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A B S T R A C T   

Shearing fracture toughness of sintered silver (Ag) is an important parameter to reflect its shearing resistance. In 
this paper, mode II fracture toughness of sintered Ag is investigated based on end-notched flexure (ENF) test. 
Various sintering conditions are adopted to study the effect of sintering parameters on mode II fracture toughness 
of sintered Ag. The results show that the fracture toughness of sintered Ag increases rapidly with the increase of 
sintering temperature and holding time. Three shearing crack types are confirmed, i.e., interface delamination, 
tunneling cracking and cohesive cracking, and the cracking type varies from “interface delamination” or 
“tunneling cracking” to “cohesive cracking” with the increase of sintering temperature and holding time. An 
empirical equation is proposed to predict the mode II fracture toughness of sintered Ag. Through statistics 
investigation on microstructure evolution, it is found that the shearing fracture toughness heightens with 
enlargement of the Ag particle size, increase of the particle shape form factor, and decrease of the porosity. This 
study provides an alternative method to rigorously evaluate the shearing fracture toughness of die-attach ma
terials in electronics packaging.   

1. Introduction 

To meet the growing demands on integration, miniaturization and 
energy conservation, silicon carbide (SiC) based wide band-gap semi
conductors have been increasingly adopted in modern power electronic 
systems, which enable to be operated under faster switching speeds and 
higher temperature (over 250 ◦C) [1–4]. Traditional die-attach materials 
used in power electronic systems, such as lead-free solders and 
conductive adhesives, are not suitable for high temperature applications 
due to their low melting point and unsatisfactory thermal-mechanical 
reliability [5,6]. As a new type of interconnecting technique devel
oped in recent years, sintered silver (Ag) has been regarded as an 
excellent candidate of die-attach materials adopted in SiC power elec
tronic packaging due to its high melting point (960 ◦C), low electrical 
resistivity, low thermal resistivity, and excellent mechanical behaviors 
[7–9]. Since sintered Ag plays an important role to ensure heat 

dissipation and electrical interconnection in SiC power electronics, the 
investigations on failure mechanism and reliability evaluation for sin
tered Ag have drawn a lot of attentions in recent years [10–12]. 

During the operation processes of SiC power electronic modules, the 
power dissipation of the devices will lead to large fluctuation of junction 
temperature. Therefore, the interconnection layers are under shearing 
state due to remarkable discrepancy of coefficient of thermal expansion 
(CTE) of different layers, which will lead to the risk of cracking or 
delamination in the sintered Ag interconnects [13,14]. Hence, under
standing the thermal-mechanical properties of sintered Ag comprehen
sively is necessary for reliability issues in the applications of SiC power 
module packaging. Although many efforts have been made to investi
gate various characteristics of sintered Ag, such as stress-strain curve 
[15–18], thermal conductivity [19–21], bonding strength [22–24] as 
well as their relationship with sintering parameter and microstructure 
[25–27], there are still many aspects which deserve to be further 
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studied, e.g., fracture toughness is a very critical parameter to charac
terize the ability of cracking resistance for a material. Since microdefects 
such as pores and flaws form easily during Ag sintering process [28], it is 
particularly essential to understand the effect of sintering parameters on 
shearing fracture behaviors of sintered Ag. 

Classical method to evaluate the fracture characteristics of sintered 
Ag is based on the die-shear or lap-shear test, which takes the maximum 
stress at the joint failure as the shearing strength [29–32]. Although 
those classical methods are adopted widely in industrial fields, they are 
not rigorous methods for fracture toughness measurement from the 
viewpoint of fracture mechanics. Recently, Chen et al. [33] investigated 
the fracture toughness of sintered Ag based on the middle-cracked 
specimen tensile and micro-cantilever bending tests. The results 
showed that the fracture toughness of the sintered Ag exhibited a 
distinct size effect, which was considered to be related to the variation of 
the ratio of grain boundary to grain volume. They also deduced that the 
fracture toughness of sintered Ag decreased with the increase of the pore 
size according to a two-dimensional finite element model simulation. 
Wang et al. [34] investigated the interfacial fracture behavior of sintered 
Ag on both copper (Cu) and gold (Au) metallized substrate through a 
modified compact tension test, the results revealed that the interfacial 
fracture toughness were affected by the microstructure and porosity 
evolution of sintered Ag. All these investigations on the fracture 
toughness measurement of sintered Ag are mainly focused on the mode I 
(opening-mode) fracture. However, as mentioned before, the stress 
generated in the sintered Ag interconnects are usually induced by the 
CTE mismatch of different layers, which usually causes large shearing 
stress of the interconnect structures. Hence, the assessment of mode II 
(shearing mode) fracture toughness of sintered Ag interconnects is also 
important and meaningful, however, investigations on this aspect re
ported in those available literatures are very limited. 

The end-notched flexure (ENF) test was firstly proposed by Russell 
et al. [35] to perform the mode II fracture toughness by applying a 
three-point bending load to a double cantilever beam specimen. Due to 
its advantage of data reduction methods, it has been widely adopted to 
determine the mode II interlaminar fracture toughness of laminated 
composites and adhesives in recent years [36]. Huang et al. [37] studied 
the effect of interlayer phenylene oxide particles on the interlaminar 
fracture toughness of carbon-fiber-reinforced epoxy composites using 
ENF tests. Han et al. [38] investigated the effect of post curing param
eters on the mode II fracture toughness of structural adhesive based on 
ENF test. Sousa et al. [39] further developed the ENF method to study 
the mode II fatigue delamination behavior of carbon/epoxy laminates. 
From those investigations, ENF test shows its powerful side in the 
evaluation of shearing fracture behaviors for different materials. It is 
very valuable to be adopted to assess the shearing fracture behaviors of 
electronic materials more accurately and reasonably in electronic 
packaging field. 

The aim of this paper is to study the shearing fracture behaviors of 
sintered Ag under different sintering parameters through ENF test in a 
more rigorous manner. Towards this aim, the organization of this paper 
is given as following. The experimental procedures such as preparation 
of Cu/sintered Ag/Cu sandwich specimens are given in Section 2, where 
the method and theoretical foundation of ENF test is also illustrated. The 
solutions of ENF test, fracture morphology and microstructure for sin
tered Ag are presented in Section 3. The discussion of the sintering 
parameter and microstructure on the shearing fracture toughness is 
given in Section 4. The conclusions are drawn in the last section. 

