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AbstractÐA functionally graded composite is prepared and the spatial gradation of Young's modulus in
the functionally graded material (FGM) is measured. Elastic modulus gradients occur over length scales
suitable for experimental mechanics investigations using optical interferometry. Crack tip ®elds are mapped
in the FGM under quasi-static loading conditions with cracks oriented perpendicular to the direction of
the elastic gradient and near the interface of the graded and the homogeneous portions of three-point-
bending specimens. The optical measurements are used to extract fracture parameters based on the prevail-
ing understanding of the crack tip behavior in FGMs. The results are also compared with ®nite element
computations which incorporate measured elastic properties of the FGM. The advantage of using FGM
interlayer as opposed to piecewise homogeneous joints is demonstrated through crack initiation tests. #
1998 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

Recent advances in materials processing and engin-
eering have led to a new class of materials called

functionally graded materials (FGMs). In these, dis-
similar materials with contrasting thermo-mechan-
ical properties are brought together to address the
needs of aggressive environments of thermal shock

and high strain rate loading. The primary di�erence
between conventional cladding/bonding and the one
using FGM interlayer is that in the latter the ma-

terial properties are engineered to have a relatively
smooth spatial variation unlike a step increase in
the former thereby avoiding weak interfacial planes.

Such materials have been developed using di�erent
processes including slip casting [1], centrifugal
casting [2], laser alloying and cladding [3], and

plasma-spray forming [4].
The FGMs pose new challenges in terms of mod-

eling, characterization and optimization from the
point of view of fracture behavior. The analytical

work on modeling such materials, particularly frac-
ture mechanics, goes back to the late 1970s.
Atkinson and List [5] studied crack propagation in

materials with spatially varying elastic constants.
Gerasoulis and Srivastav [6] studied a Gri�th crack
problem in a nonhomogeneous medium using inte-

gral equation formulations. The critical importance
of providing an accurate analysis for naturally
occurring nonhomogeneities near material interfaces
in real situations has been recognized in the works

of Erdogan [7, 8]. Ozturk and Erdogan [9] per-

formed a study of an axisymmetric problem with
cracks oriented perpendicular to the direction of the
nonhomogeneity. Their results suggest that this situ-

ation is less severe than the plane-strain counterpart
in terms of stress intensity factors for identical non-
homogeneity constant. More recently, Chen and
Erdogan [10] considered two homogeneous half-

planes bonded through a nonhomogeneous layer
with an exponential variation in elastic modulus
perpendicular to the orientation of the crack. The

lack of material symmetry and the con®guration
about the crack plane have led to mixed-mode de-
formations and cracks subjected to internal pressure

are shown to experience signi®cant mode-II defor-
mation. Giannakopoulos et al. [11] investigated
thermal stresses in functionally graded layered ma-

terials with compositional gradients. The in¯uence
of the architecture of the functionally graded coat-
ings on thermally induced surface cracking in multi-
layer ceramic coatings is examined by Choules and

Kokini [12]. Jin and Batra [13] discussed crack tip
®elds in general nonhomogeneous materials and
examined crack growth resistance behavior using

the rule of mixtures. Functionally graded metal/cer-
amic systems have been analyzed by Bao and
Cai [14] to study fracture mechanics parameters as

a function of coating gradation and crack location.
The crack de¯ection in brittle FGMs is examined
by Gu and Asaro [15] using the maximum energy
release rate criterion.

It should be emphasized that at the moment ex-
perimental investigations on fracture behavior of
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FGMs is very limited. In this paper, the develop-
ment of a functionally graded particulate compo-
sition using model materials is reported. The

Young's modulus variation in the FGM is exper-
imentally determined. The crack tip ®elds are opti-
cally mapped and measurement of fracture
parameters based on prevailing analytical solutions

is carried out. The measurements are compared
with ®nite element computations which incorporate
measured properties of the FGM. The failure per-

formance of the FGM is examined relative to the
piecewise-homogeneous and homogeneous speci-
mens through fracture tests.

