Materials Science & Engineering A 897 (2024) 146316

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &
INEERING

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

ELSEVIER

Check for

Microscopic fracture toughness of notched porous sintered Cu o
micro-cantilevers for power electronics packaging

Dong Hu?, Leiming Du?®, Markus Alfreider ™", Jiajie Fan *¢, Daniel Kiener ", Guogi Zhang® "

@ Department of Microelectronics, Delft University of Technology, 2628 CD, Delft, the Netherlands
b Department of Materials Science, Montanuniversitdt Leoben, Leoben, Austria
¢ Shanghai Engineering Technology Research Center for SiC Power Device, Academy for Engineering & Technology, Fudan University, Shanghai, 200433, China

ARTICLE INFO ABSTRACT

Keywords:

Cu nanoparticles sintering
Continuous stiffness testing
Elastic-plastic fracture mechanics
Microscopic fracture toughness

To fulfill the high-temperature application requirement of high-power electronics packaging, Cu nanoparticle
sintering technology, with benefits in low-temperature processing and high-melting point, has attracted
considerable attention as a promising candidate for the die-attach interconnect. Comprehensive mechanical
characterization of the sintered layer at a microscale is necessary to deepen the understanding of the fracture
behavior and improve the reliable design of materials. In this study, microscale cantilevers with different notch
depths were fabricated in a 20 MPa sintered interconnect layer. Continuous dynamical fracture testing of the
microcantilevers was conducted in situ in a scanning electron microscope to detail the failure characteristic of the
porous sintered structure. The microscopic fracture toughness of different notched specimens was obtained from
the J-integral in the frame of elastic-plastic fracture mechanics. Specimens with deeper notches presented higher
resistance to crack extension, while geometry factors of notch-to-width ratio between 0.20 and 0.37 exhibited a

relatively stable microscopic fracture toughness ranging from 3.2 + 0.3 to 3.6 + 0.1 MPa m
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1. Introduction

As one critical strategic direction in the More than Moore (MtM)
concept, power electronics is undergoing rapid development contrib-
uted by industrial electrification [1]. In the U.S. Department of Energy’s
roadmap for 2025, 33 kW/L power density and 300,000 mile/15-year
lifetime are targeted in a 100 kW electric traction power converter
[2]. Due to the physical limit of silicon (Si)-based devices, wide-bandgap
semiconductors (WBG), represented by silicon carbide (SiC) and gallium
nitride (GaN), have been proposed as the promising alternative ac-
cording to its compelling advantages, such as high breakdown voltage,
high operating temperature, high switching frequency and low loss [3,
4]. Considering ~200 °C-250 °C operating junction temperature in the
WBG devices, the high-temperature degradation of a necessary
die-attach layer, which is the closest layer to get the heat away from a
die, becomes a critical challenge regarding reliability performance [5,
6].

In the past decade, Sn-based solders and metallic nanoparticles have
been the most promising Pb-free die-attach materials, according to RoHS
(Restriction of Hazardous Substances) [5,7]. In high-temperature

* Corresponding author.
** Corresponding author.

packaging, high operating temperature results in a costy
high-temperature soldering process. In an extreme case of an operating
temperature exceeding 500 °C, none of the known solders can work [8].
However, nanoparticle sintering technology, as established for Ag and
Cu, takes advantage of low-processing temperatures and robust
high-temperature stability as the sintered structure shares close melting
point with its bulk status. Compared to the soldering technology, the
nanoparticle sintering technology gets no involvement of unwanted
brittle intermetallic compounds (IMC) while also more excellent thermal
and electrical conductivity. Several reports have reported different Ag
sintering technologies for various concepts of power modules [9-11].
However, sintered Ag joints are prone to mass migration, risking reli-
ability performance in the long-term operation [12]. As an alternative,
sintered nanoporous Cu also presents excellent electrical and thermal
performance and is even more cost-effective than Ag. Recently, benefi-
cial Cu nanomaterial-based packaging solutions have been reported for
high power density and junction temperature [13,14].