2. Experimental procedures 

2.1. Material characterization 

The Ag paste used in this paper is fabricated by Henkel Company 
(LOCTITE ABLESTIK SSP 2020). Fig. 1(a) shows the Ag particles before 
sintering observed by a field emission scanning electron microscope (FE- 
SEM, FEI Quanta 650). It can be seen that the Ag particles were 
composed of submicron Ag particles mixed with micron Ag flakes. Fig. 1 
(b) presents the thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) traces of the Ag paste, which is measured by an 
integrated thermal analyzer (Hitachi TG/DTA 6300) during the pro
cesses that heating from room temperature to 300 ◦C in air atmosphere 
under the ramp rate of 10 ◦C/min. It can be seen from the TG curve that 
the weight of the Ag paste drops rapidly from 90 ◦C to 170 ◦C, and then 
decreases from 170 ◦C to 300 ◦C slowly. The total weight loss is around 
8.6%, which is attributed to the solvent vaporization and organics 
decomposition [40]. The DTA curve shows that there exists a sharp 
exothermal peak around 240 ◦C, which is considered to be the com
bustion reactions of the organic matters [41]. Thus, the minimum sin
tering temperature is set as 240 ◦C as the fully decomposition of organics 
occurs at this temperature. 

2.2. Specimen preparation and sintering parameter design 

To evaluate the shearing fracture toughness of sintered Ag, Cu/sin
tered Ag/Cu sandwich ENF specimens were fabricated according to the 
processes shown in Fig. 2(a). Firstly, the surfaces of the pure Cu sub
strates were ground by 2000# SiC abrasive paper and then polished by 1 
μm diamond paste to remove the native oxidation layers. All these Cu 
substrates after polishing were ultrasonically cleaned in acetone and 
ethanol each for 15 min to remove the residual particles and organic 
contaminants. Secondly, the Ag paste was printed on the lower Cu 
substrate with a 100 μm thick stainless-steel stencil and an un-printed 
zone with around 30 mm length was reserved at one end of the sub
strate as the pre-crack after bonding. Thirdly, two spacers of about 200 
μm thick was placed on both edges of the lower Cu substrate with the 

Fig. 1. Characterization of the Ag pastes adopted in the experiment. (a) SEM image of the Ag paste mixed with submicron Ag particles and micron Ag flakes; (b) TG 
and DTA traces of the Ag paste heated in air atmosphere under a ramp rate of 10 ◦C/min. 
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lapped size of 3 mm. Then the polished side of the upper substrate was 
placed on the spacers and the position of the upper Cu substrate was 
adjusted manually to align the two substrates together. After alignment, 
the two spacers were drawn out in turn and the two substrates were 
bonded together. Finally, the sandwich specimens were placed in a lead- 
free reflow oven and sintered under different sintering parameters in air 
atmosphere. 

A total of 12 sintering conditions are considered and the details are 
listed in Table 1. During the sintering process, a stainless jig is applied to 
fix the specimens and a pressure around 10 kPa is produced by gravity to 
guarantee fully contact of the upper substrates and Ag pastes. After the 
sintering processes, the specimens are naturally cooled down to room 
temperature. For each specimen, the overflowed Ag paste at the side 
wall and the notch caused by the spacer is removed through grinding 
with 800# SiC abrasive paper. The final configurations and dimensions 
of the specimens for ENF tests are shown in Fig. 2(b) and Table 2, 
respectively. 

2.3. ENF test & data reduction methods 

The ENF specimens were tested on the Instron 5948 micro tester with 
a three-point bending test loading fixture as shown in Fig. 3(a). The 
initial crack length, a0, is set as a0 = 20.0 mm and the loading speed for 
the ENF test is set as 0.2 mm/min. All the data of the load P and 
displacement δ during the loading processes are recorded for the sub
sequent data reduction to evaluate the concerned GIIC of the sintered Ag 
interconnects with different sintering parameters. Fig. 3(b) shows a 
typical P-δ curve for brittle materials tested by ENF method, which in
cludes three typical stages during the loading process [42]. At the initial 
stage, there exists a linearly uniform increase contributed by the elastic 
deformation, called “linear stage”. When the load increases to the crit
ical load Pc, crack growth starts and the curve drops, which is called 
“crack growth stage”. When the crack propagates near the loading po
sition, the resistance load for the specimen is then further increased, 
called “2nd increase stage”. In this paper, at least six ENF specimens 

were tested for each sintering condition to evaluate the shearing fracture 
toughness of sintered Ag. 

Data reduction methods for the ENF test are based on the theory of 
classical linear elastic fracture mechanics. According to Irwin-Kies 
equation, the mode II fracture toughness is presented as: 

GIIC =
P2

2b
dC
da

, (1)  

where C = δ/P is the compliance of the tested specimen, P is the applied 
loading, a is the depth of the crack and b is the width of the tested 
specimen. If δ/2L ≪ 1, the large deformation is negligible. Then the 
compliance C is written as following according to Euler beam theory 
[43], 

C=
2L3 + 3a3

8Ebh3 , (2)  

where E and h are elasticity modulus and the thickness of the copper 
substrate, respectively. Substituting Eq. (2) into Eq. (1), the shearing 
fracture toughness is expressed as 

GIIC =
9Pδa2

2b
(
2L3 + 3a3

), (3)  

in which L is the length of the beam. This method is called Direct Beam 
Theory (DBT). 

Several other methods such as Corrected Beam Theory (CBT) and 
Corrected Beam Theory with Effect crack length (CBTE) method were 
also been presented to consider the shear deformation of the beam and 
the effect of the fracture process zone (FPZ) [44]. However, all these 
methods require continuous monitoring of the crack growth length 
which is not easy to measure during the loading processes. For CBTE, 
additional bending test to determine the flexure modulus Ef is also 
inevitable. In recent years, a Compliance-Based Beam Method (CBBM) 
was proposed to eliminate the real-time monitoring of crack growth 
length and additional bending test [45]. According to Timoshenko beam 
theory, the compliance of the ENF specimen is expressed as [46]: 

Fig. 2. Preparation of the ENF specimen. (a) Fabrication processes of the Cu/sintered Ag/Cu sandwich specimen for the ENF test; (b) Configuration of the 
ENF specimen. 

Table 1 
Sintering process parameters of the specimens for ENF tests.  

