
behavior is same as traditional CZM’s damage behavior. The
failure criterion of the new model is defined as either the
damage accumulation reaching a value of 1 or the damage slip
accumulation reaching the failure displacement of the envelope
curve. In summary, the new constitutive model has the
following three characteristics:

In summary, the new CCZM has the following three
characteristics:

1) Minor damage under low stress conditions is
accounted for.

2) Fatigue damage leads to simultaneous degradation of
both stiffness and strength.

3) The cumulative effect of damage slip during cyclic
loading is taken into consideration.

Noted, the envelope curve of the new CCZM is not limited
to a bilinear form. Still, it can adopt an exponential or
trapezoidal form, according to the actual service behavior of the
material. Moreover, this study assumes that the constitutive
model applies uniformly to both the normal and tangential
directions of the cohesive element, and will not separately

distinguish these directions in the following expressions.
3.2. Damage calculation

Fig. 3 consists of a linear elastic phase in the ascending region,
as shown in Eq. (1), and a plastic separation phase in the
descending region, as shown in Eq. (2). When the traction stress
does not exceed the T-S envelope curve, fatigue damage
increment is calculated by Eq. (3). If the traction stress exceeds

the envelope curve, the CCZM enters the monotonic damage

stage, with stiffness softening becoming apparent. Further
loading at this stage drives separation displacement along the
envelope curve, as shown in Fig. 3, stage 4, with monotonic
damage increment in the softening phase described by Eq. (4).

f=k-6 ®
where f is traction stress, k is stiffness, J is separation
displacement.

8 = 2G/finax )
where Jris failure separation displacement, fyqx is the maximum
traction stress. G is the energy release rate, commonly referred
to as fracture energy
(8) [ f

D.,=a—
c dz

| ©

max

Where D, is the cyclic fatigue damage increment, §is the
displacement increment, dy = n8o=n - (fmax/k) is the damage
scaling factor, usually # times of do. fis the traction stress at the
current moment, fuq is the maximum traction stress, Crand a

are constants.
_ 8064(8)
™ 82(8r ~ )

Where D,, is the monotonic damage increment. ¢ is the current

4

moment displacement.
Damage calculations are omitted during the unloading stage.
The new CCZM's total damage and the corresponding cohesive

element stress are presented in Eq. (5) and Eq. (6), respectively.
D=[ (D, + Dy,)dt = D, + Dy, (5)
fo=k-(1-D)-6. (6)

Where f, and §, are the current traction stress and current

separation displacement.
3.3. Damage slip accumulation calculation

The damage slip value is defined as the intersection of the
maximum stress loading point pointing to a non-zero negative
phase f.. and the horizontal axis within a cycle, as shown in Eq.
(7). This slip displacement is not a fixed value and increases

with rising damage.

_f U .
_ ne cycMax,i _
6s,i - - 6s,i—1 fne -

—ne - f, 7
fcycMax,i - fne max ( )

In the i-th cycle, where d;; is the damage slip, 5,0 is the initial
slip value, #¢yemax,i 1S maximum separation, feyemax,i 1S maximum
traction stress, f,. is the non-zero negative phase point when
unloading. The cumulative total amount of damage slip is

shown in Eq. (8)
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Where d,.41 is the total damage slip, # is the cycle count.

3.4. How to use this model
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Fig. 4. Main steps in the implementation process of the new CCZM.

Fig. 4 outlines the main steps in the implementation process
of the new CCZM, including material parameter extraction, key
parameter determination, VUMAT subroutine development,
and numerical simulation. The accuracy of model key
parameters critically influences the predictive effect. Several
methods exist for obtaining the CCZM envelope curve, with

material performance testing being the most straightforward.
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However, certain situations are impractical, necessitating
a simple, fast, cost-effective method for evaluating material
performance. To address this, we propose a 3D Gaussian
Random Field (GRF) defect modeling method, depicted in Fig.
5, combined with RVE homogenization techniques to evaluate
the material properties of sintered AgNPs, and derive the key
parameters of the new CCZM.
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Fig. 5. The defect feature modeling process of sintered AgNPs based on 3D GRF.