2. FGM PREPARATION AND MODULUS
MEASUREMENT

A particulate composite with a continuously
varying weight fraction of ®ller particles in a poly-
meric matrix was developed. Solid A-glass (soda-

lime glass) spheres of mean diameter of 30 mm were
used as ®ller material in a low viscosity, slow curing
epoxy matrix. The nominal bulk elastic properties

of the constituent materials are listed in Table 1.
Rectangular strips of width 25 mm and thickness
6 mm were cast in acrylic molds and cured for 72 h

at room temperature. The choice of spherical
particles and slow curing at room temperature mini-
mize residual stresses in the FGM. The gravity cast-

ing technique was used to obtain the continuously
varying weight fraction, Wf (Wf � wg=�wg � we��,
and wg, we are the weight of the glass beads and
epoxy in the mixture), along the length of the

sample while it remains constant in the width and
the thickness directions. A typical FGM sample,
shown schematically in Fig. 1, consists of a rec-

tangular strip whose ends have nearly constant
weight fraction with an interlayer where the volume
fraction of the ®ller material varies continuously

over lengths ranging from 12.5 to 50 mm depending
on the process variables. The two ends of the FGM
will henceforth be referred to as epoxy-rich and

glass-rich ends.
The Young's modulus was calibrated against

ultrasonic pulse±echo measurements. The longitudi-

nal wave speeds (Cl) were measured at discrete lo-

cations by launching ultrasonic pulses through the

sample thickness and capturing the echo for

measuring the time of ¯ight of the incident pulse. A

transducer with an active aperture of approximately

4 mm diameter was used to perform thickness aver-

age measurements in these cases. Since both the

local Young's modulus and the average local den-

sity of the material vary along the length of the

FGM, the measured values of Cl change continu-

ously. A typical ultrasonic wave speed signature for

an FGM sample along its length is plotted in Fig. 2.

Evidently, in the epoxy-rich and glass-rich ends of

the sample the wave speed measurements are nearly

constant and approximately linear in the mid-sec-

tion. It should be emphasized that the choice of Cl as

an indirect indicator of Young's modulus in this case

is simply based on convenience and one could as well

use other local measurements such as mean particu-

late spacing, microindentation response, weight/

volume fraction, etc., if more convenient. Further,

epoxy is a loading rate dependent material and hence

the measurement of elastic properties under quasi-sta-

tic conditions cannot be inferred directly by ultrasonic

measurements since they provide only dynamic

values.

In order to use this data to determine the values

of Young's modulus E(y), homogeneous strips with

di�erent but constant weight fractions were separ-

ately cast and wave speeds were measured in them.

A plot of the wave speed and the corresponding

weight fraction used in preparing each of these

samples is shown in Fig. 3(a). The relationship

between the two parameters is nearly parabolic.

These homogeneous strips were then studied using

quasi-static cantilever beam de¯ection tests by sub-

jecting them to tip loading (2 mm/min). The

Young's modulus of the beam material under quasi-

static loading conditions (Estatic) was determined

independently by measuring the load and the corre-

sponding beam de¯ection and using the elementary

beam de¯ection theory. A plot of the measured

Young's modulus Estatic and the weight fraction of

the composition is shown in Fig. 3(b). The relation-

ship between the modulus measurements and the

wave speed in the corresponding homogeneous

samples is also parabolic. Next, the average density

(r) of each of the homogeneous beam samples was

determined by measuring its volume and mass. A

plot of the density of each of the beams as a func-

tion of its weight fraction is shown in Fig. 3(c).

Table 1. Nominal bulk properties of the constituent materials

E (GPa) n r (kg/m3)

Epoxy 3.3 0.35 1150
A-glass 70.0 0.23 2200

Fig. 1. Schematic of a functionally graded strip.
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Now, by eliminating the parameter Wf in Fig. 3, a

``look-up chart'' for correlating Estatic with the

measured wave speed Cl can be established and this

is shown in Fig. 4(a). A regression analysis of the

data suggests an approximately linear relationship

between the measured values of Estatic and Cl over

the range of the weight fractions used in this study.

Similarly, one can obtain a corresponding relation-

ship between the density and wave speed, as shown

in Fig. 4(b).

Next, the calibration chart shown in Fig. 4(a)

was used to determine the spatial variation of

Young's modulus in the FGM (Fig. 2) strip dis-

cussed earlier. Knowing the correspondence

between the quasi-static values of Young's modulus

and wave speeds, the variation of the Young's mod-

ulus in the cast FGM is determined and is plotted

in Fig. 5. Thus, the ratio of the Young's moduli

Fig. 2. Typical longitudinal wave speed signature along
the length of the FGM strip.