Condition Heating rate (s) Sintering temperature (T) Holding time (t) 

No. 1 10 ◦C/min 240 ◦C 20 min 
No. 2 10 ◦C/min 240 ◦C 40 min 
No. 3 10 ◦C/min 240 ◦C 60 min 
No. 4 10 ◦C/min 260 ◦C 20 min 
No. 5 10 ◦C/min 260 ◦C 40 min 
No. 6 10 ◦C/min 260 ◦C 60 min 
No. 7 10 ◦C/min 280 ◦C 20 min 
No. 8 10 ◦C/min 280 ◦C 40 min 
No. 9 10 ◦C/min 280 ◦C 60 min 
No. 10 10 ◦C/min 300 ◦C 20 min 
No. 11 10 ◦C/min 300 ◦C 40 min 
No. 12 10 ◦C/min 300 ◦C 60 min  

Table 2 
Dimensions of the specimens for ENF tests.  

Parameter Definition Dimension (mm) 

L Total length 100.0 
L Half-span length 40.0 
B Width 8.0 
a0 Initial crack length 20.0 
a1 Distance from specimen edge to supporting point 10.0 
H Thickness of the substrate 1.2 
h* Thickness of the sintered Ag paste 0.1  
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C=
2L3 + 3a3

e

8Ef bh3 +
3L

10Gbh
, (4)  

where Ef and G denote the flexural modulus and shear modulus of the 
substrate, respectively. ae is the equivalent crack length of the ENF 
specimen. If Ef is known, ae is easily given as: 

ae =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8Ef bh3Cc

3
−

2L3

3
3

√

, (5)  

in which Cc is the corrected compliance which is defined with the 
following form: 

Cc =C −
3L

10Gbh
. (6) 

In CBBM, an apparent longitudinal modulus Ea is obtained using the 
initial compliance C0 and initial crack length a0. According to Eq. (4), Ea 
can be expressed as: 

Ea =
3a0 + 2L3

8Bh3C0c
, (7)  

where C0c is the corrected initial compliance which can be obtained from 
Eq. (6). Substituting the apparent modulus in Eq. (7) to the flexural 
modulus in Eq. (5), it will lead to 

ae =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
Cc

C0c
a3

0 +

(
Cc

C0c
− 1

)
2L3

3
3

√

. (8) 

The combination of Eqs. (1), (4), (7) and (8) will lead to the following 
expression of the shearing fracture toughness GIIC: 

GIIC =
9P2C0c

2b
(
3a3

0 + 2L3
)

[
Cc

C0c
a3

0 +
2
3

(
Cc

C0c
− 1

)

L3
]2/3

(9) 

It can be seen that the GIIC evaluation only requires the loading 
values and compliances of the specimens in CBBM. Moreover, the 
equivalent crack length can be evaluated by variations of corrected 
compliance according to Eq. (8), without additional crack length 
monitoring. Hence, CBBM is selected as the data reduction method for 
the GIIC measurement in this paper. 

2.4. Fracture morphology and microstructure observation 

All the specimens after the ENF tests were placed upright and cold 
mounted by epoxy resign, respectively. After curing for 24 h, the 
mounted samples were ground by 200#, 400#, 800#, 1500# and 
2000# SiC abrasive papers in turn and then polished using mono- 
crystalline diamond suspensions with a grit size of 1 μm and 0.5 μm, 
respectively. A high-resolution optical microscope was used to observe 
the fracture morphology of the sintered Ag interconnects after ENF tests. 

To quantitatively analyze the microstructure sintered Ag, the cross- 
section images were obtained by FE-SEM (FEI Quanta 650). For each 
sample, five SEM images were evenly taken along the un-cracked bond 
lines to measure the microstructure of sintered Ag. The “apparent” 
porosity, particle sizes and shape distributions of the sintered Ag were 
calculated according to a binary image analysis method which was 
accomplished using the ImageJ software. Firstly, the SEM images of the 
sintered Ag were converted to black and white binary images by 
threshold value analysis to extract the specific sintered Ag layers and the 
pore features with the Ag layers. The “apparent” porosity was calculated 
by measuring the proportion of the black areas in the whole areas. For 
the Ag particles size analysis, a watershed algorithm was done to 
segment the black areas, then the particle size distributions were ob
tained by measure the surface area of every segmentation considering a 
circular shape for all the particles. For the Ag particle shape, a shape 
form factor F is introduced to qualitatively characterize the Ag particle 
shapes according to the following equation: 

F =
4πA
S2 (10)  

where A is the measured Ag particle area and S is the measure Ag par
ticle perimeter. The value of F varies between 0 and 1. If F approaches 
closer to 1, the Ag particle shape is more approaching a circle. If F ap
proaches closer to 0, the particle shape is more approaching to elliptical 
and irregular. Details of above methods are given in Refs. [18,47,48]. 

3. Results 

3.1. P-δ curves and fracture toughness of sintered Ag under different 
sintering parameters 

The P-δ curves of the ENF specimens sintered under different con
ditions are shown in Fig. 4(a)–(d), respectively. It can be seen that all the 
P-δ curves of the tested specimens under each condition include the 
three typical stages as described in Section 2.2. Remarkable vertical 
drops are observed after the appearance of the first peak load, which 
indicates that the crack propagation in the sintered Ag is in accord with 
the fracture characteristics of brittle material [42]. The loading pro
cesses are terminated when the load increase for the second time is 
obviously observed. The reason is that GIIC test is no longer valid when 
the crack has reached the vicinity of the loading head [38,43]. 

Table 3 and Table 4 list the critical load Pc and initial compliance C0 
for each specimen sintered under different conditions, respectively. All 
the Pc values vary within a small range for each sintering condition. 
Otherwise, the average initial compliances for the specimens sintered in 
all the conditions are 11.97 ± 0.93 μm/N. All these results indicate the 
relative low scatter of the P-δ curves and good repeatability of the ENF 
test to evaluate GIIC of sintered Ag. Comparing the P-δ curves of the 

Fig. 3. The ENF test based on three-point bending method. (a) The ENF test and a close-up view of a specimen being tested by Instron 5948; (b) typical P-δ curve for 
brittle adhesive tested by ENF method. 
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specimens sintered under different conditions, the critical load shows a 
strong relation with the sintering parameter. Comparing the P-δ curves 
of the specimens sintered under different conditions, the critical load 
shows a strong relation with the sintering parameter. It can be seen that 
the critical load increases with the prolonged holding time under a 
specific temperature. In general, the critical load also heightens signif
icantly with the increase of sintering temperature. These results indicate 
that better shearing fracture properties can be obtained through 
improving sintering temperature and holding time. 

