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ABSTRACT

Functionally graded material (FGM) has some particular characteristics due to the gradual variation of
physical properties. The study on mechanical behavior of FGM is of great research value. In this work,
a large scale FGM which filled with small glass spheres has been prepared by gravity assisted casting
technique. The elastic material constants in static condition are measured. One optical experimental
method, coherent gradient sensing (CGS), is introduced to study the mechanical behavior of FGM which
has variation of material property in power-law. The governing equations of CGS which is used to rep-
resent the optics-mechanics relation of the singular field near the point of the outside force are derived

based on the power-law asymptotic expansion.

The experimental result shows this CGS method as a

nondestructive methodology can be used to detect the damage in FGM with high accuracy.

Keywords: Functionally graded material, Coherent gradient sensing method, Stress singularity, Optical

experimental method.

1. INTRODUCTION

1.1 Functionally Graded Material (FGM)

Micromechanical techniques allow the mechanical
behavior of materials to be analyzed through the contin-
uum approximation of heterogeneous microstructures [1,
2].  The variation of microstructural properties leads to
variable macroscopic properties [3-6].  Functionally
Graded Material (FGM) is a new generation engineering
material varying its microstructure over volume with a
specific gradient, resulting in corresponding changes in
the properties of material (including elasticity modulus,
shear modulus and material density). The mechanical
response of FGM with spatial gradients in composition
and structure is of wide interest in disciplines as diverse
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as aerospace engineering, tribology, geology, optoelec-
tronics, fracture mechanics, and nanotechnology. FGM
which provides a relative change in terms of the proper-
ties of materials over the distance and directions can be
used for specific function and application. The funda-
mental design concept is to make a composite material
by varying the microstructure from one material to an-
other material with a specific gradient. Different from
traditional homogeneous or layer materials, FGM is
composed of two or more components of which the
weight percentages have gradient variation over volume.
Compared with FGM, the traditional homogeneous ma-
terials don’t have different performance. For the layer
materials, there are mismatching issues which will result
in residual stress. In contrast with above two kinds of
materials, the FGM can provide variable functional per-
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formances at different positions of the material. It also
avoids the mismatching between different material prop-
erties. The remarkable advantages of FGM enhance the
structural strength and provide wider applications than
traditional materials. There are multiple methods to
prepare the FGM, including vapor deposition method,
plasma spraying method, self-propagating high-temperature
synthesis method, powder metallurgy method and laser
cladding method.

Theoretically, due to the material or geometrical dis-
continuity the stress and displacement can be infinite and
singular at the crack tip or boundary between different

materials, from where the mechanical failure may initiate.

[7-9] Based on the assumption of the asymptotic ex-
pansions of the physical fields near the vertex, the char-
acteristic differential equations with respect to the singu-
larity order are derived from the equilibrium equations.
[10] Atkinson and List studied the stress singularity of
material with variable mechanical properties. [11] De-
lale et al. found that the stress singularity at crack tip for
FGM is similar to that for homogeneous material which

has a relation of L [12] Eischen et al. validated

Jr

Delale’s observation through theoretical analysis. [13]
Huang et al. studied the material properties variation of
FGM in gradient direction [14] which found the Poisson
ratio of FGM has little effect on the stress distribution at
crack tip. Chalivendra et al. used the power-law func-
tion to describe the stress field at crack tip in arbitrary
directions. [15] Parameswaran et al. used two govern-
ing functions, the linear and power-law functions, to de-
scribe the FGM material properties, which showed that
the power-law function can better express the gradient
material properties than linear function. [16] Marur et
al. first prepared epoxy resin based large scale FGM
sample filled with tiny glass balls using gravity assisted
casting method. [17] In their study, the elastic modulus
and density of their FGM can change as high as three
times in gradient direction within 60 mm. Butcher [18]
and Parameswaran [19] also made large scale FGM using
gravity assisted casting technique and studied stress sin-
gularity at crack tip. Based on their study, the fracture
toughness of FGM is much higher than layer materials.
Yao et al. developed glass sphere filled epoxy FGM us-
ing gravity assisted casting technique [20-22] and evalu-
ated the deformation and fracture behavior of the FGM.