Fig. 3. Measured characteristics, namely, (a) longitudinal
wave speed, (b) static Young's modulus and (c) average
density of homogeneous particulate compositions as a

function of weight fraction of the ®ller material.

Fig. 4. Measured characteristics, namely, (a) static
Young's modulus, (b) average density of homogeneous
particulate compositions as a function of longitudinal

wave speed measurements.

Fig. 5. Variation of static Young's modulus as a function
of the position along the length of the gravity cast FGM.
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between the ends of the FGM interlayer is approxi-
mately 1:3 for the casting shown in Fig. 2. The
dotted lines represent the linear ®t of the Young's

moduli corresponding to the various sections of the
sample. The epoxy-rich region, shown shaded in
Fig. 5, was not used in our subsequent fracture ex-
periments.

For the sake of completeness, by using the ma-
terial density and wave speed data shown in
Fig. 4(b), the dynamic values of Young's modulus

(Edyn) for the FGM were also obtained and the
details are reported in Appendix A. A linear re-
lationship between the two quantities is evident. By

comparing Fig. 4(a) and Fig. 10, a modest loading
rate dependency of the material becomes apparent.
As expected, higher values of the Young's modulus

under dynamic conditions can be seen, with
dynamic (solid line) to static (broken line) moduli
ratios of 1.65 and 1.3, for the pure epoxy and the
samples with the highest glass concentration, re-

spectively. Evidently, the rate dependent behavior is
somewhat higher for pure epoxy when compared to
the ones that have substantial weight fraction of

glass beads. It should be noted, however, that Edyn

measurements are not used in the present work.

3. OPTICAL MAPPING OF CRACK TIP
DEFORMATIONS

The optical method of re¯ection Coherent

Gradient Sensing (CGS) [16] was used to examine
the surface deformations in the crack tip region
when the sample was subjected to symmetric three-

point bending. In the current study, the gradients of
the out-of-plane displacements w�x,y� with respect
to the x-coordinate were measured. The FGM
sample whose Young's modulus variation is shown

in Fig. 5 was machined ¯at and a thin layer of

epoxy (a few micrometers thick) was deposited and

cured while sandwiching between an acrylic disk.

This produces a ¯at, specular surface necessary for

measuring the gradients of out-of-plane defor-

mations in real-time. Subsequently, an edge notch

of width 150 mm and length 6 mm (a=W � 0:25)
was cut into the specimen near the interface

between the graded and the homogeneous halves

(y � 0).

The plan of the optical set-up for re¯ection CGS

is shown in Fig. 6. A collimated beam of light (pla-

nar wave front) is incident on the sample surface

through a beam splitter. The re¯ected beam or the

object wave front carries the information about the

non-planarity of the surface produced as a result of

the surface deformations near the crack tip. The

angular de¯ections of the light rays relative to the

optical axis are then measured as interference pat-

terns by a wave front shearing apparatus consisting

of two Ronchi (rectangular pro®le) gratings of iden-

tical pitch with grating lines parallel to the y-direc-

tion for wave front shearing in the x-direction. The

gratings are separated along the optical axis by a

distance D. The gratings shear the wave front later-

ally in discrete directions depending on the grating

pitch and the wavelength of the light used. These

wave fronts are collected by an imaging lens of a

camera and di�raction spots are displayed on the

back focal plane of the lens. By ®ltering at either

21 di�raction spots, the fringe patterns represent-

ing contours of constant (@w=@x) can be imaged.