To further study the mode II fracture toughness of the sintered Ag, 
the representative resistance curves (R-curves) are computed through 

CBBM method based on the tested P-δ curves, which connect GIIC and ae 
of the specimens after different sintering procedures. It is seen that the 
first stages of some P-δ curves in condition 11 and condition 12 exhibit 
an extent of nonlinearity which has been confirmed that this nonline
arity is mainly caused by the elastoplastic behavior of Cu substrates 
according to the analysis. Detail verifications of this point are given in 
the Appendix. It should be mentioned that the maximum relative errors 
for computation of fracture toughness with CBBM method caused by 
elastoplasticity of Cu substrate are lower than 10%. Hence, the CBBM 
method is still applicable in this study. Fig. 5 shows the calculated 
specific R-curves for different sintering conditions. Under each 

Fig. 4. P-δ curves of the ENF specimens sintering under different conditions. (a) 240 ◦C for 20/40/60 min; (b) 260 ◦C for 20/40/60 min; (c) 280 ◦C for 20/40/60 
min; (d) 300 ◦C for 20/40/60 min. 

Table 3 
Critical loads Pc (N) of the ENF specimens sintered under different conditions.  

condition specimen 1 specimen 2 specimen 3 specimen 4 specimen 5 specimen 6 

No. 1 16.85 16.79 12.57 11.30 12.97 17.46 
No. 2 22.44 22.89 20.36 22.85 25.77 27.32 
No. 3 30.47 27.86 24.50 32.66 33.98 34.31 
No. 4 16.28 26.98 18.83 18.01 24.37 22.17 
No. 5 27.90 30.97 31.36 36.07 34.53 34.57 
No. 6 42.22 43.65 41.50 38.58 43.28 41.96 
No. 7 48.91 41.80 46.70 42.25 44.65 38.20 
No. 8 50.43 49.56 54.26 52.89 52.38 46.66 
No. 9 67.46 68.78 65.34 67.13 56.19 58.23 
No. 10 80.86 101.71 80.17 87.14 69.70 75.31 
No. 11 95.77 99.88 106.20 82.43 98.92 93.50 
No. 12 136.19 95.46 119.56 126.18 115.99 123.97  

S. Zhao et al.                                                                                                                                                                                                                                    



Materials Science & Engineering A 823 (2021) 141729

6

condition, the critical shearing fracture toughness increases slightly first 
and then decreases when the equivalent crack length propagates 
approximately from 21.0 mm to 39.0 mm. Nevertheless, the variation 
rate is very slow, which indicates a relatively steady value. It should be 
noted that all the R-curves are trimmed before the equivalent crack 
lengths approaching to 40.0 mm, as the compressive effects induced by 
the loading head can not be negligible if the crack lengths are greater 
than 40.0 mm. The measured shearing fracture toughness for each 
specimen is determined by averaging all data in its R-curve. The average 
value and standard deviation of the calculated GII for each specimen for 
each sintering condition are listed in Table 5 and the results will be 
discussed carefully in Section 3.4. 

3.2. Fracture morphology of the sintered silver specimens 

Fig. 6 shows the fracture morphologies for the sintered specimens 
after ENF tests obtained by a high-resolution optical microscope. All the 
cracking origins and paths of specimens are observed, and three 
shearing crack types are found in the ENF test even under shearing 
fracture model, including “interface delamination”, “tunneling crack” 
and “cohesive crack”, which are shown in Fig. 6 (b)–(d), respectively. 
The fraction of fracture types for the specimens sintered under various 
sintering conditions are summarized in Fig. 7. It can be seen that 
“interface delamination” and “tunneling crack” are the main fracture 
types for all the specimens sintered under conditions 1–9, in which the 
sintering temperature of the Ag pastes are not more than 280 ◦C. 
Whereas, as listed in conditions 10–12, “cohesive crack” dominates 
when the sintering temperature increases to 300 ◦C. 

The fracture type transition indicates that the vulnerable point 
transits from the interface of sintered Ag/Cu to somewhere in the inte
rior zone of the sintered Ag with the increasing of sintering temperature. 
The possible reason may be that the competition mechanism induced by 
the lattice mismatch of Ag/Cu and the stress concentration near the 
flaws or voids in the sintered Ag layer. Due to the difference of lattice 
constant between the Ag and Cu grains, the Ag particles are more easily 
bonded with each other than that with Cu substrate during the sintering 
processes [49]. Hence, the cracks propagate along the sintered Ag/Cu 
interface in most of those conditions. When sintering temperature in
creases to 300 ◦C, the interface is strong enough, during which the crack 
prone to propagate near the flaws or voids in the sintered Ag layer. Fig. 8 
shows an SEM image of a typical crack tip of the sintered Ag/Cu in
terconnects. No obvious plastic deformation is observed at the crack tip 
zone. Such phenomenon suggests that the sintered Ag/Cu interconnects 
is characterized with brittle fracture property, which is consistent with 
the results of the P-δ curves in Section 3.1. 

Table 4 
Initial compliances C0 (μm/N) of the ENF specimens sintered under different conditions.  

condition specimen 1 specimen 2 specimen 3 specimen 4 specimen 5 specimen 6 

No. 1 12.37 × 10− 3 12.68 × 10− 3 12.35 × 10− 3 11.64 × 10− 3 13.17 × 10− 3 12.47 × 10− 3 

No. 2 11.06 × 10− 3 11.82 × 10− 3 12.58 × 10− 3 11.31 × 10− 3 13.91 × 10− 3 12.89 × 10− 3 

No. 3 11.46 × 10− 3 11.41 × 10− 3 11.45 × 10− 3 12.81 × 10− 3 13.27 × 10− 3 12.54 × 10− 3 

No. 4 11.06 × 10− 3 11.82 × 10− 3 11.30 × 10− 3 14.21 × 10− 3 12.00 × 10− 3 10.73 × 10− 3 

No. 5 11.04 × 10− 3 11.16 × 10− 3 11.16 × 10− 3 12.42 × 10− 3 13.33 × 10− 3 12.28 × 10− 3 

No. 6 12.09 × 10− 3 12.47 × 10− 3 10.88 × 10− 3 11.30 × 10− 3 11.16 × 10− 3 10.77 × 10− 3 