Fig. 5 shows the defect feature modeling process of sintered
AgNPs, including binarization and noise reduction of SEM
images, pore feature extraction, 3D model spatial discrete point
distribution, and Gaussian kernel iterative optimization. A more

detailed theoretical analysis can be found in our previous work

[33]. This paper quantitatively analyzes defect characteristics
using the Image Autocorrelation Function (IAF) and evaluates
the similarity between the real and generated structures based
on this analysis. For a 2D image, the IAF uses Eq. (9) to measure

the correlation between pixels at different positions.

Eksploatacja i Niezawodnos¢ — Maintenance and Reliability Vol. 27, No. 3, 2025




RGuY) = 1608 =3 Y Y Imm) 1=my=m)  (9)

m=0n=0

Where (x,y) are pixels’ coordinates. (m,n) are target pixels.
Generally, the Fourier-transformed convolution theorem can be
used to simplify computational processes, as shown in Eq. (10).

R(x,y) =1(x,y) @ I(x,y) = FTTH{|FT{I(x,»)}|?} (10)
Where FT and FT 'represent the Fourier transform and inverse
Fourier transform, respectively.

Another key step shown in Fig. 5 involves optimizing the
width of the Gaussian kernel to ensure that the defect structure
generated by the 3D GRF aligns with the real sintered AgNPs
structure observed in the SEM. The optimization target is to
minimize the mean absolute percentage error (MAPE) of the
normalized IAF between the real structure and the generated
RVE structure. The formula for MAPE is provided in Eq. (11).

1 R(m)—R'(r; 7 7
MAPE:;Z|M’ Ti=\/(xi_xi)2+(yi_yi)2 (11)

R(r)

Where R(r;) and R'(r;) are the normalized IAF corresponding to
the i-th pixel distance in the real structure and the generated
structure, respectively.

Material's macroscopic  properties depend on the
microstructure's arrangement. The concept of predicting
material performance based on RVE was first proposed by Hill
et al. [34]. It is defined as the smallest volume element that can
accurately represent the average constitutive properties of the
macroscopic model. Then, Periodic boundary conditions (PBC)
need to be applied to the RVE model to simulate the deformation
of the surrounding material, while ensuring stress and
displacement continuity [35]. Commercial finite element
software uses Python scripts to apply constraint equations on
nodal degrees of freedom (DoF) for implementing PBCs [36].
Eq. (12) displays the displacement field on the RVE boundary.

Ui(x,y,2) = &gux(x,y,2) + Ui (x,¥,2) (12)
Where ¢, is the average strain. u,(x,y,z) are boundary
coordinates. U] (x,y, z) is displacement correction of PBC. Eq.
(13) is the displacement formula of the two symmetrical
boundaries of RVE.

Uy, 2) = Eul (6,,2) + Ui (x,7,2)

U~ (x,y,2) = &gl (x,,2) + U (x,,2)

Subtract the above formulas to form a general expression, as

(13)

follows:
Ut — Ul = gl —ul) = ggul (14)

The elastic-plastic behavior of the material can be predicted

using the RVE homogenization method. Furthermore, a fast
calculation formula proposed by Wang et al. [37]. can be used
to determine one of the key parameters of the new CCZM: the

maximum traction force, as shown in Eq. (15).

4 0
— _ f
fmax = Oeff = §Uf or 1—d (15)

Where of is the stress on the material as it enters the rapid
damage region. d is a damage scalar, which is related to the
critical pore volume ratio and usually takes values in the range
of 0.26-0.3 [37]. ooy is critical stress. fier is the maximum
traction stress.

Fracture energy, another key parameter, can be represented
by the enclosed area of the T-S curve, as shown in Eq. (16). It
represents the energy required for the instability propagation of

cohesive elements [24], [38].

G = 5df - fnax _ N8q; * fmax _ nfanx (16)
2 2 2k

For the bilinear CCZM, d,is considered to be n times of dg;.
n is usually between 10 to 20. Referring to the CZM
measurement test on sintered AgNPs by Dai et al. [39], n is
recommended to be 15.