The details of the technique and mathematical basis

for the ®eld equations are reported in Tippur et

al. [16]. The governing equation relating the defor-

mations and the experimental parameters in this

Fig. 6. CGS optical set-up used for mapping crack tip deformations in FGMs.
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case are

@w

@x
� Np

2D
, N � 0,21,22, . . . �1�

where N denotes the fringe orders, p the grating

pitch (=25 mm) and D the grating separation dis-

tance (143 mm). A fringe pattern obtained from a

three-point-bending experiment with an edge crack

in the FGM discussed earlier (Fig. 5) is shown in
Fig. 7 along with the specimen con®guration. Here

the crack was located where the FGM makes a

smooth transition to the constant modulus region

of E � E2. The sensitivity of the fringes is approxi-

mately 0.0088 per half-fringe. Although the loading
con®guration is symmetric, the fringes show modest

global asymmetry about the crack plane as a result

of the elastic gradient in y > 0. However, as one

approaches the crack tip (r ÿ40), the fringe asym-

metry seems to diminish indicating a rather small
mode-mixity. (If each of the fringe lobes in these

tri-lobed patterns rotates by 608, a transition from
pure mode-I to mode-II arises in homogeneous
materials [16].) This could potentially be due to a

rather slow variation of the modulus over the
length of the specimen (half span = 51 mm).

4. FRACTURE PARAMETER ESTIMATION FROM
INTERFERENCE FRINGES

Next, the optical measurements are used to

extract fracture parameters in the FGM. The rep-
resentation of the fringe patterns as derivatives of
out-of-plane displacements is reasonable for small

shearing distances [equation (1)]. The wave front
shearing distance in this case being approximately
1 mm, a di�erence representation instead of a de-

rivative representation is more appropriate. Other
optical investigations on homogeneous fracture spe-
cimens in recent years have successfully used a
di�erence interpretation for analyzing the CGS

Fig. 7. Crack tip interference patterns representing dw=dx contours (a = 5.5 mm, 2l= 102 mm,
w= 24 mm and notch width = 150 mm).
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fringes [17]. Accordingly, equation (1) is modi®ed

as

@w

@x
1 dw

dx
� wi�1 ÿ wi

dx
� Np

2D
�2�

where d(�) represents the di�erence operator.

To extract the fracture parameters from fringe

patterns, existing plane stress crack tip models were

used. Using eigenfunction analysis, Eischen [18] has

shown that the crack tip stresses in an FGM have

the standard Zr singularity as in a homogeneous

material. However, at the moment, explicit asymp-

totic ®eld equations for cracked FGMs with general

elastic property gradients are unavailable. Only the

dominant terms in the crack tip stresses have been

reported by Erdogan [8]. When a unidirectional

shear modulus variation of the form m� y� �
m1 exp�gy� � m1F� y;m� where g � �1=l �log�m1=m2� is

prescribed perpendicular to the crack orientation,

the dominant terms in the crack tip stress ®eld in

FGMs are shown to assume the form [8]

sab�r,y� � F� y;m��������
2pr
p �KI f

I
ab�y� � KII f

II
ab�y��;

a,b � x,y: �3�
equation (3) further reduces to the well-known

homogeneous counterparts in the limit r ÿ40 [8, 13]:

sab�r,y� � 1�������
2pr
p �KI f

I
ab�y� � KII f

II
ab�y��;

a,b � x,y �4�
where f(y) are the universal angular functions and

sab the stress components.

In the current work, the experimental modulus

variation Eexpt(y) in the FGM can be approximated

by a linear function (broken line in Fig. 5) as

E expt� y� � E2Fexpt� y,E � � E2

�
1ÿ dE

E2

�
y

l

��
�5�

where dE � �E2 ÿ E1� and l (351 mm) is the half-

span of the beam. Therefore, by conjecture [19],

equation (3) can be modi®ed for analyzing the opti-

cal data as

sab�r,y� � Fexpt� y;E ��������
2pr
p �KIf

I
ab�y� � KIIf

II
ab�y��: �6�

The fringe pattern shown in Fig. 7 was analyzed

based on the approximation that K-dominant beha-

vior prevails in the near vicinity of the crack tip

[equation (6)]. In a number of previous optical inves-

tigations on homogeneous [16] and bimaterial [20]

fracture specimens, it has been shown that plane

stress conditions take hold beyond a radial distance

of approximately r=Br0:3±0:5 (B being the speci-

men thickness) depending on the angle y. Hence, it is

reasonable to assume a plane stress approximation

in the FGM sample also at similar distances. For

plane stress conditions, the crack tip out-of-plane

displacements are related to the normal stresses as

ez � 2w

B
� ÿ �

E
�sx � sy�

� ÿ �Fexpt� y;E �
E expt� y� �������

2pr
p �KIg

I�y� � KIIg
II�y�� �7�

where gI,II�y� � f I,II
xx �y� � f I,II

yy �y�. Then we can

write the relationship between the optical measure-

ments and the crack tip ®eld as (r ÿ40)