No. 7 11.11 × 10− 3 10.69 × 10− 3 10.89 × 10− 3 12.17 × 10− 3 12.90 × 10− 3 12.78 × 10− 3 

No. 8 11.68 × 10− 3 11.68 × 10− 3 11.99 × 10− 3 12.32 × 10− 3 12.41 × 10− 3 12.32 × 10− 3 

No. 9 11.39 × 10− 3 11.01 × 10− 3 11.09 × 10− 3 11.38 × 10− 3 10.71 × 10− 3 12.06 × 10− 3 

No. 10 10.82 × 10− 3 11.59 × 10− 3 10.81 × 10− 3 12.40 × 10− 3 13.34 × 10− 3 12.09 × 10− 3 

No. 11 10.86 × 10− 3 11.56 × 10− 3 10.96 × 10− 3 12.36 × 10− 3 11.25 × 10− 3 11.87 × 10− 3 

No. 12 14.28 × 10− 3 12.03 × 10− 3 11.45 × 10− 3 13.40 × 10− 3 13.80 × 10− 3 14.24 × 10− 3  

Fig. 5. R-curves of the tested ENF specimens sintered under 
different conditions. 

Table 5 
GIIC (J/m2) of the ENF specimens sintered under different conditions using CBBM method.  

condition specimen 1 specimen 2 specimen 3 specimen 4 specimen 5 specimen 6 average St. Dev. 

No. 1 6.45 6.66 3.82 2.63 4.09 7.34 5.17 1.73 
No. 2 12.48 12.04 9.58 10.58 18.64 20.35 13.95 4.07 
No. 3 19.56 16.72 12.25 24.55 29.85 24.83 21.29 5.80 
No. 4 5.26 15.81 7.20 8.39 13.11 9.81 9.93 3.57 
No. 5 15.11 20.02 19.34 30.93 29.97 28.88 24.04 6.11 
No. 6 40.69 46.15 37.92 34.64 43.84 38.97 40.37 3.79 
No. 7 47.71 32.77 41.38 41.03 45.13 31.92 39.99 5.86 
No. 8 50.61 48.72 62.75 65.79 61.49 48.75 56.35 7.13 
No. 9 88.80 92.31 92.27 82.36 59.07 70.73 80.92 12.27 
No. 10 125.37 236.73 121.46 188.98 152.19 120.36 157.52 42.83 
No. 11 174.68 294.29 221.98 213.18 217.41 224.71 224.37 35.44 
No. 12 460.78 194.46 304.17 376.46 321.16 351.47 334.75 80.32  
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Fig. 6. Fracture morphology of the Cu/sintered Ag/Cu sandwich specimens after ENF test. (a) Schematic illustration of three main cracking modes: A: interface 
delamination; B: tunneling crack; C: cohesive crack; (b) Type A fracture morphology; (c) Type B fracture morphology; (d) Type C fracture morphology. 

Fig. 7. Fraction of the fracture types of the specimens sintered under different conditions.  

Fig. 8. A typical interface crack tip of a specimen after ENF test.  
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3.3. Microstructure of sintered Ag with different sintering parameters 

The typical SEM images of the Ag pastes after sintering under 
different conditions are shown in Fig. 9, in which uniform porous 
structures and cross-linked Ag ligament networks are observed. In the 
SEM images, the black and white areas are the pores and sintered Ag, 
respectively. It can be seen that the organics have fully decomposed 
when the Ag pastes sintered in 240 ◦C for 20 min, and the Ag particles 
become coarsening and form very small necks, while most of them keep 
the initial shapes. With the increase of sintering temperature and 
holding time, the microstructures of the sintered Ag pastes tend to be 
denser, and sizes of the Ag particles keep growing. To quantitatively 
analysis the microstructure evolution of the Ag pastes sintered under 
different conditions, the Ag particle sizes, particle shape distributions 
and porosities are calculated through a binary image analysis method 
using ImageJ software, as described previously in Section 2.4. 

The Ag particle sizes and distributions with different sintering pa
rameters are shown in Fig. 10, in which the Ag particles are approxi
mately treated as circles. It can be seen that all the distributions of the Ag 
particle diameters approximately obey Gaussian law, while the average 
particle diameters are positively related to the sintering temperature and 
holding time. Fig. 11 shows the detail variations of particle diameters 
with sintering temperature and holding time. It can be seen that the Ag 
particle diameters were only around 0.58 ± 0.33 μm when the Ag pastes 
sintered at 240 ◦C for 20 min, while it increased to 2.09 ± 0.74 μm when 
sintered at 300 ◦C for 60 min. It has been confirmed by many researchers 
that the mechanisms of particle size growth during sintering are 
contributed by lattice diffusion and grain boundary diffusion, and the 
particle size growth follows the principle of diffusion-controlled Ost
wald ripening [50,51], which can be described as: 

dD
dt

=
K0

D2 exp
(

−
Ea

RT

)

, (11)  

where D is the average particle diameter, t is the time, Ea is the activation 
energy, R is the gas constant, T is the absolute temperature and K0 is a 
pre-exponential factor related to grain growth. Neglecting the effect of 
heating rate on the microstructure evolution of sintered Ag pastes, the 
relationship between average particle diameters and sintering 

temperature and holding time in this study can be expressed by the 
following equation: 

D3 =K0 exp
(

−
Ea

RT

)

t + D3
0, (12)  

in which D0 is the initial particle size. Then transforming Eq. (12) into 
the logarithmic form: 

ln
(
D3 − D3

0

)
= ln K0 −

Ea

R
1
T
+ ln t, (13)  

which indicates that ln(D3-D0
3) is a linear function of 1/T and t. A mul

tiple linear regression analysis was applied to fit the data points. The 
parameters and the fitting surface are shown in Table 6 and Fig. 11, 
respectively. Good agreement between experimental data and fitting 
surface can be found. It can be seen that the average Ag particle size 
increases slowly with holding time at a relatively lower sintering tem
perature, while the average particle size increases faster at a relatively 
higher sintering temperature. The reason is that higher sintering tem
perature increases the migration energy of Ag atoms. Hence, the diffu
sion rate of lattice diffusion and grain boundary diffusion accelerates 
rapidly. 