1.2 Coherent Gradient Sensing (CGS) Method

Damage detection is a complex problem and requires
an in-depth understanding of the material characteristics
and response under varying load and environmental con-
ditions [23-29]. A significant amount of research has
been conducted in this field to enhance the fidelity of
damage assessment methodologies, using a wide range
of sensors and detection techniques, for both metallic
materials and composites [30-34]. However, detecting
damage at the microscale is not possible with commer-
cially available sensors. A probable way to approach
this problem is through accurate and efficient modeling
techniques, which are capable of tracking damage initia-
tion at the microscale and propagation across the length
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scales. [35-42] Experimentally, the traditional tech-
niques using gauges or other sensors can only obtain
stress information at a series of positions. Moreover the
gauge or sensor size limits the measurement accuracy of
strain and stress at the microscale. A lot of effort has
been dedicated to develop the structural health monitor-
ing (SHM) which is critical to both current and future
multidisciplinary application. [43-48] The goal of the
SHM framework is to detect, quantify, and classify the
nature of damage in a structure in order to assess the
current state and determine the residual useful life (RUL).
As a comprehensive technology, SHM integrates sensors
and sensing techniques, damage detection algorithms,
and prognosis for accurate estimation of RUL. [49]
Compared with traditional mechanical experiment
methods, the optical experimental methods are not only a
nondestructive measurement but also capable to capture
whole stress/strain field information. [50] Therefore
the optical mechanical experiment methods as a nonde-
structive testing method can be widely used to detect
stress distribution and monitor local damage precursor.

One optical mechanical experiment method, coherent
gradient sensing (CGS) method, has been widely used in
stress singularity study. Tippur et al. first studied the
governing function of stress field using CGS method. [51]
Bruck and Rosakis et al. discussed the accuracy, error
and application of CGS in mechanical experiments and
measurements. [52, 53] Lee et al. developed a com-
prehensive model of CGS technology and applied it to
wider investigation based on Fourier optics. [54-56]
Yao et al. used CGS method to study local singularity
and fracture characterization of FGM and derived gov-
erning equations related to CGS measurement and elastic
solution at mode I crack tip in terms of stress, material
constants, and fringe order [57-59].

In CGS method, an optical circuit was designed using
two parallel optical gratings which are set in a distance
(see Fig. 1). This circuit will generate the interference
fringes which can be observed by a CCD. A sample with
a thin aluminum film bonded on the surface to reflect the
laser is introduced in this CGS optical circuit. The
aluminum film will deform based on the deformation of
the sample and will result in different light path in this
optical circuit. Therefore the interference fringe observed
using the CCD can provide the strain field information of
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Fig.2
fringe).

the sample surface using optical governing functions.
The obtained interference fringe shape at the load posi-
tion consists of a series of dark and light rings (as shown
in Fig. 2). The size and shape of the dark/light rings
can be used to detect the local strain field information at
the microscale. The CGS method has a lot of advan-
tages including 1) nondestructive, 2) easy to set up, 3)
insensitive to surrounding vibration, 4) high accuracy, 5)
can be used in on-site monitoring, and 6) can capture
strain information in any position on material surface.

In this paper, the preparation process of a large scale
FGM was introduced. The material properties includ-
ing Young’s modulus and density of this FGM were de-
scribed using power-law functions. Subsequently, the
optical governing function for the CGS method was de-
rived. The CGS experimental results were discussed
and compared with theoretical estimation.

2. PREPARATION OF FUNCTIONALLY
GRADED MATERIAL

In this work, a large scale FGM filled with tiny glass
spheres was prepared using gravity assisted casting tech-
nique. The dimension of the FGM sample is 100 mm x
40 mm x 6 mm. The material components of the FGM
are listed in Table 1. The polymer is generated by mix-
ing the epoxy resin and polyamide. The acetone works
as thinner to completely mix the other components in-
cluding epoxy resin, polyamide and glass spheres.