Besides the intensive development of the materials composition and
process optimization, understanding the mechanical properties of the
sintered layer is also essential for the design for reliability (DfR), where an

E-mail addresses: Markus.Alfreider@unileoben.ac.at (M. Alfreider), G.Q.Zhang@tudelft.nl (G. Zhang).

https://doi.org/10.1016/j.msea.2024.146316

Received 18 December 2023; Received in revised form 28 February 2024; Accepted 29 February 2024

Available online 7 March 2024

0921-5093/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Markus.Alfreider@unileoben.ac.at
mailto:G.Q.Zhang@tudelft.nl
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2024.146316
https://doi.org/10.1016/j.msea.2024.146316
https://doi.org/10.1016/j.msea.2024.146316
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2024.146316&domain=pdf
http://creativecommons.org/licenses/by/4.0/

D. Hu et al.

accurate material model is needed as a key input to predict the failure of
the entire system. The porous die-attach layer manufactured by sintering
technology presents mechanical properties and deformation behavior
different from the bulk metal, depending on the post-sintering residual
porosity. Typically, the mechanical performance of the sintered joint is
characterized at the macroscopic scale by employing shearing and
bending tests [15-17]. However, these are not rigorous measurement
methods to obtain local fracture toughness and improve understanding of
the fracture behavior in the sintered layer. Fracture toughness is a crucial
parameter for assessing the failure behavior by describing the ability of
materials containing a pre-existing notch to resist crack propagation. A
computational modeling approach has been suggested to calculate the
stress intensity in a sandwich-lick sintered joint through finite element
analysis (FEA) at points along the crack growth path [18]. However, an
accurate set of material properties was required to input the model. From
an experimental perspective, Wang et al. studied the interfacial fracture
toughness of sintered hybrid silver interconnect using modified compact
tension experiments, revealing that the pore size and porosity signifi-
cantly influenced the fracture resistance [19]. Zhao et al. employed an end
notch flexure (ENF) test to determine sintered Ag’s mode II shearing
fracture toughness considering various sintering temperatures and hold-
ing time [20]. Based on the developed ENF method, Dai et al. further
parameterized mode II cohesive zone models in the sintered Ag joint with
additive carbon nanotube [21].

However, it has been extensively demonstrated that the mechanical
properties at a macro-scale can differ dramatically from the microscopic
properties due to the existence of a size effect [22]. Consequently,
macroscopic data is insufficient for a safe design of microelectronic
structures. Considering the practical dimension of a die-attach layer of
~10 pm, plenty of features remain to be explored at the micro-scale, and
the local fracture toughness (Kj¢) of nanoporous Cu as a die-attach layer
is one of them.

Recently, focussed ion beam (FIB) fabricated micro-cantilever (MC)
bending tests have been reported as a helpful tool to evaluate the mode I
fracture toughness at the microscale [23]. Furthermore, Wurster et al.
improved the understanding of fracture experiments using notched MC
and proposed a general measurement methodology at the microscale
using the J-integral and the related crack tip opening displacement
(CTOD) [24]. At present, MC bending fracture experiments have been
utilized for die-attach interconnects, including AgSn solder [25], CuSn
solder [26], sintered Ag microparticles [27], and sintered Cu nano-
particles [28]. Regarding the latter two sintering technologies, a ductile
fracture was revealed, accompanied by local necking at the crack tip.
However, when the component size approaches to the range of actual
bondline thickness of a few tens micrometers, the effect of the test
condition, e.g, notch depth, on the potentially component
size-dependent fracture toughness is underexplored, while a reliable
estimation of mechanical failure at the microscale is essential.

In the present work, the fracture toughness of pressure-sintered Cu
joints with a continuous porous network was investigated using MC
specimens at the microscale. These MCs were micro-fabricated by an FIB
perpendicular to the direction of the applied sintering pressure with
different notch depths to study the effect of the notch depth on the
fracture toughness and crack propagation behavior at the microscale.
Therefore, the J-integral versus crack extension (J-Aa) curves were
translated from the load-displacement curves. Afterward, the micro-
scopic conditional fracture toughness was extracted from elastic-plastic
J-integral evaluation and then compared to the relevant works. This
work provides insights into package-level modeling by exploring the
fracture behavior and fracture toughness of the sintered Cu joint.