ÿ �B

�dx�E2

������
2p
p

�
KI

��
rÿ1=2 cos

y
2

�
i�1

ÿ
�
rÿ1=2 cos

y
2

�
i

�
ÿ KII

��
rÿ1=2 sin

y
2

�
i�1

ÿ
�
rÿ1=2 sin

y
2

�
i

��

� Np

2D
: �8�

In the above, ri�1 �
�����������������������������
�xÿ dx�2 � y2

q
and

yi�1 � tanÿ1� y=�xÿ dx��. Interestingly, in view of

the K-dominant assumptions, for the ®eld quantity

under consideration modulus variation drops out

leaving behind the crack tip modulus

(E� y � 0� � E2) in equation (8) implying a locally

homogeneous behavior (r ÿ40) in the near tip

vicinity of a mixed-mode crack.

The optical data was digitized around the crack

tip to extract the fringe location �r,y� and fringe

order (N) information. A least-squares analysis was

used to extract the fracture parameters from the ex-

perimental data by minimizing the functionPm
j�1�F�r,y;KI,KII� ÿ �Np=2D��2j with respect to the

unknown coe�cients KI and KII. Here m denotes

the total number of data points used in the analysis

and function F is the left-hand side of equation (8).

Other details of the analysis are similar to the ones

used in the homogeneous counterparts (see, e.g.

Refs [17, 21]) and are not repeated in favor of brev-

ity. Some restrictions on the data set had to be

imposed to ensure that the data used in the analysis

come from regions where plane stress behavior is

known to prevail. It is well known that the crack

tip vicinity undergoes three-dimensional defor-

mations where two-dimensional solutions become

inadequate [16]. The size of this zone around a

mode-I crack tip is known to extend up to approxi-

mately one half plate thickness distance (0.5B)

ahead of the crack and to a smaller extent (up to

about 0.3B), in the region behind the crack tip

(908<y<1358) for a mode-I crack in a homogeneous

material [16]. Thus, in the case of the FGM,

the region 908<y<1358 and 0:4<r=B<0:7 (or,

2:2 mm<r<4:0 mm) was identi®ed as the region

most suitable for data analysis based on the K-

dominant assumption yet outside the zone of sub-
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stantial three-dimensional e�ects. The outer limit of
the analysis is dictated by the diameter of the ultra-

sonic transducer (04 mm) over which the material
behavior can be assumed to be homogeneous.

Results from the least-squares analysis of the opti-
cal data are presented in Table 2. Evidently, the

crack tip is undergoing a predominantly mode-I de-

formation as a result of the loading con®guration
and a slow spatial variation of the modulus.

At the moment, for the chosen specimen con-
®guration, fracture parameters are not reported in

the literature. Hence, an independent ®nite element

analysis of the experiments was carried out. Plane
stress elastostatic ®nite element simulations were

carried out using the MSC/NASTRAN2 software
package. The mesh discretization used in this inves-

tigation is shown in Fig. 8. It consisted of 8700 rec-
tangular eight-node isoparametric elements with the

®nest mesh (smallest element size 300 mm) limited to
the central region of the sample. (The FE model

was calibrated against homogeneous and bimaterial

solutions for the geometry reported in the literature.
The details of the same are avoided here for brev-

ity.) The choice of the rectangular mesh was to
enable column-wise increments in the elastic proper-

ties to simulate the FGM. The Young's modulus
variation corresponding to the one shown in Fig. 5

(broken line) was applied to the individual columns
of elements while keeping the Poisson's ratio con-

stant. The J-integral was computed using this model
at a small distance r/a00.2 mm away from the

crack tip and subjected to mode-partitioning to
determine the stress intensity factors by invoking

the assumption of homogeneous material behavior

(E � E2) in a small region close to the crack tip. (It
should be noted that when the elastic properties

vary in the direction perpendicular to the crack, the
J-integral is path independent [22, 15].) For com-

parison purposes, the value of KI for a homo-
geneous three-point beam with E � E2 is also

included.