Fig. 12 shows the particle shape distributions of the Ag paste sintered 
under different conditions. It can be seen that the distributions of the Ag 
particle shapes also approximately obey Gaussian law, and the value of F 
also positively related to the sintering temperature and holding time. For 
the Ag pastes sintered at 240 ◦C for 20 min, the average value of F is 
0.627, and the distributions of F are scattered with a higher standard 
deviation of 0.182. However, for the Ag paste sintered at 300 ◦C for 60 
min, the average F increases to 0.720 and the distributions of F are more 
concentrated with a lower standard deviation of 0.095. These results 
indicate that the irregular Ag particle shapes gradually become rounder 
and more homogeneous with the increase of sintering temperature and 
prolonging of holding time. Such evolution may be related to the inter- 
diffusion of the Ag particles and the action of surface energy. 

Porosity of the Ag pastes sintered under different conditions are also 
calculated, and the average value and standard deviation in each con
dition are listed in Fig. 13. It can be seen that the average porosity of the 
Ag paste decreases with the increase of sintering temperature and 

Fig. 9. The SEM images of sintered Ag for the ENF specimens considering different sintering parameters.  
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holding time. When the Ag paste sinters at 240 ◦C for 20 min, the 
porosity of sintered Ag is 34.38% ± 2.25%. However, it decreases to 
24.08% ± 0.84% when the Ag paste sinters at 300 ◦C for 60 min. The 
densification mechanism of the sintered Ag can also be explained by the 
diffusion theory during sintering and the typical densification rate 
equation is expressed as [52,53]: 

1
ρ

dρ
dt

= − C1ntn− 1 exp
[

−
Ea

RT

]

, (14)  

where ρ is the normalized density, Ea is the apparent activation energy, 
C1 is a pre-exponential factor and n is a constant related to the diffusion 
mechanism with a value in between of 1/3 to 1 [52,54]. In this paper, we 
take n = 1/3 due to a higher accuracy is obtained with this value. 
Defining the porosity of the Ag paste as p = 1-ρ, then the relationship 
between porosity and sintering temperature and holding time can be 
expressed as: 

ln
[

p
p0

]

= − C2t1/3 exp
[

−
Ea

RT

]

, (15) 

Fig. 10. Particle size distributions of the Ag pastes sintered under different conditions. (a) 240 ◦C for 20/40/60 min; (b) 260 ◦C for 20/40/60 min; (c) 280 ◦C for 20/ 
40/60 min; (d) 300 ◦C for 20/40/60 min. 

Fig. 11. Relationship between average Ag particle sizes and sintering tem
perature and holding time. 

Table 6 
Material parameters of the multiple linear regression analysis of Ag particle sizes 
using Eq. (13).  

K0 (μm3/s) Ea (kJ/mol) R (J/(mol∙k)) 

7.27 × 107 110.6 8.314  
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where C2 is a constant and p0 is the initial porosity. Similarly, a multiple 
linear regression analysis is also applied by transforming Eq. (15) into 
logarithmic form. The parameters and the fitting surface are shown in 
Table 7 and Fig. 13, respectively. Good agreements between experi
mental statistics and fitting curve are also found. It can be seen that the 
average porosity decreases slowly with the increase of holding time, 
whereas decreasing faster with the increase of sintering temperature. 
Through the microstructure quantification analysis, it is confirmed that 
both the Ag particle growth and densification consistent with the kinetic 
theory of sintering [53], in which sintering temperature and holding 
time are very important variables to affect microstructure evolution. 
Furthermore, it can be concluded that the effect of sintering time on the 
porosity is typically less than that of sintering temperature. 

4. Discussion 

4.1. Effect of sintering parameters on mode II fracture toughness of 
sintered Ag 

Fig. 14 summarizes the average GIIC calculated by CBBM according 

Fig. 12. Particle shape distributions of the Ag pastes sintered under different conditions. (a) 240 ◦C for 20/40/60 min; (b) 260 ◦C for 20/40/60 min; (c) 280 ◦C for 
20/40/60 min; (d) 300 ◦C for 20/40/60 min. 

Fig. 13. Relationship between average porosities of the Ag pastes and sintering 
temperature and holding time. 

Table 7 
Material parameters of the multiple linear regression analysis of Ag particle sizes 
using Eq. (15).  

C2 Ea (kJ/mol) R (J/(mo⋅k)) 

230.04 94.67 8.314  
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to all the P-δ curves tested by all the specimens sintered under different 
conditions. It is concluded that the shearing fracture toughness of the 
Cu/sintered Ag/Cu interconnects shows a strengthening tendency with 
the increase of sintering temperature as well as holding time. The 
shearing fracture energy is 5.20 ± 1.82 J/m2 when the Ag pastes are 
sintered at 240 ◦C for 20 min. However, the mode II fracture toughness 
reaches as high as 345.47 ± 92.41 J/m2 when sintered at 300 ◦C for 60 
min, which is about 66 times of the former condition. Furthermore, the 
effect of sintering temperature on GIIC of Cu/sintered Ag interconnects 
are much greater than that of holding time. To explain this, an empirical 
model is presented to characterize the relationship between GIIC and 
sintering temperature and holding time and expressed as: 

GIIC =G0 exp
(

−
Ea

RT

)

t, (16)  

in which G0 is a pre-exponential factor, Ea is the activation energy, R is 
the gas constant, T is the absolute temperature and t is the holding time. 
The equation can be deduced by the following. As is known, the bonding 
mechanism of the Cu/sintering Ag depends on the formation of metallic 
bond caused by the atomic diffusion during the sintering process [55]. 
Assuming that the surface energy γ is proportional to the number of 
Ag–Cu and Ag–Ag bonds, Nm, then the following relation is assumed: 

dγ
dt

∝
dNm

dt
(17)  

where dγ/dt and dNm/dt are denoted as the variation rate of surface 
energy and the number of metallic bonds during sintering process, 
respectively. If one assumes dNm/dt is proportional to the atomic 
diffusion rate, k, according to Arrhenius equation [56]: 

dγ
dt

∝
dNm

dt
∝k = k0 exp

(

−
Ea

RT

)

, (18)  

in which k0 is a pre-exponential factor. Then the dependence of surface 
energy on sintering temperature and holding time can be expressed by 
the equation below: 

γ = γ0 exp
(

−
Ea

RT

)

t, (19)  

in which γ0 is the pre-exponential factor. According to Griffith’s theory 
[57], the critical energy release rate GC should be identical to 2γ, Thus, 