2. Experimental methodology
2.1. Material preparation

This study examines a self-made nano Cu paste with the process flow
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reported in Ref. [29]. The paste contained quasi-spherical Cu nano-
particles with an average diameter of 100 + 36 nm. The fabrication
process of the sintered specimen is illustrated in Fig. 1. At first, the
self-made Cu paste was dispensed into a steel mold with a 5 mm x 5 mm
opening using a metal squeegee. Afterward, the paste and mold were
dried in an oven at 120 °C for 15 min. This step helped evaporate the
organic solvent in the paste composition, reducing the risk of air bubble
generation during the sintering process. To mimic the actual operation
conditions, the dried paste was sintered at 250 °C for 10 min with a rapid
heating rate of 50 °C/min. Constant uniaxial pressure of 20 MPa was
maintained to promote the sintering within a constant N, atmosphere to
prevent oxidation. The sintered cubic specimen had dimensions of 5 mm
x 5 mm and approximately 1 mm thickness.

2.2. Micro-cantilever bending tests

As shown in Fig. 2, the micro-cantilevers were microfabricated on
the sintered specimen using a dual-beam scanning electron microscope
(SEM)/FIB microscope (FEI Helios G4Cx) with an accelerating voltage of
30 kV. The position of the MCs was chosen at the sintered specimen
edge, which simplified the pre- and post-test microstructure character-
ization. At first, a cleaning cut was applied to remove defects on the
edge. Afterward, coarse milling with an ion current ranging from 21 nA
down to 2.5 nA was applied to shape the cantilevers quickly. However,
due to the local heat brought by the large ion current, the near-surface
was fused. In order to remove the fused surface, the cantilevers subse-
quently experienced fine milling with a small ion current at pAs. During
the coarse milling and fine milling, the specimen has to be taken out and
placed again with 90° rotation. Thus, all faces of the cantilever were well
polished by FIB. The notches were cut at last with a 24 pA ion current,
reducing the width of the notch. The dimensions of the MC are outlined
in Table 1. It should be noticed that a certain amount of reliable error
(~0.02 pm) is included in the dimension measurement when identifying
the edge of the cantilever. The geometric dimensions of the MC are
indicated in Fig. 2, where a, L, L5, W, and B denoted notch depth,
cantilever length to tip, effective crack-to-tip length, cantilever width,
and cantilever height, respectively. In this study, while one specimen
remained unnotched, for the others, the notch was cut on the top surface
of the cantilever to result in four different a/W ratios: 0, 0.2, 0.37, and
0.5 of the cantilever height, respectively. Additionally, a high aspect
ratio of 3.5 was designed for cantilever fabrication. Therefore, a linear
elastic bending theory can be adopted. Three MCs were prepared per
condition.

Subsequently, the fabricated MCs were loaded in a dual beam FIB/
SEM workstation (Leo 1540XB, Carl Zeiss AG, Oberkochen, Germany)
using a Hysitron picoindenter PI85 (Bruker Corporation, Billerica, USA)
with a nanoDMA III upgrade for continuous stiffness measurement. All
specimens were manually aligned and tested using a wedge-shaped
conductive diamond tip indenter (Synton-MDP, Nidau, Switzerland). A
constant loading rate of 10 pN/s and a constant superimposed sinusoidal
80 Hz signal with amplitude of 5 uN for continuous stiffness measure-
ments were chosen for all specimens [30]. The force and indenter
displacement, as well as continuous in situ SEM micrographs, were
recorded for data post-processing during the bending test.

2.3. Fracture toughness evaluation

The stress intensity factor is a function of applied stress, component
geometry, and crack length. Failure or facture is inevitable when the
stress intensity factor exceeds the fracture toughness regarding the
Griffith and Irwin fracture criterion [31]. In terms of evaluating the
J-integral in the framework of elastic-plastic fracture mechanics, the
following iterative method described in ASTM E1820 was applied [32].
Despite ATSM 1820 not being valid in its full extent for microscopic
specimens, it is generally accepted in the community as the closest
analogy to valid macroscopic testing, where non-linear elastic
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Fig. 1. Pressure-assisted sintering process for specimen fabrication: (a) paste dispersion, (b) paste drying, (c) pressure-assisted sintering, and (d) specimen dimension.
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Fig. 2. FIB cutting process and dimensional notation. Notch depth a, cantilever length to tip L, effective crack-to-tip length L, cantilever width W, and cantilever
height B, as given in Table 1, are indicated. The position of the application of force is pointed.