Once the shape of the new CCZM is determined, it can be
integrated into the ABAQUS explicit solver through the
VUMAT subroutine. This process involves five main steps, as
shown in Fig. 4. Firstly, obtain the basic parameters (e.g.,
stiffness, maximum traction stress, fracture energy, etc.) of the
cohesive element and the transfer variables (e.g., total damage
value, cumulative damage slip, system status, etc.) of the
VUMAT subroutine. Secondly, calculate the try displacement at
the current moment. Thirdly, determine the system status (e.g.,
continuous rising stage, unloading stage, and reloading stage)
and update displacement value accordingly. Fourthly, calculate
fatigue or monotonic damage. Finally, update the cohesive
element’s stress and state, including decisions on element
deletion, as detailed in Eq. (17). The VUMAT subroutine will
be called in every numerical increment and cycle until loading

completion or model failure.
Damage > 1
uNew = &¢
else = Seiement = 1.0

= Seiement = 0.0

a7

Selement =

Where Seiemen: 18 the cohesive element’s state. Seiemen:=0.0 means

the element fails.
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Fig. 6. The calculation process of the new CCZM in ABAQUS explicit solver.

4. Implementation and verification specimen to fracture easily at the center during testing. The

preparation process and sintering conditions are shown in Fig.
4.1. Preparation and observation of sintered specimens

7. Afterward, the specimen was surface-ion polished using the
In this work, commercial AgNPs paste with a main diameter of Fischione Model 1061 mill, with SEM images captured via
250nm was used, and the specimen was prepared using a 350PC a ZEISS Merlin.

automatic dispensing machine. A Imm notch was pre-set in the

@ Silver nanoparticles

v
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| matter
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Fig. 7. The preparation process and sintering conditions.
42. RVE generation & cohesive element parameter by different Gaussian kernel widths and their respective IAFs

calculation are shown in Table 1 and Fig. 8. As shown in Fig. 8(b), when

the Gaussian kernel width is 2.813, the defect feature structure

Based on real microstructure images, the 3D RVE structure of . . o
generated based on 3D GRF exhibits the highest similarity to

sintered AgNPs is reconstructed using the 3D GRF defect .
the real structure, with a MAPE of only 0.00274.

modeling method established in Sec. 3.4. The RVEs generated
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Table 1. RVE structures generated by different Gaussian kernel widths.

SEM image Width c1=1.5 62 =2.0 03 =2.5 64 =3.0
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Fig. 8. RVE structure based on 3D GRF. (a) Normalized IAFs for different RVE structures and the real morphology. (b) Comparison

of the RVE with the optimal Gaussian kernel width and the real morphology.

Generally, it is difficult to obtain a complete constitutive
curve for solid non-porous sintered AgNPs, as this material is
essentially the aggregation of silver particles. This work uses
the material properties of bulk pure Ag combined with
homogenization methods to calculate the elastoplastic response
of porous Ag (which has defect structures similar to sintered
AgNPs as shown in Fig. 8(b)), as an approximation of the
material properties of sintered AgNPs. The model parameters of
the RVE are listed in Table 2, where the solid phase’s
performance curve is proposed by Huo et al. [40], the mesh
failure displacement is calculated by Eq. (18). By maintaining
the PBCs and applying further loads, the elastoplastic response
of porous Ag can be obtained, as presented in Table 3 and Fig.

9.

U = Lo(el' + ﬁ -1 (18)

Where Uris the failure displacement. Ly is the minimum mesh

size. €8 ! the damage initiation strain of the ductile metal. y is

the area shrinkage ratio (usually 0.5).

Table 2. Material parameters of RVE structure in ABAQUS.

Property Categorization Value Unit
. Solid phase 6344 MPa
Elastic modulus
Defect phase 6.344 MPa
Poisson’s ratio Solid phase 0.37 /
Defect phase 0.37 /
Density Solid phase 7.50x103 kg/m?
Defect phase 7.50x103 kg/m?
. Solid phase 60 MPa
Yield strength Defect phase 6 MPa
Maximum tensile Solid phase 133.5 MPa
strength Defect phase 1.335 MPa
Damage initiation Solid phase 0.21 /
strain Defect phase 0.21 /
Mesh failure Solid phase 0.7235 um
displacement Defect phase 0.7235 um
RVE mesh size 0.6umx0.6umx0.6um /

Table 3. Mechanical parameters of the sintered specimen

predicted by RVE homogenization method.