Evidently, the optical estimation of jKj is in fairly
good agreement with the ones from the FEA

results. The measured values of mixity c
(� tanÿ1�KII=KI�), however, show a smaller amount

of asymmetric deformation. This is due the di�er-
ences in the regions where the data is collected in

the two instances. A relatively smaller contour of

integration around the crack tip where the assump-
tion of homogeneous material behavior holds better

is used in estimating the FEA results. On the other
hand, the optical data come from regions relatively

far away from the crack tip compared to the ones
used for ®nite element computations, thereby weak-

Table 2. Comparison of measured and computed fracture parameters for FGM crack (P = 350 N, a= 6.0 mm, 2l = 102 mm,
w= 24 mm and notch width = 150 mm)

jKj (MPa m1/2) c (deg) Remarks

Optical measurements 2.1920.2 3.621 Least-squares analysis using equation (8)
FEA results 2.18 0.3 Contour integral around the crack tip at r=B � 0:2; E � E2

Boundary collocation 2.20 0.0 Homogeneous; E � E2

Fig. 8. Finite element mesh used in the simulations of symmetric three-point bending.
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ening the assumptions of K-dominance used in the

least-squares analysis. In view of the ever present
three-dimensional deformations in all experimental
situations with ®nite specimen sizes, exclusion of

the data in close vicinity of the crack tip is inevita-
ble. Thus, the experimental data have to be invari-
ably derived from ®nite distances. Hence, a full-®eld
asymptotic description for cracked FGMs would be

of great value for improving the fracture parameter
estimation and a subsequent development of a frac-
ture criterion and veri®cation.

5. FRACTURE TESTS

The literature suggests favorable fracture per-

formance of FGMs relative to bimaterials of the
same Young's modulus mismatch. However, quanti-
tative test results demonstrating the same are rather

sparse at the moment. Tests to verify this were car-
ried out through crack initiation tests using FGM,
bimaterial and homogeneous samples (a=W � 0:25,

B = 6 mm). In order to achieve consistency in the

modulus gradient in the FGMs between samples in

multiple tests, an FGM sheet was cast instead of in-

dividual strips as described earlier. Sharp cracks

(disbonds) were introduced into the samples by

bonding the FGM sheet to a homogeneous

(E � E2) sheet with debonds at discrete locations

using commercially available Te¯on tape of thick-

ness 30±50 mm. The epoxy±glass mixture with the

same weight fraction of the ®ller material used for

casting the homogeneous (E � E2) sheet was used to

bond the two sheets. Using a similar procedure,

homogeneous sheets of E � E2, and a bimaterial

sheet obtained by bonding homogeneous sheets of

modulus E1 and E2, all with similar disbonds were

prepared. This method of introducing discontinu-

ities into the samples was preferred since straight

crack fronts could be produced in multiple samples

consistently. Subsequently, edge cracked beam

samples were machined from these sheets. The

samples were subjected to quasi-static three-point

bending (span 89 mm, width 20 mm) and load±dis-

placement data were acquired as the samples were

loaded monotonically (cross-head velocity of 2 mm/

min) in a displacement controlled loading device.

Samples of load vs load-line displacement responses

for FGM and bimaterial specimen tests are shown

in Fig. 9 and in each case a distinct peak (Pcr) fol-

lowed by a sudden drop in the load corresponding

to crack initiation can be seen. The non-linearity in

the initial part of the response is due to the slack in

the loading ®xtures and the rest of the loading his-

tory until fracture is essentially linear. In each of

the experiments the crack growth occurred along

y= 08 as a result of the plane of weakness along

the bond line. The crack initiation load was used to

compute the J-integral using the ®nite element

analysis wherein the measured Young's modulus

variations were used. By invoking the equivalence

of the energy release rate G and the J-integral, the

results are tabulated in Table 3. Also included in

the table are the stress intensity factors at crack in-

itiation for homogeneous and FGM samples.

The test results are based on three test samples in

each category. The data clearly demonstrate the

improvement in the fracture performance of FGMs

relative to the bimaterial counterparts. When com-

pared to the bimaterial samples, the fracture load

of the FGM and hence the product of the critical

value of the energy release rate and the crack tip

Young's modulus (E�x,y � 0� � E2 for the FGM

Fig. 9. A typical load vs load-line displacement plot from
three-point-bending fracture tests.