phenomena are present. respective crack lengths were calculated from the dynamic compliance
u . signal based on an analytic solution outlined in Refs. [33,34].
J(a)=J"(a) + J"(a) @
2
a . ./a (ko/k — 1)L
—fl—) da=————— 4
o KL.(1=v) /:Wf(W) T 18r(1 — ) “)
where a is the crack length, W and L are geometric parameters, k and kg
. Pl n, Al — A", ay, — ay_y are the stiffness of the cracked and unnotched beam respectively, v is
=3 4 LR [ 3) S . )
W — a, B W — a, Poisson’s ratio and f(a/W) is a geometry factor that for the given

cantilever geometry [35], as:

where J%(a) and JP!(a) are the elastic and plastic J-integral values at
specific crack lengths a, and n denotes the number of iteration steps. The
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Table 1

The dimensions of MC beams were measured from SEM.
Specimen a/W a (pm) L (pm) Legr (pm) W (pm) B (pm)
aWo0-01 / / 13.39 / 3.85 4.13
aWo0-02 / / 13.95 / 4.03 4.22
aWo0-03 / / 13.66 / 3.98 4.10
aWw20-01 0.21 0.87 13.00 12.01 4.17 4.31
aW20-02 0.20 0.78 14.13 13.03 3.93 4.31
aW20-03 0.19 0.77 14.13 13.07 4.06 4.39
aWw37-01 0.37 1.39 14.08 13.1 3.77 4.18
aW37-02 0.36 1.4 13.97 13.07 3.86 4.22
aW37-03 0.37 1.43 14.16 12.97 3.91 4.5
aW50-01 0.50 1.75 13.4 12.2 3.5 3.94
aW50-02 0.52 1.82 12.53 11.47 3.48 4.96
aW50-03 0.50 1.86 13.49 12.41 3.7 4.33

4
_ gin(za

o) 5 ) 0923 +0.199 (1 - sin (%)) .

W)\ za 2w,

cos (%)
Subsequently, the stress intensity factor K; was calculated using
[35].

6F,L, a,
Kon =i W(W) ©

Here, B, W, a, and L. are geometric dimensions defined in Fig. 2 and
F is the load.

The plastic part of the J-integral was calculated using recommended
geometry-independent prefactors = 1.9 and y = 0.9 in ASTM 1820
[32]. It should be noticed that the value of # and y can be slightly
affected by the a/W ratio, while in this study, a constant value was
assumed for simplification [36]. AP! is the plastic work computed from
the recorded load-displacement curves as Eq. (7) [30]
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where uy, F, and k; are the respective displacements, load, and stiffness.
The dynamic stiffness k was calculated as the inverse of the dynamic

compliance k = ¢~ 1.

3. Results

3.1. Microstructure and fracture charactersistics of sintered Cu micro-
cantilevers

Fig. 3(a) depicts the microstructure after sintering. A typical nano-
porous (NP) sintered structure is present, with developed inter-particle
connections and occasional twin boundaries crossing entire grains.
The line intercept technique was employed to evaluate the average grain
size, calculated as 0.24 pm + 0.04 pm by randomly drawing lines and
not accounting the pores. In addition, to estimate the porosity of the
sintered structure while eliminating the error within single 2D images, a
3D sampling was carried out by slicing the specimens with 50 nm
spacing, as depicted in Fig. 3(b). From this sequential data, a Gaussian
filter was applied to improve the image contrast. The phase segmenta-
tion of the sintered Cu and the pores was implemented based on a
thresholding method, as shown in Fig. 3(c). Consequently, a 3D model
was reconstructed and rendered in the commercial software AVIZO
[37]. The absolute porosity was then defined by the ratio of the total
pore volume to that of the volume of interest (VOI). The average abso-
lute porosity of the sintered structure is 8.25 + 0.69 %.

