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Abstract  

This paper deals with evaluation of fracture 
toughness in functionally graded materials (FGMs) 
consisting of partially stabilized zirconia (PSZ) and 
austenitic stainless steel SUS 304. FGMs and non-
graded composites (non-FGMs) with fine and coarse 
microstructures are fabricated by powder 
metallurgy using PSZ and two kinds of SUS 304 
powders. The fracture toughness is determined by 
conventional tests for several non-FGMs with each 
material composition and by a method utilizing 
stable crack growth for FGMs. Although the 
fracture toughness increases with an increase in a 
content of SUS 304 on both FGMs and non-FGMs, it 
is affected by microstructure and it is higher in the 
FGMs than in the non-FGMs. The residual stress in 
FGMs created in the fabrication process is 
estimated from the difference in fracture toughness 
between the FGMs and non-FGMs. 
 
 
1 Introduction 

Functionally graded materials (FGMs) are well 
known as materials in which a material composition 
varies gradually in some direction in order to derive 
the unique mechanical, thermal and electrical 
performances different from those of homogeneous 
or joined dissimilar materials. FGMs consisting of 
ceramics and metals, for example, can be designed 
to reduce thermal stress and to take advantages of 
the heat and corrosion resistance of ceramics and the 
mechanical strength of metals. Therefore, ceramic-
metal FGMs are promising in thermal and structural 
applications such as thermal barrier coatings, wear 
and corrosion resistant coatings and ceramic/metal 
joinings [1, 2].  

The ceramic-metal FGMs exhibit complicated 
fracture behavior due to gradation of mechanical 
properties and strength. In a ceramic-metal FGM 

plate, surface cracks emanating at the ceramic side 
behave in several ways depending on the material 
gradation and loading condition. Multiple cracks, 
crack arrest, crack bowing are well observed in 
ceramic-metal FGMs under thermal shocks or 
thermal fatigue [3-6]. The crack branching and 
spallation occurs as a result of crack growth along 
the interface in multi-layered FGMs [3-7]. In order 
to analyze the complicated fracture behavior in 
FGMs and to make clear fracture process and 
resistance of FGMs, distribution of fracture 
toughness in FGMs should be known. 

The distribution of fracture toughness or R-
curve behavior in FGMs, prediction methods based 
on the crack bridging model or cohesive model were 
proposed [8-11]. The experimental investigations on 
the fracture behavior of FGMs were relatively 
limited compared with the theoretical and numerical 
investigations. Several investigations have been 
reported using ultraviolet-irradiation-hardened 
polymer [12] or glass-particle reinforced epoxy [13], 
ceramic-metal FGMs [14-19], and ceramic-ceramic 
FGMs [20]. In those investigations, the distribution 
of fracture toughness or R-curve behavior was 
discussed for growing mode I crack parallel to the 
direction of material gradation [12, 14-17, 19,20].  

In the present investigation, the distribution of 
fracture toughness is evaluated on two kinds of 
FGMs consisting of partially stabilized zirconia 
(PSZ) and austenitic stainless steel SUS 304. The 
fracture toughness is determined by conventional 
tests for several non-graded composites (non-FGMs) 
with each material composition and by a method 
utilizing stable crack growth for FGMs. Based on 
the experimental results, fracture mechanism and 
influences of microstructure on fracture toughness 
distribution in FGMs have been discussed. Finally, 
the residual stress in FGMs created in the fabrication 
process is estimated from the difference in fracture 
toughness between the FGMs and non-FGMs. 
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2 Materials and Experimental Procedure 

2.1 Materials 

The tested materials were FGMs and non-
graded composites (non-FGMs) fabricated by 
powder metallurgy. Row materials were 
commercially available partially stabilized zirconia 
(ZrO2-3molY2O3, PSZ) and austenitic stainless steel 
(SUS 304) powders. The mean particle sizes of 
powders were 0.32μm for the PSZ and 45μm and 
10μm for the SUS 304, respectively. The PSZ and 
SUS 304 powders were mixed in volume ratios of 
10-0, 8-2, 6-4, 4-6, 2-8, 1-9 and 0-10, respectively, 
and each mixture was suspended in isopropyl 
alcohol, milled for three hours by a vibrational ball 
mill and dried. The powder blends were put to form 
a non-graded composition or were layered to form a 
graded composition in a graphite die with 30mm in 
diameter. The powder compacts were pressed up to 
14MPa at room temperature, and then sintered under 
the condition of 1200ºC and 30MPa for one hour by 
a hot-press machine. Finally, seven kinds of non-
FGMs and FGM were obtained for each 
combination of powders. These materials are 
referred to as non-FGM(45μm), FGM(45μm), non-
FGM(10μm) and FGM(10μm), respectively. Fig. 1 
shows microstructures of the non-FGM(45μm) and 
non-FGM(10μm). The white and gray regions 
exhibit the SUS 304 and PSZ phases, respectively. 
The non-FGM(10μm) and non-FGM(45μm) have 
fine and coarse microstructures, respectively. SUS 
304 particles are dispersed in the PSZ matrix in the 
material with high content of PSZ (80%PSZ), while 
small PSZ particles and platelets are dispersed in the 
SUS 304 matrix in the material with low content of 
PSZ (20%PSZ). Area fractions of PSZ and SUS 304 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