Young’s modulus Value Poisson’s ratio Value
Eu 3733.54MPa vi2 0.30
E2» 3847.32MPa Vi3 0.31
Es3 3732.25MPa V21 0.31
G2 1404.26MPa V23 0.31
Gi3 1387.50MPa V31 0.31
G23 1385.27MPa V32 0.30

Eksploatacja i Niezawodno$¢ — Maintenance and Reliability Vol. 27, No. 3, 2025




140

Tangential direction of RVE

120 H Normal direction of RVE

100

Stress (MPa)

40 4

20+

]
J

el
0
U T T T T -

T
0.00 0.05 0.10 0.15 0.20

Strain

T
0.25

T
0.30

0.35

Fig. 9. Normal and tangential elastoplastic responses of porous Ag

140 24
Power law constitutive model from Long et al.(2020)
i b —=#— Chuantong Chen et al.
M) ammEe s ( ) o= D Yo el
5 —* = Xu Chen et al.

19 5 —#- -Gang Chen et al.
= g 16
G z
P =
< < 12
2 60 <)
o g :
&a - Ee ife<e, 8 N

40 Re" ife>e, 8 84 A .\‘

= (¥ S e e
20 4 Nanoindentation with Berkovich indenter (1x107s™) ~ o *o 25 S S~ -
~ - = Nanoindentation with Berkovich indenter (5x10%s™) 44 5 oy '~
ol B Nanoindentation with Berkovich indenter (1x10™s™") oo S
Nanoindentation with Spherical indenter from Long (2019) ® x
T T T T T T 0 T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0 50 100 150 200 250 300
Strain Temperature (°C)

Fig. 10. The statistical analysis of sintering AgNPs material performance. (a) Measured by nanoindentation method. [41], [42], [43],
(b) The elastic modulus’ statistical results with different temperatures [44], [45], [46], [47].

The nanoindentation measurement data from Fig. 9 (black
dashed line) [41] and the various strain rate and indenter
configurations in Fig. 10 (a) indicate that the normal and
tangential elastoplastic responses of porous silver, simulated
using the RVE homogenization method, align with the power-
law constitutive behavior of sintered AgNPs observed
experimentally. Additionally, the mechanical property values,
including yield stress and ultimate stress, also fall within the
range of the measured data (gray area in Fig. 10(a)), further
of the

Furthermore, the statistical results presented in Fig. 10(b) reveal

validating the effectiveness simulation results.
an inverse relationship between the elastic modulus of sintered
AgNPs and temperature. Thus, although the predicted elastic
modulus at room temperature is numerically lower than the
measured result, it is very close to the range of the measured

data (gray area in Fig. 10(b)), which is acceptable from

a numerical standpoint. Therefore, the mechanical response
curves of porous silver, obtained using the proposed method in
this paper, are shown to be similar to those of sintered AgNPs.
Subsequently, the parameters for the cohesive elements
corresponding to sintered AgNPs are calculated as follows: the
maximum traction stress in the normal and tangential directions
is determined using the o7* and o7 from Fig. 9 in conjunction
with Eq. (15). when the cohesive element's calculated thickness
is set to 1 mm, the elastic modulus obtained from Fig. 9 is equal
to the stiffness. Based on these two parameters, the normal and
tangential fracture energies are further calculated according to
Eq. (16). At the same time, the cohesive element size /. needs to
be determined according to the length of the cohesive zone L.,
which is defined as the distance from the crack tip to the point
where the maximum cohesive traction is attained [48]. Moes

and Belytschko [49], based on the work of Carpinteri et al. [50]
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suggest that the L. typically needs to contain at least 10 Parameters Categorization Value  Unit

cohesive elements to ensure both accuracy and convergence. So, Cohesive e1.ements htictons | o
the recommended range for . is calculated using Eq. (19) [51]. calculate thickness.

le= LN—C: = %EGCI/VETO)Z = 3n12Vb;(GTCO)2 € [0.079mm, 0.159mm] ~ (19) Characteristic z l; j
Where E is elastic modulus. G. is fracture energy. 7° is the Iéa(r:z;n;;ters mnew G /
interface stress, which is equal to the maximum traction. N, is ne 0.2 /
the number of units contained in the cohesive zone, ranging Moreover, the characteristic parameters in the new CCZM
from 10 to 20. are the suggested values presented in this paper, which will