Eq. (16) can be easily obtained. Through multiple linear regression 
curve fitting, the parameters of Eq. (16) are obtained directly which 
have been shown in Table 8. The variations of GIIC with sintering tem
perature and holding time are shown in Fig. 14. The result shows a quite 
strong relation between GIIC and sintering temperature and holding 
time. Furthermore, the effect of sintering temperature on GIIC are 
obviously more remarkable than that of holding time. This phenomenon 
can be well predicted by Eq. (16) as the effect of sintering temperature 
on GIIC follows an exponential relation while the effect of holding time 
on GIIC follows a linear relation. The results indicate that the relationship 
of shearing fracture toughness on the sintering parameters are also 
attributed to the kinetic theory of sintering, as the surface energy are 
dependent with the atomic diffusion behavior during sintering process. 
It is interesting that the apparent activation energy fitted by Eq. (16) is 
close to those computational results based on the microstructure evo
lution in Section 3.3, which indicates that the mode II fracture toughness 
and microstructure of sintered Ag are highly interlinked. 

Although the shearing fracture toughness of sintered silver can be 
improved at higher temperature, the silver pastes are not recommended 
to be sintered at a very high temperature in the current industrial 
background, even its melting point exceeds 960 ◦C. The reason is that 
other packaging materials and devices at front-end-of-line could not 
endure such high temperatures during packaging process if the sintered 
temperature exceeds 300 ◦C, which will lead to other reliability issues, 
such as copper oxidation, substrate warpage and some other physical 
failures. Hence, it needs a balance between increase of sintering tem
perature and manufacturing requirements. 

4.2. Effect of microstructure on the mode II fracture toughness of sintered 
Ag 

Fig. 15 plots the variations of average mode II fracture toughness GIIC 
with the microstructure parameters D, F and p. From Fig. 15, a clear 
relationship between GIIC and the average particle sizes, particle shapes 
and porosities of the sintered Ag pastes can be found. It is seen that the 
Ag microstructure presents a small particle size, irregular shape distri
bution, and high porosity after sintering at low temperature and short 
holding time, which leads to the low average GIIC. With the increase of 
the sintering temperature and holding time, the size and density of Ag 
particle increases consistently, and the Ag particle shape become 
rounder and more homogeneous, which lead to the increase of GIIC. It is 
concluded that the combinational effect of the Ag particle growth, Ag 
particle shape rounding and uniformization and porosity reduction lead 
to the significant reinforce of mode II fracture toughness of sintered Ag. 
Similar results have been also reported by Gu et al. [58] and Eatemadi 
et al. [59] in the study of sintered ceramics. 

The main reasons for the effect of Ag particle size on mode II fracture 
toughness of the sintered Ag could depend on the following aspects. On 
one hand, the sintered Ag with smaller particles size exists a higher ratio 
of grain boundary and grain volume, which may increase the probability 
of crack propagation, as the crack usually propagates along the grain 
boundary [33]. On the other hand, larger Ag particle size with strong 
neck can arrest the crack propagation by the mechanism of crack 
deflection, which need more energy during micro-crack propagation 
[58]. As to the Ag particle shapes, rounder and more homogeneous 
particle shapes are benefit for the interdiffusion of Ag particles. Other
wise, irregular particle shapes lead to more inhomogeneous and angular 
for the pores, which will increase the stress concentration in the sintered 
Ag layer [60]. Thus, the shearing fracture toughness is reduced. 

Fig. 14. Relationship between the average GIIC and sintering temperature and 
holding time. 

Table 8 
Material parameters of the multiple linear regression analysis of GIIC using Eq. 
(16).  

G0 (J/(m2∙s) Ea (kJ/mol) R (J/(mol⋅k)) 

1.84 × 1013 136.7 8.314  
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The effect of porosity on the mechanical properties of sintered Ag has 
been widely investigated, common results were obtained that lower 
densification has been found to lead to lower tensile strength and 
ductility [18,21]. The effect of porosity on the mode II fracture tough
ness are also analogous to the former studies. The increase of GIIC with 
the porosity reduction can be attributed to the increase of actual 
cracking areas according to the investigation of cellular solids by Gibson 
et al. [61]. They considered that the ratio of G*C/GC, where G*C and GC 
are denoted as the fracture toughness of the porous and the dense ma
terial, is equal to the ratio of the substantial crack area to the total crack 
area. In other words, the reduction of porosity increases the actual load 
bearing surface, which will increase the measured fracture toughness 
value accordingly. 

5. Conclusions 

In this paper, mode II fracture toughness of sintered Ag is evaluated 
through ENF test. The effect of sintering parameters and microstructure 
on the mode II fracture toughness of sintered Ag are presented. Based on 
the study, the conclusions are drawn as below:  

1. Through ENF test, it is found that the sintering parameters have a 
significant effect on mode II fracture toughness of sintered Ag, which 
increases rapidly with the increase of sintering temperature and 
holding time. It should be noted that the effect of sintering temper
ature plays a more important role than that of holding time.  

2. Three different cracking types are found in the mode II fracture test, 
and the cracking type varies from “interface delamination” or 
“tunneling cracking” to “cohesive cracking” with the increase of 
sintering temperature and holding time. When sintered at 300 ◦C, the 
“cohesive cracking” is dominated.  

3. The size and density of sintered Ag particle increase with the 
augment of sintering temperature and holding time, and the Ag 
particle shape becomes rounder and more homogeneous. An 

empirical model is established to characterize the relationship be
tween GIIC and sintering temperature and holding time. The pre
sented model can be well explained by the diffusion mechanism of Ag 
atoms.  

4. It is deduced that the shearing fracture toughness of the sintered Ag 
is significantly affected by Ag particle size, particle shape and 
porosity. The shearing fracture toughness increases with the growth 
of Ag particle size, increase of shape form factor, and decrease of Ag 
porosity. The growth of Ag particle size reduces the proportion of 
grain boundary and blocks the crack propagation by the mechanism 
of crack deflection. The rounding and homogeneous of Ag particle 
shape decreases the stress concentration in the sintered Ag layer. The 
porosity reduction increases the effective loading bear area. The 
crack propagation in sintered Ag needs more crack driving force for 
these cases, which leads to the increase of the shearing fracture 
toughness. 