phases in the microstructures were measured by 
image processing, and used as effective volume 
fractions. The FGMs have a functionally graded 
layer (FGM layer) of nominally 2mm in thickness 
on a SUS 304 substrate. Fig. 2 shows the area 
fraction of SUS 304 as a function of a distance from 
ceramic surface in both FGMs. The gradation of 
material composition is more or less steeper in the 
FGM (45μm) than in the FGM (10μm). 
2.2 Experimental procedure 

Rectangular specimens were cut out from the 
disks and polished with diamond powder paste 
(particle size: 5μm). Fracture toughness tests of the 
non-graded materials were carried out on three-
point-bending specimens with a sharp edge notch as 
in Fig. 3(a) [21]. To evaluate the fracture toughness 
distribution in the FGMs, stable crack growth tests 
were conducted on three-point-bending specimen 
with a series of median cracks by Vickers 
indentation on the ceramic surface [19]. These tests 
were conducted at a cross head speed of 
0.05mm/min and room temperature. During the tests, 
the relationship between load (P) and load-point 
displacement (δ) was recorded, and the image of 
crack initiation and growth on the side-surface of the 
specimens was monitored and recorded in video 
recorder through a CCD camera. The test and video 
recording were started at the same time and the time 
was measured through the test so that the fracture 
process could be investigated in detail after the test.  
3 Fracture Toughness of Non-FGM 

The load vs. load-point displacement relations 
obtained by the fracture toughness tests of the non-
FGM(45μm) are shown in Fig. 4 [21]. In this figure, 
fracture process around a notch tip in the 10%PSZ is 
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Fig. 1.  Microstructures of the materials. 
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Fig. 2.  Area fractions of SUS 304 as functions 
of distance from ceramic surface in 
FGMs 
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schematically illustrated based on the observation by 
a CCD camera. Fracture process accompanied with 
the load-displacement relation on the 10%PSZ is 
described as follows. The applied load increased 
linearly against the displacement up to a point A in 
Fig. 4, and then the load-displacement relation 
became nonlinear and a dent of the side surface 
corresponding to the plastic deformation around a 
notch-tip was observed. In the composites with low 
PSZ content, as the matrix material was SUS 304, 
the plastic deformation occurred in the matrix 
around a notch-tip at this stage. At a point B before 
the maximum load (point C) a crack was initiated 
from a notch tip, and the load decreased with crack 
growth after the point C. Although the knee point 
corresponding to plastic deformation was not 
observed on the load-displacement relations of the 
non-FGMs with higher PSZ content than 40%, the 
crack initiation and extension before the maximum 
load were observed in all specimens except for the 
monolithic PSZ specimen. The monolithic PSZ 
exhibited unstable fracture at the maximum load. 

Two kinds of critical stress intensity factors 
(KR0 and KR) were obtained from the load for crack 
initiation and initial notch length and from the 
maximum load and current crack length, 
respectively. As the sharp edge notch was regarded 
as a crack, KR0 corresponds to the fracture toughness  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
for crack initiation while KR corresponds to the 
fracture toughness for crack extension. The KR 
values are plotted against the material composition 
of the non-FGM(45μm) and non-FGM(10μm) in Fig. 
5. For the monolithic PSZ and non-FGM(10μm) 
with 80%PSZ, the fracture toughness obtained by 
the indentation fracture method is plotted, because 
the sharp notch with notch radius of 15μm still can 
not be regarded as a crack for these materials. The 
fracture toughness increases with an increase in 
metal phase content in both non-FGM(45μm) and 
non-FGM(10μm), and a little difference between 
both non-FGMs suggests a little influence of 
microstructure on the fracture toughness. 
4 Fracture Toughness of FGM 

4.1 Stress intensity factor of a crack in FGM 

Fig. 3  Specimen configurations. 
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Fig. 4.  Load vs. load-point displacement 
relations in fracture toughness tests of 
non-graded composites. 