Fig. 4(a)-(d) depicts the MC beams with different a/W ratios before
the bending test. It can be seen that the side view of the MC beams is
rectangular, and the notches are parallel to the loading direction. The
crack propagation of MC beams with a/W of 0.2 before and after the
bending test is presented in Fig. 4(e)—(g) as an example. Before the
bending (Fig. 4(e)), the crack is parallel to the direction of the

Applied
a threshold

M Copper I Pores

Stitching

Fig. 3. (a) Micrograph of the sintered structure, depicting pores and individual grains. (b) FIB slicing for porosity calculation. (¢) Rendered binary 3D VOI with

copper and pore phase by means of a thresholding method.
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a/W=0.50

before bending

Crack
after bending

Fig. 4. SEM images of sintered Cu NP cantilever with different a/W ratios (a) a/W = 0; (b) a/W = 0.20; (c) a/W = 0.37; (d) a/W = 0.50; An example of crack
propagation in the specimen with a/W = 0.20. (e) before bending; (f) notch blunting during bending; (g) after bending.

application of force. As the bending test continued, after significant
crack tip blunting (Fig. 4(f)), the fracture occurred at the notch position,
and no bending evidence was found in the front part of the MC beams
(Fig. 4(g)). Furthermore, no pronounced dislocation slip deformation-
induced surface steps were observed during bending, indicating a
possible difference from conventional grained Cu [38]. After bending,
the notch tip became more blunted than the original geometry, and the
crack propagated into the cantilever body with tearing features.

The fracture surface was analyzed in more detail to identify the
fracture mechanism, as shown in Fig. 5(a)-(d), whereby dashed yellow
frames indicate the pre-crack area. Typical continuous porous networks
with highly sintered structures can be found on all fracture surfaces.
Furthermore, Fig. 5(e)(f) magnifies the framed area in the fracture
surface with a/W ratio of 0.37 and 0.5, respectively. The fracture sur-
faces present similar fracture morphology reported in the previous
tensile and shearing studies, indicating ductile fracture in the MC
bending tests [29,39].

Different fracture features are presented at the fracture surface. At
first, multiple local ductile necking tips can be found on elongated Cu

grains at the fracture surface, as pointed in Fig. 5(f). This implies that
individual Cu struts deformed completely plastically until a detachment
of two necked sharp tips occurred, which is consistent with previous
molecular dynamics simulation results [40]. Furthermore, in Fig. 5(e)-a
tearing ridge of dimples with relatively flat edges can also be noticed at
the fracture surface, which is caused by the formation of nanograins
within the dimple ridge region.

Besides, not all Cu grains showed plastic fracture features. There are
also regions where grains detach without apparent plastic necking
phenomenon, as pointed out in Fig. 5(f). This can be attributed to the
grain boundary sliding in a multi-particle sintered region during
deformation [41,42]. In addition, it is also found that some regions seem
not to show any evidence of plasticity, suggesting that these were re-
gions around the previous pores.

The inhomogeneous sintered structure is likely to be the reason
behind the hybrid evidence of local plastic deformation. Therefore, the
dominant fracture mechanism in this material is best described as
continuous pore coalescence upon pure plastic deformation of individ-
ual Cu struts, independent of the a/W ratios.
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/

Grain boundaries

Fig. 5. SEM images of the initial FIB notch area (yellow box) and fracture surface of (a) Unnotched (b) a/W = 0.20 (c) a/W = 0.37 (d) a/W = 0.50 as well as high
magnification images of (e) Area 1 and (f) Area 2 framed in (c) and (d), respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

3.2. Mechanical quantification of sintered Cu micro-cantilevers

Fig. 6(a) presents the load-displacement curves for the unnotched
MCs, aW0-01, aW0-02, and aW0-03. An evident yield stage, followed by
a decreasing load regime, was observed before failure, indicating a
prominent elastic-plastic behavior. This is consistent with the

1.5 T T
—aWo0-01
(a) —aWo0-02
aWo-03
2 1
g
=
<
=
=05}
0 A A A
0 1000 2000 3000 4000
Displacement (nm)

tress (MPa)

.

meering s

Eng

microstructure observation on the fracture surface. Therefore, standard
linear elastic fracture mechanics (LEFM) does not apply for the evalu-
ation of fracture toughness Kjc and the more intricate J-integral
approach, as described in the experimental section, must be utilized.