It is found that the shearing behavior of sintered Ag can be evaluated 
properly through ENF test, which indicates that ENF method can be 
adopted to evaluate the mode II fracture toughness for electronic 
packaging materials. It is very hopeful that this method can be extended 
to evaluate the mode II cracking behaviors of other electronic packaging 
materials in the future. More works on the shearing fracture toughness 
of sintered Ag bonded with different metallization substrates and its 
evolution during long-term high temperature environment based on 
ENF test are now in progress and will be reported later. 
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Appendix. The influences of elastoplastic behavior for Cu substrate on the CBBM method for calculating shearing fracture toughness 

In order to determine the influence of elastoplastic behaviors for Cu substrates on the computational accuracy of CBBM method, a finite element 
analysis combined with the cohesive zone model CZM) using ANSYS 18.0 is introduced. Full details about this method can refer to the following two 
references [43,45]. The element type of the Cu and stainless steel (the three-point bending fixture) are chosen as Solid 185, and the element type of 
adhesive layer is chosen as Inter 205. Fig. A1 shows the 3D finite element model and boundary conditions of the ENF test. A mode II dominated bilinear 
traction-separation law for CZM model is introduced as shown in Fig. A2, in which ttmax is the maximum tangential cohesive traction, δt* is the 
tangential displacement jump at maximum tangential cohesive traction and δt

c is the tangential displacement jump at the completion of debonding. 
The area of the triangle is equal to the mode II fracture toughness GIIC. 

Fig. 15. Relationship between the average GIIC and microstructure of the sin
tered Ag interconnects. 
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Fig. A1. 3D finite element model and boundary conditions of the ENF test.  

Fig. A2. Mode II dominated bilinear traction-separation law for CZM model.  

One of the tested P-δ curves in condition 12 is taken to validate the simulation model. The material property of the stainless steel is regarded as 
isotropic elastic and the Cu substrate is considered to be a bilinear isotropic hardening elastic-plastic model. The details of the material properties are 
listed in Table A1. In the CZM model, the ttmax is set as 50 MPa which is equal to the shearing strength of sintered Ag [29]. It has been proved that the 
ratio of δt* to δt

c is less important and the value is set as 0.1 in this model [62]. Then δt
c is estimated by an inverse fitting technique until the numerical 

P-δ curve exhibits a good agreement to the experimental curve. The convergence of the simulation result is verified with different mesh densities, and 
the number of adopted element is 77059. An isotropic elastic model of Cu is also applied with the same CZM parameters to compare the effect of Cu 
material properties on the P-δ curves. Fig. A3 shows the comparison of the experimental and numerical P-δ curves, at which the δt

c in the CZM model is 
1.68 × 10− 2 mm. The numerical result based on the elastic-plastic model matches with the experiment results well. However, for the elastic model, the 
first stage of the P-δ curve keeps high linearity. These results indicate that the nonlinearity of the P-δ curve is mainly caused by the elastic-plastic 
property of the Cu substrate.  

Table A1 
Material properties adopted in the finite element model.  

Materials Elasticity modulus (GPa) Poisson’s ratio Yield strength (MPa) Tangent modulus (GPa) 

Cu 115 0.236 219 6.5 
Stainless steel 250 0.29 – –   
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Fig. A3. Comparison of the tested P-δ curve and the numerical P-δ curves based on different Cu material properties.  

To quantitatively characterize the effect of this nonlinearity (elastoplasticity of Cu substrate) on the computational accuracy of CBBM method, we 
define an indicator to reflect the effect of nonlinearity on the P-δ curve which is expressed as: 

nonlinearity ​ = δa − δe

δe
. (20)  

where δa is the displacement at the critical load in the numerical P-δ curve based on elastic-plastic model, and δe is the displacement at the same critical 
load by assuming that no plastic deformation occurs (As shown in Fig. A4, the red dashed line is the fitted line of the linear stage in the P-δ curve using 
least square method, and point O is the intersection of the fitted line and line P=Pc. δe is defined as the displacement corresponding to point O). The 
results of mode II fracture toughness obtained by the numerical method and that obtained by CBBM method are listed in Table A2, in which GIIC

N is 
obtained by the CZM parameters (the triangle area) and GIIC

CBBM is calculated based on the CBBM method according to the numerical P-δ curves. The 
relative error is defined as: 

relative ​ error=
GN

IIC − GCBBM
IIC

GN
IIC

⋅100%. (21) 

It can be seen from Table A2 that when the nonlinearity is 0%, the relative error of the CBBM method is only 1.36%. When the nonlinearity is 0.261, 
the relative error of the CBBM method increases to 9.74%.

Fig. A4. The definition of δe and δa.   
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Table A2 
Comparation of the GIIC obtained by numerical method and CBBM.  

simulation model Nonlinearity GIIC
N (J/m2) GIIC

CBBM (J/m2) relative error (%) 

Elastic 0 420 425.7 1.36 
elastic-plastic 0.261 420 460.9 9.74  

We further change δt
c to investigate the effect of different nonlinearities on the relative error of the CBBM method. Fig. A5(a) shows the different 

numerical P-δ curves and Fig. A5(b) shows the variations of relative error with the change of material nonlinearity. It can be seen that the relative error 
approximately increases linearly with the nonlinearity. When the nonlinearity increases to 0.395, the relative error increases to 14.6%. Fig. A6(a) and 
Fig. A6(b) show all the tested P-δ curves of condition 11 and condition 12, respectively. All the nonlinearities are calculated and listed in Table A3. It 
can be seen that all the specimens more or less exhibit an extent of nonlinear, however, all the nonlinearities are at a relative low level (no more than 
0.261). According to Fig. A5(b), it is concluded that the relative errors of CBBM for these conditions are all under 10%.

Fig. A5. Effect of nonlinearity of different P-δ curves on the accuracy of CBBM method. (a) Different P-δ curves obtained by different CZM parameters; (b) the 
relationship between nonlinearity and relative error. 

Fig. A6. The tested P-δ curves for the specimens sintering at conditions 11–12. (a) Condition 11; (b) condition 12.   

Table A3 
Nonlinearity for all the specimens tested in condition 11 and condition 12.  

Condition 11 Nonlinearity Condition 12 Nonlinearity 

specimen 1 0.051 specimen 1 0.261 
specimen 2 0.069 specimen 2 0.058 
specimen 3 0.067 specimen 3 0.019 
specimen 4 0.111 specimen 4 0.223 
specimen 5 0.077 specimen 5 0.213 
specimen 6 0.132 specimen 6 0.217 
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