Fig. 5.  Fracture toughness as a function of  
material composition in non-FGMs.
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Since the elastic moduli are graded 

corresponding to gradation of material composition 
in FGMs, the stress intensity factor of a crack in 
FGMs should be analyzed for each FGM even if 
their specimen configuration and loading condition 
are the same. In the present material system, the 
gradation of Young's modulus may not be significant 
because of the slight difference in the Young's 
modulus between PSZ and SUS 304, namely 190 
GPa for PSZ and 200 GPa for SUS 304 [19, 21]. 
Therefore, the stress intensity factor for 
homogeneous materials can be approximately used 
as in reference [19]. However, according to the 
experimental results of four-point-bending tests of 
non-FGMs, the Young's modulus exhibits low value 
in the composites with intermediate composition as  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
shown in Fig. 6. This suggests that the initial defects 
are contained in the composites or the interfacial 
strength between both phases is very low.  

Therefore, the stress intensity factor of a crack 
in three-point-bending FGM specimens were 
analyzed with a finite element method taking into 
account the variation of Young's modulus 
corresponding to material composition in FGMs. Fig. 
7 shows the finite element mesh of three-point-
bending specimen, where the Young's modulus is 
assigned to the Gauss points of each mesh based on 
the material composition and Fig. 6. The stress 
intensity factor K is determined by extrapolation of 
K’ ( )r π2yσ=  to a crack tip, where σy is the 

normal stress in y direction at the position of x ahead 
of a crack tip. The correction factor is defined by  

a
KF

 π0σ
=  ,      (1) 

BW
PS

20
2
3

=σ  , (2) 

where P, a, S, W and B are the applied load, crack 
length, span length, width and thickness of the three-
point bending edge crack specimen, respectively. 

Fig. 8 shows the correction factors as functions 
of normalized crack length α(=a/W) for a crack in 
the three-point bending FGM specimens. In the 
figure the correction factors for the homogeneous 
materials are also shown. As sown in Fig. 8, the 
correction factors for the FGM specimens decrease 
in the FGM layer, and they are consistent with those 
for homogeneous materials when the crack length is 
beyond the FGM layer  
4.2 Fracture toughness of FGM 

 

Fig. 6.  Young’s modulus as a function 
of material composition. 
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On the three-point-bending test of a FGM 
specimen with a short crack in the ceramic side 
surface as in Fig. 3(b), stable crack growth in a FGM 
layer is realized depending on the distribution of 
material composition, specimen size, etc. Since the 
stress intensity factor during stable crack growth 
exhibits the fracture resistance at the crack-tip region, 
the distribution of fracture toughness in the FGM 
layer is obtained [19]. 

Fig. 9 shows the load and crack length vs. 
load-point displacement relation obtained by three-
point-bending test of the FGM(10μm). When the 
applied load reached a point A in Fig. 9, the stable 
crack growth started from a pre-crack. After the 
crack stably extended to 1.4mm in crack length at a 
point B, unstable crack growth occurred to 1.9mm in 
crack length and the load dropped down to a point C. 
Then, the crack stably extended again to the 
interface between the FGM layer and the SUS 304 
substrate, and the large plastic deformation spread  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
into the substrate. In the FGM(10μm) specimen, the 
stable crack growth was hard to occur and was  
realized in only one specimen shown in Fig. 9 out of 
several specimens. On the other hand, all 
FGM(45μm) specimens exhibited the stable crack 
growth as reported in the reference [19]. 

From the relationship between applied load and 
crack length during the stable crack growth, the 
critical stress intensity factor (KR) was calculated. 
The correction factor in Fig. 8 for the three-point-
bending FGM specimens was used to calculate KR. 
Fig. 10 shows the fracture toughness KR as a 
function of the crack length, i.e. the distance from 
the ceramic surface for the FGM(10μm) specimen in 
Fig. 9. The fracture toughness between 1.4mm and 
1.9mm in crack length is not obtained because of 
unstable crack growth. Fig. 11 shows the fracture 
toughness as a function of the crack length for the 
FGM(45mm) specimens [19]. The gradient of the  
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Fig. 10.  Distribution of fracture toughness 
in FGM(10μm). 
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Fig. 12.  Fracture toughness as a function of  
material composition in FGMs. 

0

5

10

15

20

25

30

0 20 40 60 80 100

Volume fraction of PSZ (%)
100       80        60        40        20         0

Volume fraction of SUS304 (%)

FGM (45μm)

FGM (10μm))
(

m
M

Pa
   

R
K

0

5

10

15

20

25

30

0 20 40 60 80 100

Volume fraction of PSZ (%)
100       80        60        40        20         0

Volume fraction of SUS304 (%)

FGM (45μm)

FGM (10μm)

FGM (45μm)

FGM (10μm))
(

m
M

Pa
   

R
K



KEIICHIRO TOHGO, Hiryoyasu Araki, Yoshinobu Shimamura  

6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
fracture toughness in the FGM layer for the 
FGM(10μm) is not severe as compared to that for 
the FGM(45μm), and therefore the stable crack 
growth was hard to be realized in the FGM(10μm). 
From these data, the relationship between the 
fracture toughness and material composition is 
obtained as in Fig. 12 for both FGM(10μm) and 
FGM(45μm). Although the fracture toughness 
increases with an increase in the SUS 304 volume 
fraction in both FGMs, it is higher in the 
FGM(10μm) than in the FGM(45μm) in contrast 
with the case of the non-FGMs. 
4.3 Comparison of the fracture toughness 
between the non-FGMs and FGMs 