Table 1 Material component of the FGM
Young’s Poisson | Densit Weight
Component | Modulus Ratio | (k /m3})/ ercer%ta e
(GPa) g p g
Epoxy resin 1.4 0.35 1150 50%
Acetone - - 720 10%
Polyamide - - 860 25%
Glass sphere 70 0.23 2200 15%
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Interference fringe at the load position using coherent gradient sensing method (n is order of interference

The weight percentage of Epoxy resin, Acetone,
Polyamide and glass sphere are 50%, 10%, 25% and
15%, respectively. The weight percentage of compo-
nents can influence the subsiding speed of the glass
sphere. With different weight percentage of the com-
ponents, the density of the mixture will be different. A
higher density of liquid mixture will result in larger
Buoyancy force acting on the glass sphere. This can
slow down the subsiding speed of the glass sphere.
Also, different percentage of Acetone, Epoxy Resin and
Polyamide can also influence the hardening time of the
mixture. This can be used to control the subsiding speed
as well. The subsiding speed of glass sphere plays an
important role in the gradient of FGM material properties
in gravity direction. If the subsiding speed is too fast,
most of the glass spheres will gather into clusters at the
bottom of FGM; if the subsiding speed is too slow, the
gradient of material properties is not large enough to
generate ‘large scale” FGM. In this study, the authors
did a series of tests using different weight percentage of
the components and conclude that the weight percentage
used in this study (see Table 1) has the best performance.

The tiny glass spheres of diameter 70 um play an im-
portant role in resulting in gradient material properties
for FGM. Different glass sphere of diameter from 50 pm
to 120 um were considered in material preparation. In
this range, the glass sphere of diameter 70 pm has best
performance. The spheres with smaller diameter are
easy to aggregate together to generate clusters and result
in heterogeneous properties in the microscale. If the
glass sphere size is too large, the FGM material cannot
be considered as homogeneous in the macroscale. Based
on these considerations, glass spheres with a diameter of
70 mm were selected in this study.

There are multiple steps to prepare the FGM:

1) Add acetone into epoxy resin at 50°C;

2) Add tiny glass balls into above mixture;

3) Keep stirring the mixture and add polyamide si-

multaneously;

4) Move the liquid mixture into the mould and keep it
stable at room temperature; The mixture will turn
into solid state after 48 hours;

5) Take out the sample from the mould and move it
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Fig.3  Preparation of FGM.

into heater at 70°C for 4 hours.

During the solidation process, the tiny glass spheres
will subside due to the higher density of glass ball com-
pared with the liquid mixture. This will result in gradi-
ent varying density and stiffness of the FGM in gravity
direction. The mould is composed of glass plates and
wood bars (see Fig. 3a). The FGM sample prepared
using the gravity assisted casting technique is shown in
Fig. 3b.

The microstructure of FGM was observed to study the
distribution of tiny glass spheres in the mixture in dif-
ferent heights (see Fig. 4). In Fig. 4, y represents the
distance between the bottom of the sample and the
measurement position. It shows that there is gradient
distribution of glass sphere density. The glass sphere
density is the highest at the bottom and the lowest at the
top of the FGM sample. In the optical experiment de-
sign, a thin aluminum film of thickness 50 pm is bonded
on the sample surface to reflect laser.

The power-law function is widely used to describe the
gradient material property of FGM. In this study, the
Young’s modulus and density of FGM are described by
power-law functions. Its Poisson ratio is considered to
be consistent. The Young’s modulus, density and Pois-
son ratio can be expressed as:

E=E0-yk pzpo'yk V=Y (D
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where k is gradient coefficient, y is gradient direction, Ej,
po and v, are Young’s modulus, density and Poisson ratio
on top surface of FGM. When £k is greater than zero,
the material properties including Young’s modulus and
density keep increasing in y-direction. The FGM shows
a positive gradient performance. When £ is less than
zero, the Young’s modulus and density keep decreasing
in y-direction. The FGM shows a negative gradient
performance.

The material properties of this FGM including tensile
modulus and density are measured along gradient direc-
tion. Fitting curves are generated using power-lawequations
to describe Young’s modulus and density variation in
gradient direction, as shown in Eq.2 and Eq.3.