Table 4. Cohesive element parameters of the sintered specimen require  adjustment for different materials and service

in ABAQUS VUMT. environments in future applications. The cohesive element

Parameters Categorization Value  Unit parameters for sintered AgNPs required in VUMAT are

. normal direction: k» ~ 3847.32 MPa provided in Table 4.
Stiffness S
tangential direction: & 3733.55  MPa 4.3. Model verification and effect analysis
Maximum traction normal direction: fumax n 105.15  MPa
stress tangential direction: fax ¢ 9543  MPa Both the simulation and verification experiments utilized the
Fracture energy normal direction: Gic 2155 N/m same periodic constant-amplitude loading conditions, with
tangential direction: Gicc 18.29 N/m . . . .

Density / 7.50x10° ke/m’ a maximum tensile displacement of 0.2 mm and a loading rate
Cohesive element size l, €0.079,0.159] 0.1 mm of 1.2 min.
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Fig. 12. Failure process of sintered specimens under cyclic loading. (a) Significant crack growth phenomenon. (b) Fatigue fracture failure.
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Fig. 13. SEM image of sintered specimen. (a) Micro-crack propagation in the early and middle stages of cyclic stretching. (b) Potential

failure paths in other non-central fracture areas after failure.

The experimental and numerical simulation processes are
shown in Fig. 11. Fig. 12 shows the failure process of the
sintered specimen from a macroscopic perspective. Fig. 13
shows the micro-cracks propagation (early and middle stages of
tension) and the potential failure paths that appear in the non-
fracture area (final stages of fatigue failure). These confirm that
the accumulation of damage slip occurs inside the sintered
AgNPs and gradually develops into a potential crack

propagation path as the number of cycles increases.
Furthermore, it should be clarified that the new CCZM
proposed in this paper aims primarily to provide a solution that
balances model complexity and engineering convenience for

predicting the lifetime of sintered AgNPs, rather than offering

40

a detailed simulation of crack propagation. The internal fatigue
degradation behavior of these materials is reflected by the
damage value of a cohesive element. Fig.14 shows the effect of
different values of /. with the recommended size range on the
model's tensile stress and failure cycle count. It can be observed
that the value of /. chosen as 0.1mm in this study satisfies both
computational efficiency and accuracy requirements. Fig. 15 (a)
shows the comparison between the simulation results and
experimental data. Although the new CCZM predicts a slightly
conservative estimate of failure cycles compared to the
experimental average, it remains within an acceptable range.
Therefore, the new CCZM is deemed suitable for sintered

AgNPs’ fatigue prediction.

35 1

W
f=]
1
—
e —

Stress (MPa)
2R
1 1

- ————
—————————

—
wn
1
——
———

—

——
—re—

——[,=0.14mm, failure number: 24 cycles
———1,=0.12mm, failure number: 24 cycles
~—[,=0.10mm, failure number: 24 cycles
~=[,=0.08mm, failure number: 23 cycles

—

——

il

5 1 I 1
0 50 100 150 200

I
250

!3» H&

T 1 1 1 I
300 350 400 450 500

Time (s)

Fig. 14. The effect of different cohesive element sizes on the simulation results.
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element under the cyclic loading test. (¢) Fatigue damage results and the damage slip accumulation of the first cohesive element. (d)

The damage evolution of cohesive elements with different cycle numbers.

Fig. 15(b) shows the T-S curve of the first cohesive element
under cyclic loading. Fig. 15(c) presents the fatigue damage
results and the accumulation of damage slip in the first cohesive
element. Minor damage occurs even with tensile stress below
fmax. Moreover, the cumulative impact of damage slip becomes
increasingly apparent during cyclic loading. On one hand, the
accumulation of fatigue damage leads to porous structural
deterioration in sintered AgNPs. The virtual connection part will
not hinder crack propagation when stress reloading. At this
stage, the cohesive element will start moving from the position
of accumulated damage slip. Additionally, damage slip alters
the model's stress distribution under loading, influencing the
crack propagation process. On the other hand, the gradual
accumulation of damage slip shifts the T-S curve rightward,
approaching the envelope curve and resulting in monotonic
damage. These phenomena are more pronounced under low-
stress cyclic loading.