The maximum bending stress [35] and strain [43] on the outermost
bending fiber of MC is given by linear-elastic bending theory

1568 A —_ Linear ﬁtring'far — aWo0-01
(b) "4---‘ aWwo-03 — aWo0-02
aWwo-03
£=0.002
1000 | 1
e 920 : | Oy, 53 ]
0.022 0024 0.026 0.028
0 " A
0 0.05 0.1 0.15

Engineering strain

Fig. 6. (a) Load-displacement curves and (b) stress-strain curves of unnotched specimens.
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with F as the load force, L, B, and W as geometry dimensions defined in
Fig. 2, and u as the displacement.

The maximum engineering stress-strain curves of the three
unnotched MCs are plotted in Fig. 6(b). A highly reproducible linear
elastic initial loading was observed in all specimens. The elastic modulus
was calculated from the linear region as 41.42 + 1.62 GPa. The yield
strength was evaluated by plotting the linear fit line with an offset of ¢ =
0.002. In doing so, a yield strength of 970 + 22 MPa was extracted for
the sintered structure.

Representative load-displacement results for four different notched
MCs are shown in Fig. 7(a), respectively. The initial slope of each curve
also depicts a linear elastic regime, followed by evident plastic yielding
and a constant flow plateau or slight decrease due to crack extension.
The initial slope difference is a result of the difference in initial notch
lengths and, therefore, a deviation in the bending ligament. Further-
more, the crack resistance J-Aa curves for different a/W ratios, as
calculated using Egs. (3)-(7), are shown in Fig. 7(b). Three J-Aa curves
were presented for each a/W ratio. Fig. 7(c), taking aW20-02 specimen
as an example, illustrates the translation from the J-Aa curve to the K.

For the conditional critical J-value evaluation, according to ASTM
1820 [32], a blunting line should be drawn with an offset of 200 pm,
which is impossible in this study with micromachined MCs. A analogous
2% W construction was proposed by Pippan et al. [44] and utilized in
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various publications [45-47]. While it is not a perfect equivalent of the
ASTM E1820, it captures the fact that geometric crack tip blunting due
to plastic deformation is present. This criterion or similar ones in
conjunction with quasi-continuous J-Aa curve measurements have
shown agreement in comparison with macroscopic data, where such
data exists [30,48]. Therefore, Pippan’s 2% W offset criterion was
chosen in this study. Segments between 50 and 200 J/m? were used to fit
the slope of the blunting line because of excellent linearity. Jo was
therefore determined as the intersection of the J-Aa curve and the offset
blunting line. The conditional toughness K-value was subsequently
calculated using the standard plane stress condition estimate as Eq. (10)

K, =\IJE (10)

where E is the elastic modulus of the sintered Cu and v is the Poisson’s
ratio. This study adopted E = 41.42 GPa as calculated from the
unnotched specimens. This was assumed as a lower border estimate for
fracture toughness due to the fact that the individual pores as well as the
high amount of plastic deformation would lead to an increased content
of plane stress condition.

The conditional fracture toughness shows a very shallow increasing
trend for longer notch lengths, with values ranging from 3.6 + 0.1 MPa
m'/2 for a/W = 0.2 to 3.2 + 0.3 MPa m'/? for a/W = 0.37 and 4.3 + 0.1
MPa m'/2 for a/W = 0.50, respectively. In macroscopic specimens, it is
generally observed that deeply cracked specimens result in lower J-Aa
curves because the plastic zone is becoming more constrained [49].
However, an increase in J-Aa behavior has also been observed in
macroscopic specimens, where it has been attributed mostly to the loss
of plane strain condition [50]. Furthermore, toughness increase with
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Fig. 7. (a) Representative load-displacement curves; (b) J-Aa curves for the different notched microcantilevers; (c) J-integral evaluation, showing 2% W offset
construction. The indices ‘Q’ refers to the fracture toughness calculated by a blunting line.
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increasing notch depth was also reported for similarly scaled W spec-
imen [45], with the stress state and the plastic zone constraint as
explanation. However, the good agreement between a/W = 0.2 and
a/W = 0.37 suggests that the change in stress state for lower a/W ratios
is not as pronounced as for higher a/W ratios.

4. Discussion
4.1. Plastic zone size considerations

With the known K-value, the plastic zone at the crack tip for plane
stress can be determined according to Irwin’s model [51,52].

1 (K>
r=L(k 11
s 27[<Re> an

where Rp is the diameter of the plastic zone, which is assumed as cir-
cular, K; is the stress intensity factor in mode I facture, R, is the yield
strength of 970 + 22 MPa as calculated above.