E=25-y""Gpa,v=0.33 2)
p=942.1-y " kg/m’ 3)

where, y is the distance between measurement point and
bottom of sample, p is material density, £ is Young’s
modulus, and v is Poisson ratio. The power-lawequation
based fitting curves of Young’s modulus and density are
shown in Fig. 5a and Fig. 5b.

The experimental data shows that both Young’s
modulus and density for this FMG prepared using gravity
assisted casting technique increase in gradient direction.
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Fig.4 Microstructure of FGM with glass ball filler at different height.
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Fig. 5 Fitting curves and experimental data of (a) Modulus and (b) density.

The Young’s modulus and density are larger at the positions
closer to the sample bottom. The Young’s modulus has
a 30% difference within a distance of 40 mm in gradient
direction. The Poisson ratio, which is equal to 0.33, is
considered as a constant for FGM.

3. OPTICAL EXPERIMENTAL METHODS

A reflection based optical setup was designed because
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this FGM material is intransparent. In this work, the
x-axis is horizontal direction and y-axis is vertical direc-
tion in sample plane, z-axis is out-of-plane direction of
sample. Figure 1 shows the optical circuit in this work
which is from top view (y-axis). The external load di-
rection is gravity direction. For both gratings in this
test, the principal direction of grating is parallel to x-axis,
which is perpendicular to gravity direction. That means
the grating line direction is parallel to y-axis, which is
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Fig. 6 Schematic relation between grating distance, pitch and orders of interference fringes.

gravity direction. There is a relation between grating
distance, pitch and orders of interference fringes (see Fig. 6).
The order and shape of the interference fringes can be
used to indicate the material gradient and strain in this
CGS method. The basic governing function of this op-
tical experimental method can be described as [51]:

v _mp @
oy 2A

where w is the out-of-plane deflection of sample surface,
n is order of interference fringes, p is grating pitch be-
tween neighbor lines, A is distance between the two
gratings. The shift distance of diffraction light (on
grating 2) diffracted by grating 1 can be described as:

n=Atanp =~ Ag ®)

where, ¢ is diffraction angle and # is shift distance of
diffraction light on grating 2 (see Fig. 6). The diffrac-
tion angle, which is also related to grating property, can
be described as:

@ =sin"' A2 (6)
p p

where, A is wavelength of the laser and p is grating pitch.
In the light circuits shown in Fig. 1 and Fig. 6, the optical
path length difference of two neighbor beams diffracted
after the two gratings can be described as:

5S(x,y+7])—§S(x,y):n/1 @)

where, 0S(x, y) and 8S(x, y + n) represent the optical
path lengths of two neighbor beams, respectively; n is
order of interference fringes. Using Eqgs. 5, 6 and 7, the
relation between optical path length difference and order
of interference fringes can be obtained:

5S(x,y+77)—55(x,y)=ﬁ ®
n n
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Eq. 8 can also be described in differential format:

o[ 65(x,y)] _mp ©
oy A

A5S(x, y)]

oy

the sensitivity of CGS method. Based on Eq. 9, the
sensitivity of CGS method can be improved with a
longer distance between two gratings and smaller grating
pitch. In this test, the distance between gratings is 50 mm.

Giannakopoulos and Suresh [60] proposed the out-
of-plane deflection of FGM surface of which the material
properties are described by power-law function under
linear load:

Here, the item can be used to describe

W:gz'i:_v~(ar+ag)_i:v.d.P.cosgﬂlﬂ) (10)
2 E 2 4l -E, .

where, w is out-of-plane deflection of FGM surface, ¢, is
strain in z direction (out-of-plane direction), d is FGM
sample thickness, v is Poisson ratio, &, and &, are stress

components in » and 8 directions in polar system, E is
Young’s modulus, P is linear load, k is gradient coeffi-
cient of FGM, f is a function of k£ and v, and J; is a func-
tion of kand . From Eq. 4 and Eq. 10, the relationship
between interference fringes and external linear load P:

