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We have developed a new type of method of estimating fracture loads using stress intensity
factors in IC ceramic packages under complicated load conditions. The right-angle corners in the
cross sections of IC ceramic packages were assumed to be wedge cracks, and the fracture criterion
was defined as curved surface in Mode I (tensile opening)-Mode II (in-plane shear)-Modelll (tearing)

coordinate space.
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1. Introduction

One of the major problems in IC package
development is ceramic package cracking,
which directly affects IC device reliability.
These cracks are most likely to originate along
the lines at which layer stacking, during the
fabrication process, has formed sharp
right-angle corners!?. If fracture load condi-

tions could be predicted by com-
puter-simulation analysis and by simple
experimental procedures wusing specimens

without notch and pre-crack, it would be
possible to design more reliable IC packages
than ever before. To date, many studies have
been carried out on the mixed-mode fracture
toughness of ceramics materials using stress
intensity factors13. Because of the extremely
high stress concentration around the sharp
right-angle corners, the fracture load cannot be
estimated by using conventional approaches
based on maximum principal stress values
obtained by finite element analysis. However,
although estimates based on mixed-mode
stress intensity factors would seem to be a
promising alternative, this approach presents
two main difficulties: 1) how to apply stress
intensity factors to the right-angle corners,
and 2) how to evaluate the material's initial
resistance to the fractures for each mode.

This paper discusses the fracture criteria for
actual IC alumina ceramic packages with
right-angle corners. To obtain the criteria, we
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examined stress intensity factors in alumina
samples under a variety of load conditions. The
cross sections of alumina ceramic plates were
observed by optical and scanning electron mi-
croscopy (SEM).

2. Experimental Method

2.1 Bending Specimens

The samples used in this study were com-
posed of fine-grained polycrystalline Al:03
with a 10 um average grain size. The ten-
sile-opening fracture toughness (K,.) of this
material had been determined by the manu-
facturer, based on the single edge pre-cracked
beam (SEPB) method, to be 3.8 MPa+/m . Fig-
ure 1 shows micrographs of the cross section of
an alumina ceramic plate obtained by optical
microscopy and SEM. An IC ceramic package
is formed by piling plural unsintered alumina
sheets called greensheets. As seen in Fig. 1,
however, neither borders as the origins of
cracks nor heterogeneity can be observed.

As shown in Fig. 2, 4-mm-wide samples were
cut from an alumina ceramic plate (40 x 40

(a) (b)

500pm

Fig.1 Cross section of alumina ceramic plate. (a) Op-

tical microscopy image. (b) Scanning electron

microscope image.
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x 2.5 mm) containing a square cavity (15 x 15
x 0.5 mm). We used two sample shapes: the
first was cut parallel to the side surface of the
plate (Fig. 2(a)) and the second was angled 30°
from that surface (Fig. 2(b)). SEM images re-
vealed the radius of curvature for the corners
(where the sides of the cavity meet the cavity
base) to be approximately 10 pm. None of the
samples exhibited any notches or pre-cracks.

2.2 Mixed-Mode Loading Experiment

We conducted three-point bending tests as
mixed-mode fracture tests at room tempera-
ture (RT) and at a bending speed of 0.1
mm/min, as seen in Fig. 3. The samples for the
first (parallel) shape were tested under three
different conditions, i.e., location angles (that
between the supporting edge and the cavity
line) of 0°, 15" and 30°. The samples for the
second shape (angled at 30°) were only tested
at a location angle of 0°. In the discussion that
follows, we will refer to these four tests as
Tests A to D. The stress distributions around
the cavity corners were expected to differ be-
tween the four test cases.

3. Stress Intensity Factors

3.1 Finite Element Analysis

We carried out stress-simulation analysis by
using finite element analysis for each bending
test on the basis of experimental fracture loads.
Young's modulus, used in the stress simulation,
was 260 GPa and Poisson's ratio was 0.3. We
employed a three-dimensional isoparametric
solid element. A typical sample geometry was
composed of 3000 elements, with a total
of 3927 nodes. Figure 4 shows a finite element
mesh for test sample A with a 0.5-mm-deep
cavity. The mesh size adjacent to the cavity
corner was about 10 um. We used the CAE
software I-DEAS (INCAT International) for
the finite element modeling and conducted
stress simulation with ANSYS (ANSYS, Inc.)
structural solution program.