To determine the influence of the a/W on the fracture toughness, the
relationship between the plastic zone and the remaining length of the
ligament must be clarified. Irwin’s standard plastic zone size estimation
is only a rough approximation. Depending on the local microstructure in
front of the crack tip, specifically the arrangement of pores, plastic
yielding might be constrained to single struts and not take over the full
volume in the crack tip vicinity. While this is not a completely precise
description in such heterogeneous systems, it is a useful estimation to
assess which fracture mechanics framework (linear-elastic fracture
mechanics, elastic plastic fracture mechanics, general yielding) would
be appropriate to utilize.

According to Eq. (11), the size of the plastic zone when the K-value
reached Ky was calculated as 2.14 & 0.12 pm, 1.74 £ 0.29 pm and 3.1
+ 0.14 pm for a/W = 0.2, 0.37 and 0.5, respectively. Compared to the
crack extension calculated in Fig. 7(b), it indicates that in the case of a/
W = 0.5, the entire ligament experienced plastic deformation. This
showcases that amount of plastic deformation cannot be ignored and
application of purely linear-elastic fracture mechanics, will not be able
to yield valid results. For linear-elastic fracture mechanics to hold the
plastic zone size should not be larger than roughly 1/25 of the smallest
relevant length a, b, B (in analogy to ASTM E399, where the validity
criterion would be a, W-a, B > 2.5-(K1/Re)2) [53]. Hence, the validity
criterion to apply liner-elastic fracture mechanics in this case is
approximately 60 nm. Even if the microstructural constraint would
reduce the plastic zone size by some margin, a reduction from ~2 pm to
below 60 nm is not likely. Thus, the plastic zone size estimation should
be considered as a classification criterion that indeed elastic-plastic
fracture mechanical considerations describe the actual fracture charac-
teristics closer than simplified linear elastic fracture mechanics.

The abovementioned results conclude that the fracture initiation and
crack growth in these specimens are governed mainly by the local
microstructural characteristics (porosity, grain size, grain cohesion).
The fracture characteristics are irrelevant to the notch depth. Besides, as
the plastic zone is within the whole ligament length, there is a minor
difference between the specimens with a/W = 0.20 and 0.37, giving a
conditional fracture toughness K ; ranging from 3.2 to 3.6 MPa m'/2,

4.2. Comparison of Cu with different microstructure

Microscopic fracture toughness has rarely been reported for pure Cu.
For example, in high-pressure torsion deformed ultra-fine-grained Cu, a
value of 33.4 MPa m'/? was reported, and the initiation toughness
decreased according to the refined grain size [54]. However, this high
value is hardly applicable in the power electronics die-attachment
application, where the bondline thickness is mostly a few tens of mi-
crometers. Regarding the related specimen size effect, Hirakata et al.
reported a fracture toughness of 7.81 + 1.22 MPa m'/2 for freestanding
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800 nm thickness polycrystalline Cu film [55]. However, unlike the film
with a micrometer spanning two-dimensional scale, in the sintered MC,
the size effect-induced high-yield stress restrains the plastic deformation
in a localized plastic zone, resulting in rupture of individual Cu struts
and therefore a lower fracture toughness.

Besides the effect of specimen size on the fracture toughness,
porosity also significantly affects the fracture toughness. Well-known
classical cell models, e.g., Ashby’s [56] and Yang’s [57], have been
widely used to correlate porosity and fracture toughness. It has been
demonstrated that the mode I fracture toughness better satisfied Ashby’s
model in the case of sintered Ag [19,21,58].