Figs. 13(a) and (b) show the comparison of the 
fracture toughness between the non-FGM and FGM 
for the cases of 45μm and 10μm in particle size of 
SUS 304 powder, respectively. In the case of 45μm 
in Fig.12(a), data points of the non-FGM are within 
the data band of the FGM. On the other hand, in the 
case of 10μm in Fig. 13(b), the fracture toughness of 
the FGM is much higher than that of the non-FGM.  
5 Estimation of Residual Stress in FGMs  

In general FGMs, the compressive residual 
stress is created in the ceramic rich region due to 
mismatch of the thermal expansion coefficients of 
ceramic and metal phases in the fabrication. Since 
the fracture toughness of the FGMs contains the 
effect of the residual stress, it is higher than that of 
the non-FGMs. Here, the residual stress in the FGMs 
is estimated from the difference in fracture 
toughness between the FGMs and non-FGMs. Fig. 
14 shows a schematic illustration of fracture  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
toughness distribution in FGMs. KR

FGM(x) is an 
actual distribution and KR

Non-FGM(x) is obtained based 
on the fracture toughness of non-FGM and graded 
material composition. In the estimation a smoothing 
curve of stepwise KR

Non-FGM(x) is used. The 
difference in fracture toughness distributions is 
given as: 

)()()( FGM
R

FGMNon
RRe xKxKxK s −= −  (3) 

It is assumed that KRes(x) is due to the residual stress 
σRes(x). The stress intensity factor of a crack under 
residual stress distribution is obtained by the one of 
a crack subjected to the same stress distribution on 
crack surfaces from the principle of superposition as 
shown in Fig. 15. In order to estimate the stress 
intensity factor of a crack in Fig. 15 (c), the result 
for an edge crack in semi-finite plate subjected to  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13.  Comparison of fracture toughness between non-FGM and FGM. 
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concentrated forces on the crack surfaces as in Fig. 
16 is used [22]. The stress intensity factor is given as 
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The residual stress distribution, namely the stress 
distribution on the crack surfaces in Fig. 15 is 
discretized as shown in Fig. 17. When the crack 
length is xk, the stress intensity factor of a crack 
subjected to the stress distribution on the crack 
surfaces is obtained as 
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From the above equation, the residual stress σk at the 
position bk is described by the following relation. 
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As KRes(xk) is known, the residual stress σ1 at b1 is 
given as 
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Then, as σ1 is obtained by Eq. (9), the σ2 at b2 is 
given by 
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By continuing this procedure up to i=n, the residual 
stress distribution is obtained. 

In the numerical calculation, the distributions 
of KRes in Fig. 18 is used for the FGM(10μm) and 
FGM(45μm), and n=200 is set for the FGM layer of 
2mm. The obtained results are shown in Fig. 19. The 
reasonable results are obtained: the residual stress in 
the FGMs is compression at the ceramic-rich surface 
region, and decreases and turns to tension with going 
through the inside. The compressive residual stress 
at the surface region is much higher in the 
FGM(10μm) than in the FGM(45μm). This might be 
attributed to the size effect of microstructure and the 
gradation of material composition in both FGMs.  
6 Conclusions 

In order to evaluate the distributions of fracture 
toughness in the PSZ-SUS 304 FGMs, fracture 
toughness tests were carried out on the non-FGMs  

 

Fig. 15.  Principle of superposition for a crack under residual 
stress distribution. 

Fig. 16.  An edge crack in semi-finite 
plate subjected to concentrated 
forces on the crack surfaces 
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Fig. 17  A crack under residual stress distribution.
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and FGMs. The obtained results are summarized as 
follows: 

(1) The fracture toughness obtained by the 
non-FGMs and FGMs increases with an increase in 
a SUS 304 volume fraction. 

(2) On the fracture toughness of the non-FGMs, 
the influence of microstructure is negligible. 

(3) On the FGMs, the fracture toughness is 
higher in the FGM with fine microstructure than in 
the FGM with coarse microstructure. 

(4) The fracture toughness in the FGMs is 
higher than that of the non-FGM especially in the 
case of fine microstructure, and this may be 
attributed to the compressive residual stress in the 
ceramic rich region in the FGMs. 

(5) The residual stress in the FGMs is 
estimated from the difference in fracture toughness 
between the FGMs and non-FGMs. As a results, the 
compressive residual stress at the surface region is 
much higher in the FGM with fine microstructure 
than in the FGM with coarse microstructure. 
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