3.2 Stress Intensity Factors

Figure 5 shows the experimental and ana-
lytical fracture-load test results (determined
during previous tests) versus the radii of cur-
vatures in the cavity corner for the samples.
The test samples were cut from a ceramic IC
package plate and subjected to four-point
bending tests. The hatched solid lines indicate
the fracture loads predicted on the basis of

(a) (b)
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Fig.2 Bending samples cut from IC ceramic plates. (a)
Sample cut out parallel to side surface. (b) Sample
cut out 30° (¢ ) off same side surface.
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Fig.3 Three-point bending-test conditions for ceramic
samples.
Corner tip

Fig.4 Finite element model for cavity corner in Test A,
and direction x for calculating stress intensity
factors.

maximum principal stress values after finite
element analysis. The curvature radii for the
cavity-corner geometries were modeled for in-
dividual test samples. Fracture loads were
determined on the basis of the tensile strength
for the material (300-400 MPa). The open cir-
cles in the figure indicate the measured frac-
ture loads and the error bars indicate scatter-
ing. Below 50 pm, the experimental measured
values become constant irrespective of the
curvature radii, and the discrepancy between
the predicted fracture load and the measured
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Fig.5b Experimental and analytical fracture loads versus
radius of curvature at cavity corner.

load becomes greater as the radii become
smaller. These results suggest that the cavity
corners act as wedge cracks when the curva-
ture radius is less than 50 um, and since the
radius values of the samples' cavity corners in
Tests A-D were only about 10 pm, the corners
may be regarded as wedge cracks, as shown in
Fig. 6.

When wedge cracks are subjected to far-field
stress O, the stress intensity factor at the
corner tip, K, may be given by:

K=0c(27x)", (1)

where x refers to the distance from the corner
tip in the direction of crack propagation, and
y (=1- 1) is the stress singularity order,
which is 0.5 for a conventional crack geometry
whose opening angle is zero. The O is the
stress. This is oy for Mode I (tensile-opening
mode), shear stress T for ModeII (in-plane
shear mode), and 7y, for ModeIll (tearing
mode).

(a) (b)
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Fig.6 Stress intensity factors for right-angle corner.
factors for individual fracture modes.

(a) Opening angle, defined for wedge crack.

The stress singularity orders for the three
fracture modes can be calculated from!415):

Mode I: 4 sin(2a)+sin(2ad,)=0
Mode II: 4, sin(2e)-sin(2ae4,)=0> @
Mode IL: sin(2a4,)=0

where a« == - and opening crack angle 23 is
7 /2 for a right-angle wedge crack (see Fig.
6(a)). From the equations in (2), we find 2
1=0.544, A 2=0.908 and A 3=0.667 for a
right-angle wedge crack (opening crack an-
gle 28 is 7/2). As given below, the stress sin-
gularity order values, applied to right-angle
corners for individual modes, may be ex-
pressed as -

¥, =1- 2, =0.456
¥, =1- 4, =0.092 ®3)
¥, =1- 4, =0.333

Figure 7 plots the calculated stress singu-
larity orders for individual modes versus
opening angle 2 3. The stress intensity factors
of the right-angle corners for the three fracture
modes are defined as:

Mode I. K, =0, (27x)"**
Mode I: K =7, (27x)"*" @)
Model: Ky =7, (27x)"""

Once the stress component values (Oy, Ty,
Ty, and the distance from the corner tip (x)
are known from finite element analysis, K,', K
1 and Ky' can be calculated with these three
equations.

Mode II Mode Il

092 0.333

0
Ki'=r.y2nX) Kon'=7,.27X)

(b) Stress intensity
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Fig.7 Stress singularity orders of individual modes
versus opening angles.

4. Results and Discussion

4.1 Fracture Load

Figure 8(a) shows the load-displacement
curve in Test A. The load increases linearly
with bending displacement up to the fracture
load. The maximum load fracture occurred at
the cavity corner tip. The fracture loads for
test conditions A-D are presented in Fig. 8(b).
Five samples were evaluated for each test. The
average fracture load values were 105.0 N (in
Test A), 86.3 N (Test B), 69.7 N (Test C) and
123.6 N (Test D) as listed in Table 1. The
fracture-load strength decreased as location
angle U values increased (Tests A—C). The
largest fracture load was observed in Test D.