Kic = ayo,/aW(1 — P)*? 12)

where a3, o5 and P are the scaling factor, fracture strength, and porosity,
respectively. The fracture toughness remarkably decreases with
increased porosity. To date, no mode I fracture toughness is reported in
the sintered nanoporous Cu. However, due to the same technological
principle, sintered porous Cu has a similar microstructure to that of the
sintered porous Ag, including a single metal phase, no preferred orien-
tation, nano-to-submicron grain sizes, randomly distributed pores, and
tuneable porosity. Hence, the correlation between the fracture tough-
ness and porosity is highly likely to be described by Eq. (12) because the
fracture toughness is one of the reflections from the microstructure. This
is further supported by the fact that solid Cu films with similar grain size
of 280 nm but smaller specimen thickness of 493 nm already show an
increased fracture toughness of 6.6 MPa m!? [55]. The herein deter-
mined fracture toughness values of ~3 MPa m'/2 are closer to measured
values of sub-100 nm solid Cu films at 2.3 MPa m'/? [55] or severely
geometrically restricted transmission electron microscopy specimens
(116 nm thickness) of large grained Cu at 3.2 MPa m'/2 [46]. All of this
suggests that the fracture in the given nanporous Cu is mainly governed
by rupture of individual struts with a similar size than such geometri-
cally limited systems.

4.3. Comparison of different die-attach materials

Furthermore, the fracture toughness obtained from micro-cantilever
experiments of die-attach materials has been reported over the last
decade. The comparison between different die-attach materials is scat-
tered in Fig. 8, including solder materials, such as CusSn [26], CugSns
[59], AuSn [60] and SAC305 [25], and porous sintered Ag materials
[27]. It can be seen that the sintered Cu joint is tougher than the soft
Cu-Sn and Au-Sn solders, except SAC305. Additionally, it can be seen
that the micron scaled specimen show a size effect with regards to
fracture behaviour due to the constraint of plastic zone size and the
transition from a plane-strain dominated to a plane-stress dominated
behavior [45,61]. This effect is not only the different materials but also
more importantly, the different specimen sizes lead to a change in
experimentally obtained fracture toughness. Although the value ob-
tained in this work is slightly smaller than the trend of sintered Ag
materials, the data in Ref. [20] was calculated from the maximum load
during each experiment, neglecting any blunting line offset or R-curve
type behaviour and is thus not trimmed towards a safe lower bound for
fracture toughness estimations.

Moreover, Cu has a smaller coefficient of thermal expansion (CTE) of
16.6 x 1076 °C7! than the value of Ag as 18.4 x 1075 °C™! in com-
parison to SiC at 4.7 x 107 °C™! as common die material. Therefore,
lower thermal stresses will be accumulated at the interface during de-
vice operation [62]. Thus, the slightly reduced fracture toughness is
believed capable of withstanding standard operation environments.
Accounting for the cost-effectiveness and anti-electrochemical migra-
tion performance, sintered Cu materials can be a potential alternative to
the sintered Ag as die-attach materials. Moreover, this work is helpful to
the system-level modelling by digging into the fracture behavior of the
sintered Cu joint.
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Fig. 8. Fracture toughness of reported die-attach materials with different
micro-cantilever specimen widths.

5. Conclusion

The microscopic fracture behaviors of sintered Cu joint are funda-
mental focuses to evaluate the remaining useful lifetime (RUL) of a die-
attach layer in the power electronics packaging. In this study, we
developed an experimental method for evaluating crack propagation
behavior at a micro-scale in a sintered nanoporous Cu joint by micro-
fabricating micro-cantilevers with different notch depths. The
following conclusions were obtained:

1) A 3D sintered Cu model was reconstructed by a FIB milling method.

The sintered Cu nanoparticle structure yielded a low porosity of 8.25

+ 0.69 %. Necking tips and dimple ridges were observed on the

fracture surface, confirming elastic-plastic fracture in the bending

test. MCs’ elastic modulus and yield strength were extracted as 41 +

2 GPa and 970 + 21 MPa, respectively.

In-situ microscale measurements of J-Aa curves were carried out on

different notched (a/W ~ 0.20, 0.37, and 0.50) specimens. Speci-

mens with an a/W ratio of 0.20 and 0.37 presented a close bending
behavior. A tougher fracture was noticed with a higher a/W value of

0.5. Instead of the LEFM theory, the microscopic conditional fracture

toughness K, was translated from elastic-plastic J-integral evalua-

tion, ranging from 3.2 + 0.3 MPa m'/2 to 4.3 + 0.1 MPa m'/2.

3) The microscopic fracture toughness presents a limited relationship
with notch depth. A relative initial notch depth a/W between 0.20
and 0.37 shows a near-constant fracture toughness. This provides
insights into the testing conditions for future testing on the thermally
aged specimens and the study on the size effect.
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