_ 2E,-I, -n-p-r?
- v-d-A-[(k+1)cos(B6)cos O+ Bsin(S0)sinb |
(11

Here, the interference fringes information can be de-
scribed by polar system coordinates » and 6, and inter-
ference fringe order n. Here the interference fringe
order, n, can be either integer or integer plus 1/2. It
represents light interference fringes when #n is equal to
integer (0, 1, 2 ...). And it represents dark interference
fringes when n is equal to integer plus 1/2 (0.5, 1.5,
25..).
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Fig. 8 Theoretical interference fringe shape of CGS method for FGM (k < 0)

The gradient of material properties of FGM will affect
the shape of interference fringes of CGS method. The
interference fringe shape of FGM can be determined by
Eq. 11 with given external load, material properties and
experimental configuration. For different gradient co-
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efficient £, the interference fringe shapes were shown in
Fig. 7 (k > 0) and Fig. 8 (k <0). In this model, the ex-
ternal load is applied on top of FGM (gravity direction)
and equal to 100N. The principal directions of both
gratings are parallel to x-axis.
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The theoretical results show that the interference
fringes of CGS are symmetric to y-axis. It consists of a
series of ringlike curves for each part. In Figs. 7 and 8§,
only the first four order of interference fringes were
plotted (n = 0, 1, 2, and 3). The higher order of inter-
ference fringe is in inner part. When £ is equal to 0, the
zero order of the interference fringes coincide with
x-axis and y-axis. When k is higher than zero, both
parts of rings will move toward to the center line. And
the size of interference fringe of the same order becomes
smaller. When k is lower than zero, both parts of rings
will move away from the center line. With a decreasing
gradient coefficient £, the size of interference fringe gets
bigger before k is equal to -0.5. After that, the size of
rings gets smaller with a decreasing .

4. RESULT AND DISCUSSION

The dimension of FGM samples is 100 mm X 40 mm
x 6 mm, as shown in Fig. 9. The FGM gradient is in
the gravity direction. An external load is applied on the
top surface of the sample.

fe—— WO fy —1

10cm

Fig. 9 Sample geometry and external load.

In this study, £ and E, represent the Young’s modulus
at the bottom and top of the FGM sample, respectively.
With an inverse direction, the FGM sample can perform
two different gradients, that is positive (k > 0) and nega-
tive (k < 0). The Young’s modulus on top and bottom
surfaces of the two samples is listed in Table 2. For
sample 1, E; is less than F,. The gradient Young’s
modulus can be described by Eq. 12 based on curve fit-
ting.  For sample 2, E is greater than E,. The gradi-
ent Young’s modulus can be described by Eq. 13. Here
y represent the height from the bottom of the sample
(unit: m). The Poisson ratio is considered to be consis-
tent (v = 0.33).

Table 2 Young’s modulus of two FGM samples

(unit: GPa) E, E,
Sample 1 3.34 4.30
Sample 2 4.30 3.34
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E=6.0y""GPa E <E, (12)

E=25y"""GPa E, >E, (13)

Based on optical-mechanical theory, the external lin-
ear load can be estimated using coordinates of each point
in the interference fringe. In this study, multiple points
in the interference fringes were collected to estimate the
external load, which can be calculated using Eq. 11.
Least square method was used to determine the average
value of external load P. In this CGS test, the distance
between the two gratings is 50 mm. The pitch of grat-
ings is 25 um. He-Ni laser with a 633 nm wavelength
was used in this CGS experiment. The principal direc-
tion for both gratings is horizontal. The interference
fringe of CGS test was captured by CCD and used to
calculate the load applied on FGM in this study.

The CGS experiment result (Fig. 10) shows the simi-
lar interference fringe shapes as theoretical estimation
(see Figs. 7 and 8). When E; < E,, both parts of rings
will move toward tocenter line. When E;> E,, both parts
of rings will move away from center line. The theo-
retical interference fringe shape plotted in Fig. 11 is ob-
tained using Eq. 11. From Fig. 11, the same conclusion
as observed in Fig. 10 can be obtained: when gradient
coefficient k > 0 (£, < E,), the interference fringes move
toward to center line; when gradient coefficient k <0 (£, >
E)), the interference fringes move away from center line.
The shape of interference fringes from theoretical esti-
mation (Fig. 11) matches well with that from CGS test
(Fig. 10).