4.2 Fracture Morphology

The original cracking points and crack ini-
tiation paths were confirmed from SEM im-
ages for fractured samples. Figure 9 shows
fractured surfaces for Tests A, C and D. The
fractography indicated that crack origins (in-
dicated here by the solid triangles) occurred
near the sides of the samples for Tests A and D.
In contrast to this, the crack origin in Test C
was observed at the middle of the cavity line.
Test B obtained results similar to those for
Test C. Figure 10 shows a side view of a frac-
tured sample in Test A. In all Test-A samples,
cracks were curved lines, and the initial
cracking directions (x) were at angles of ap-
proximately 20° from the vertical line; we re-
fer to this angle as crack deflection angle 6.
Direction x in Fig. 4 is vertical to the maxi-
mum principal-stress direction, obtained from
finite element analysis, and deflection angle
0 is about 30°. Our experimental results were

(a) (b)

Load [N]
T T T T T T T T T T
Fracture load [N]

0 | 1 | 0
[} 1.0 2.0 Test A B c
Crosshead displacement [x10™ m] y=0° v=15" w30t 0=30
Fig.8 Fracture load in 3-point bending tests. (a)
Load-displacement curve in Test A. (b) Fracture

loads and their scattering for Tests A-D.

Test A

Y 2o

(Seen from top surface)

Fig.9 Test cases: Solid circles at left of figure indicate
crack origins and arrows represent direction of
view for micrographs of fractured surfaces shown
at right of figure for Tests A, C and D.

Fig.10 Micrograph is side view of fractured cavity cor-
ner of Test A sample. X represents initial
cracking direction. 6 represents crack deflec-
tion angle, which is approximately 20° .



303 Using Stress Intensity Factors in Fracture Load Estimation for IC Ceramic Packages

reproduced for all four tests, and were in good
agreement with finite element analysis. Stress
intensity factors were calculated using both
crack tips and initial propagation directions as
shown in Fig. 4.

4.3 Stress Intensity Factors

Figure 11 plots the calculated stress inten-
sity factors K,', K;' and Ky' versus the dis-
tance from cavity corner tip x for Test C using
the equations in (4). In the range shown here,
individual calculated points approximately lay
along one line, except near the minimum x
value. This difference resulted from error
produced by the corner mesh geometry. Cor-
ner-tip stress intensity factors can be obtained
by extrapolation to x=0. These individual ex-
trapolated stress intensity factors are ex-
pressed as K,', K;' and Ky' after this. The
fracture loads and individual-mode stress in-
tensity factor values for each test are listed in
Table 1. The ratios for K,', K;' and K" differ
in all four bending tests. The Modelll fracture
stress intensity factor Ky' values range from
0.2 to 0.65 MPa-m?9-333,

4.4 Mixed-Mode Fracture Criteria

This section discusses, on the basis of the
above results, the fracture criteria for a

O : K|' [MPam™]]
O : Ki' [MPa-m®™]]
A Kn' [MPa:m®*]]

Test C

A A A

O = N W Hh O

Stress intensity factors

0 100 200 300 400
Distance from corner X [ um]

Fig.11 Individual-mode stress intensity factors versus
distance from corner tip, obtained by extrapola-
tion to x=0.

Table 1 Fracture loads and individual-mode stress inten-
sity factor values under those loads.

Test A | TestB j Test C | Test D [Mode I test
Fracture load [N] | 105.0 86.3 69.7 123.6 122.1
K1 [MPa'm®* ]| 25 19 20 38 46
Ko’ [MPa:m™* ][ 22 16 15 29 0
Ko' [MPa'm™™ ]| 0.2 0.65 0.6 0.4 0

right-angle corner geometry under

mixed-mode loading conditions.

4.4.1 Criteria Using Stress Intensity Factors for
Three Modes

Figure 12 shows the calculated Mode I
stress intensity factor K;' values under frac-
ture load for individual tests. The open circles
in the figure denote the average K ;' values for
five fracture-load measurements. These aver-
age values ranged widely from 1.9 (Test B)
to 3.8 MPa-m0456 (Test D). It appears that the
fracture criterion cannot definitely be deter-
mined from the K,' value alone. In the same
way, the average values for K;' and Ky;' ranged
widely in each test. These results seem to in-
dicate that no fracture criterion existed in any
of the three modes.