Fig. 15(d) shows the damage evolution of cohesive elements
with different cycle numbers. The analysis reveals that the

cohesive elements remain in the damage accumulation stage

during the first 12 cycles. Significant crack propagation and
increasing growth rate are observed during 12~20 cycles,
leading to a 1.5 mm crack length. In addition to the damage
observed at the front of the cohesive zone, noticeable damage
also occurs at the tail. This is because the model has a preset
notch of 1 mm. During the simulation, the stress on the right
side of the cohesive zone is not concentrated at the edge
cohesive element but rather near the symmetric position of the
left-side notch, due to the symmetry of the model. The position
primarily depends on the preset notch shape, model shape, and
stress loading mode. Moreover, according to the damage
calculation rule of the new CCZM, an increase in stress leads to
a more pronounced reduction in the stiffness and strength of the
cohesive elements, resulting in a significant damage slip
phenomenon. According to the constitutive rules defined in this
study, this process is also interactive, resulting in significant
damage accumulation at the 3.3 mm position after multiple
cycles.

So far, the above case analyzes have proved the accuracy

and effectiveness of the new CCZM in fatigue life prediction.
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5. Characteristic parameter sensitivity analysis

Characteristic parameter changes in the new CCZM

significantly affect the crack growth process and lifetime

prediction results, making it necessary to analyze their influence.

Fig. 16 shows the effect of model characteristic parameters and
stretching rate on crack mouth opening displacement (CMOD).
Elevating parameters a and ne increases the crack growth rate,
whereas an increase in Cy reduces damage accumulation and
retards crack growth. Notably, despite the influence of
parameters a and Cron crack growth rates, three typical stages
of crack propagation—crack initiation, crack growth, and rapid
fracture—can still be clearly distinguished. However, the
increase in ne linked to damage slip will make the crack
initiation stage less obvious, leading swiftly to the crack growth
stage. Additionally, when the cycle period is fixed, a higher
tensile rate results in larger loading displacements and traction

stress, which leads to more pronounced reductions in the

stiffness and strength of the cohesive elements, as well as larger
damage slip values. After multiple cycles, the effects of fatigue
damage and slip accumulation become more significant, which
means the cohesive mesh will fail more rapidly, leading to an
increase in the crack growth rate, as shown in Fig. 16(d).

Fig. 17 shows the effect of model parameters and stretching
rate on fatigue lifetime. An increase in a from ay to 1.8ay,
reduces the fatigue lifetime by an average of 32.63%. When Cr
increases from Cp to 20Cp, the fatigue lifetime increases by an
average of 10.92% on average. Increasing ne from ne, to 20ne,
decreases the fatigue lifetime by an average of 12.44%.
Considering the magnification value, the fatigue lifetime is
more sensitive to the parameter . In addition, when the cycle
period is fixed, increasing the stretching rate v by 1.8 times is
equivalent to a 1.8-fold increase in the loading displacement per
cycle, the fatigue lifetime decreases by 54.35% on average.

Thus, the sensitive factor of stretching rate also cannot be

ignored.
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Fig. 16. The effect of model characteristic parameters and stretching rate on CMOD. (a) CMOD affected by parameter a. (b) CMOD
affected by parameter Cf. (c) CMOD affected by parameter ne. (d) CMOD affected by parameter v (each cycle period is 10s, with 5s

for loading and 5s for unloading).
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6. Conclusion

In this work, a new CCZM for predicting the fatigue lifetime of
sintered AgNPs is proposed. The conclusions can be
summarized as follows:

1) This fatigue model uniquely accounts for both damage
slip accumulation and simultaneous degradation of stiffness and
strength. This approach avoids the unrealistic assumption that
porous structures remain perpetually in the elastic stage under
low stresses.

2) The detailed application of the new CCZM is presented,
including a cost-effective method for estimating key model
parameters, and the development of a VUMAT user subroutine

for the ABAQUS explicit solver
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