Table 3. Fracture performance of FGMs, bimaterials and homogeneous samples (a = 5 mm, 2l = 89 mm, w = 20 mm and notch
width050 mm)

Pcr (N) GcrE�x,y � 0� (�1010 N2/m3) KI, KII (MPa m1/2)

FGM 245.325 212.4 1.46, 0.04
Homogeneous (E � E2) 254.2215 234.9 1.53, 0
Bimaterial 196.225 149.0 Ð
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and homogeneous beam and E�x,y � 0� �
2E1E2=�E1 � E2� for the bimaterial) is higher by a

factor in excess of 1.4. The improvement in the frac-
ture performance observed here is rather conservative
since we have used bonding to join the FGM to the

homogeneous material. In reality, the virgin FGM
with a smooth transition from one modulus to the
other would provide a higher fracture toughness. The

results obtained from the FGM tests closely follow
those of the homogeneous samples with E � E2.

6. CONCLUSIONS

Preparation, elastic characterization, crack tip
®eld measurements and fracture tests of a function-

ally graded material were undertaken. A graded
particulate composition comprising of spherical
glass ®ller particles in an epoxy matrix was devel-

oped using the gravity casting technique. A method
of measuring the Young's modulus variation in the
FGM is developed and a ``look-up'' chart relating

the quasi-static values of the measured Young's
modulus and measured longitudinal wave speed are
provided. An FGM with an approximately linear

Young's modulus variation E1:E211:3 was realized.
Subsequently, full-®eld optical measurement of
crack tip deformations in the FGM was carried out
for the case when an edge crack is situated near the

interface of the FGM and homogeneous substrate
of equal thickness. A method of extracting the frac-
ture parameters from measured CGS interference

data using K-dominant behavior is developed.
Satisfactory results were obtained in the measure-
ment of the magnitude of the stress intensity factor.

Also, the need for explicit asymptotic crack tip
®elds which take into account Young's modulus
gradient over ®nite distances from the crack tip has
been emphasized to further improve the accuracy of

the estimation process. Relative fracture perform-
ance of FGM beam samples undergoing symmetric
three-point bending was explored by conducting

failure tests. The breaking loads for FGM samples
were signi®cantly higher than those for the bimater-
ial and were approximately the same as the homo-

geneous samples when the crack is located at the
interface of the FGM and homogeneous substrate.
Using breaking loads as input in ®nite element

simulations fracture parameters have been com-
puted and they clearly favor FGM when compared
to the bimaterial counterparts.
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APPENDIX A

It is well known that the longitudinal wave speed is re-
lated to the elastic constants as

Cl �
����������������������������������������
Edyn

r
�1ÿ ��

�1ÿ ���1ÿ 2��

s
:

The plots in Figs 3(a) and (c) show that both the wave
speed Cl and the density show parabolic variation relative

Fig. 10. Variation of dynamic Young's modulus (solid
line) values for homogeneous particulate compositions as
a function of the longitudinal wave speeds. (The broken
line corresponds to the Young's modulus of the material

under quasti-static loading conditions.)
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to the weight fraction of the glass beads in the mixture.
From a previous study [23] the values of the Poisson's
ratio (n) is shown to have a narrow variation of 0.33±0.37
for this particulate composite. Hence, by assuming that
the Poisson's ratio is approximately constant and equal to
0.35, and using the independently measured values of the
material density, Edyn was determined for each of the
homogeneous specimens. The values of Edyn thus obtained
are plotted against the wave speed in Fig. 10. Again, a lin-
ear relationship between the two quantities is evident. By

comparing Fig. 4(a) and Fig. 10, the loading rate depen-
dency of the composite alluded to earlier becomes appar-
ent. As expected, higher values of the Young's modulus
under dynamic conditions can be seen, with dynamic
(solid line) to static (broken line) moduli ratios of 1.65
and 1.3, for the pure epoxy and the samples with the high-
est glass concentration, respectively. Evidently, the rate
dependent behavior is somewhat higher for pure epoxy
when compared to the ones that have substantial weight
fraction of glass beads.
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