Further, the tensile-opening crack fracture
toughness of this material, K. (=3.8MPa+/m ),
could not be employed as a fracture criterion
for a right-angle corner geometry.

442 Fracture Criteria for Conventional Crack
Geometry

A number of theories have been advanced for
conventional crack geometry (opening angle 2
B =0) to predict fracture under mixed-mode
conditions. Awaji and Sato calculated the indi-
vidual-mode fracture toughness K;., K. and
Kye values using inclined large cracks in dia-
metral compression for graphite, plaster and
marble materials!®. They expressed the
mixed-mode fracture criterion for marble in
terms of a circular curved surface form as:

2 2
[ﬁj { Ky j i ®)
KIC KHC

6.0 -

5.0 -

& 40l
3
=
= 3.0
I~ 2.0 - % Q %
1.0
0 1 1 1 1
Test A B C D

y=0° y=15°  y=30° $=30°

Fig.12 Calculated stress intensity factor K I ' values
under individual fracture loads.
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The measured data for the graphite and K 15 K L5
plaster were on the following curve: I it =1 (8)
KI 4 K]]Ic

K 1.6 K 1.6
( J +( J . ©
KIc K]Ic

In Petrovic's!”? and Petrovic and Mendirat-
ta's'® examination of mixed-mode fractures in
notched samples of hot-pressed SizNi, the ex-
perimental values for K, -K; fractures in
slotted-tubes agreed closely with

1.5 1.5

K, N Ky
KIc K]Ic

=1 (7

while those for K ; -K  fractures in

notched-rods agreed closely with

K [MPa-m™]

0.8 Fracture criterion

(M-

3.8
K;' [MPam™]

4.4
K, [MPam™]

Fig.13 Fracture criterion as enveloping curved surface,
defined from measurements under mixed-mode
fracture conditions.

(a) (b)

In these studies, pure-mode fracture tough-
ness values K., Ky and Ky were measured
experimentally, and an exponent was selected
from experimental data to define the
mixed-mode fracture criterion.

In Suresh's et all®2) examination of
mixed-mode fractures in sharp pre-crack sam-
ples of polycrystalline Al2Os, the pure torsional
fracture-toughness K. was 2 to 3 times
greater than K ..

4.4.3 Fracture Criterion for Right-Angle Corners

We assume here, as has been done in the
previous studies, that we can obtain a
mixed-mode fracture criterion for right-angle
corners by normalizing for all fracture tough-
ness values, and we extend this concept to a
three-dimensional mode. For right-angle cor-
ners in an IC ceramic package, stress singu-
larity orders for individual fracture modes
differ, and none of them corresponds to the 0.5
of a conventional crack. We assume a
mixed-mode fracture criterion for right-angle
corners can be expressed as:

K, 2 K, 2 K, 2
I' + ]I' + ]]I‘

KIc K]Ic K]]Ic

=1 9

The equation represents an enveloping
curved surface in K;'-K;'-Ky' space, as pre-
sented in Fig. 13. Because the pure-mode
fracture toughness for right-angle corner ge-
ometries is often difficult to measure, we chose

(c)

K M
I @: Test AD 2 1.5
. M = ~
;u i O: Mode 1 T B
oA Fracture criterion s
5 @
£ 5 5
: X 051 le @
5 ¥ 2
! Mode 1 £
qih it B M s 2 B
Hegn e = 05k
RTL ’ 0 0.5 1.0 = | | ] | |
] V" T [] ¥ m
S T+ Moo F K AT+ K K P Tz)St g ESQ gD %v Karel

Fig.14 Fracture criterion compared with individual test data.
(b) Superimposed fracture criterion.

ture-toughness values.

[ o 0oar
(a) Normalization with individual-mode frac-
(c) Normalized values of stress intensity factors.
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the approach of selecting K., Ky.' and Ky
values, which makes the surface fit the data
listed in Table 1 for experimental Tests A-D. In
this case, K./=4.4 MPa-m®456 K .=3.8 MPa-
mo992 and Kp'=0.8 MPa-m©333, In this way, we
are able to establish the criterion more easily
than if we had to depend on measured values.
The calculated K., Ky.' and Ky represent
individual pure-mode fracture-toughness val-
ues.

The K,', K;' and Ky' in Fig. 13 were nor-
malized with K, K;¢' and K. The K;' /K '
axis was superimposed on the K;'/K;. axis,
as shown in Fig. 14(a). Figure 14(b) compares
the fracture criterion with individual test data,
represented by the closed circles. The fracture
criterion curve was drawn to fit the data for
Tests A-D. As shown in Fig. 14(c), all the data
fit the fracture criterion within a reasonable
experimental error range.

In addition to Tests A-D, an identification
sample made from the same material was also
tested under four-point bending conditions to
determine pure Mode I fracture toughness for

(a) (b)

Fig.15 Identification test for right-angle corner under
pure mode I fracture loading. (a) Bending ex-
periment conditions. (b) Finite element model of

area near cavity corner.

(a)lllll (b)

Fig.16 PGA package application.

Criterion surface |

Maximum stress

Ky (Mode )

the right-angle corners. Figure 15 shows
bending-experiment conditions and a finite
element model of the area around the corners.
The radius of curvature for this sample was
similar to that for Tests A-D. The mesh size of
the finite element model was similar to that for
the tests. The fracture loads were 118.5-125.0
N, and the average value was 122.1 N in the
test. The K,' value obtained from finite ele-
ment analysis and extrapolation was 4.6 MPa-
mO456 ag listed in Table 1. As indicated by the
open circles in Figs. 14(b) and (c), this value is
similar to the K, (=4.4 MPa-m%%%) deter-
mined by Eq. (9), which indicates that the
fracture criterion illustrated in Fig. 13 is rea-
sonable for a right-angle cavity corner under
mixed-mode conditions.

4.5 Fracture load Estimation

We applied the fracture criterion illustrated
as an enveloping curved surface in Fig. 13 to
predict the fracture load in an actual IC alu-
mina ceramic package. Figure 16(a) shows how
the bending test was applied on a carrier stand,
and also depicts a finite element mesh modeled
from an observed cavity-corner geometry for
PGA (Pin Grid Array) packages. The x-axis
(the arrow in this figure) indicates the direc-
tion the initial crack propagated as determined
from the analytical maximum principal-stress
direction. With finite element analysis under a
unit load, we were able to plot individual-mode
stress intensity factors versus distance x. The
individual-mode stress intensity factors for the
right-angle corner tip were determined by ex-
trapolation to x=0. As a result, we found K,
¢=0.96 MPa-m0456 K .'=0 and K.'=0.61 MPa-
m°333 under a unit load (981 N).

Ratio to experiment

970 [N]
Experiment m 1.0

. 12

0.29

] s

| ! | / |
0 500 1000 B0 3500

Fracture load [N]

(a) Bending-strength test and finite element model of area near cavity corner.
(b) Fracture loads estimated from individual criteria.
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Using the fracture-criterion curved surface,
the fracture load in the PGA package was pre-
dicted to be 1200 N. For purposes of compari-
son, we also made a prediction based on the
conventional-crack (opening angle 2p5=0)
fracture-toughness value K. (3.8 MPa+/m ),
and the result was a fracture load value
of 3800 N. The fracture load estimated by
maximum principal stress value was 280 N.
The experimentally determined fracture load
for this package was approximately 970 N. The
ratio of predicted load to experimentally de-
termined fracture load for each of the two pre-
dictions can be seen in Fig. 16(b).

The fracture criterion expressed as the en-
veloping curved surface defined by Eq.(9)
makes it possible to evaluate a fracture load
for a PGA package more accurately than that
which can be obtained using the conventional
criterion.

5. Conclusions

We considered right-angle corners to be
wedge cracks. We used a method of extrapo-
lating stress to obtain, based on finite element
analysis, the stress intensity factors for such
corners. The stress singularity orders used
were 0.456 (for K", 0.092 (K;") and 0.333 (K
"). Amixed-mode fracture-criterion surface in K
("Ky'"-Ky' space was easily determined on the
basis of mixed-mode loaded bending test data.
The fracture criterion demonstrated itself to be
capable of enabling the fracture load of actual
PGA ceramic packages to be estimated with
excellent accuracy.
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