The CGS result also indicates higher load will result
in high density of interference fringes. That means with
an increasing load the interference fringes with the same
order willbe larger. From Fig. 10, the interference
fringe size with 200N external load is larger than that
with 100N external load. It can also be observed that
higher load (Figs. 10(b) and 10(d)) will result in higher-
density interference fringes than lower load (Figs. 10(a)
and 10(c)). This can also be validated using theoretical
estimation using the governing function (Eq. 11): a higher
load P will result in higher radius » for interference
fringes with the same order n.

The operating load on FGM sample can be estimated
using Eq. 11. In the test, the external force was imple-
mented from 0 to 400N. Multiple points in the inter-
ference fringes with the same order were measured.
The estimated external load and actual load are com-
pared in Fig. 12. Both positive and negative gradient
FGM samples were used for sensitivity study of the CGS
test. The points on interference fringes with the order
of 1.5 and 2.5 were measured and compared. Only the
interference fringe with the order of 2.5 was used to es-
timate the external load based on result analysis. In
Table 3, it is clear to conclude that the estimation using
interference fringes with the order of 1.5 is not accurate
enough. The error for order 1.5 is as high as 13.3% (for
k < 0) and 19.6% (for k > 0). The error for order 2.5
can be reduced to 7.1% (for k > 0) and 7.3% (for k£ < 0).
Therefore, only the interference fringes with the order of
2.5 were used to estimate the external load. The CGS
method can be used to detect the external load in FGM
with high accuracy.
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Fig. 12 Comparison between the estimated load (P)
using CGS method and the operating load.

The error in the CGS method can be attributed to sev-
eral possible reasons. First of all, the external load ap-
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Interference fringes in CGS test for FGM.
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Table 3 Average error between load estimation using
CGS method and operating load

Interference fringe order n and gradient
. Average error
coefficient k
n=15k>0 19.6%
n=15k<0 13.3%
n=25k>0 7.1%
n=25,k<0 7.3%

plied on the sample surface is considered to be a line
load in the governing function. But the contact surface
between the indenter and sample surface in this test can-
not be a line because of the limitation of the indenter size.
This will result in some errors in the final results. Also,
in the optical circuit setting the accuracy of the dimen-
sions in the optical circuit, such as the distance between
lens and sample, will introduce some errors in the exter-
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nal load calculation. Besides that, the polyacrylamide
material might be inhomogeneous locally at the load
point at the microscale. The minor difference of actual
material properties around load point and the material
properties used in the governing function may result in
some errors. Finally, the accuracy of the measurement
of the interference fringe size can result in error as well.
In the measurement, the radius of dark interference
fringes (n = 1.5, 2.5, ...) was used to estimate the load.
Both the outer and inner boundaries of interference
fringes shouldbe measured to calculate the average ra-
dius. For lower order interference fringe (n = 0.5 and
1.5), the width of interference fringe (distance between
outer and inner boundaries) is larger. Moreover, for
lower order interference fringes, the boundaries are more
ambiguous to observe. This can also explain that the
error is reduced using a higher order of interference
fringes to estimate the load (see Table 3). Overall, the
error between estimated load and operating load can be
further reduced by using sharper intender, setting more
accurate optical circuit, preparing high quality materials
and measuring higher order of interference fringes. In
consideration of those factors, the load estimation error
(< 8%) using order 2.5 is acceptable.

There are several advantages of the CGS method to
detect external load. First, the CGS method is nonde-
structive. The test is all based on optical circuit.
There are no sensors planted inside or glued on the sur-
face of the sample. So no damage or destruction is in-
volved in the tested material. This provides the possi-
bility to apply this novel optical methodology in the
structural health monitoring to detect crack propagation
in metallic and composite structures, which can be po-
tentially implemented into airframe structures. Another
advantage of the CGS method is this methodology is
easy to set up. In the optical circuit, only one laser gen-
erator, two convex lens, and one CCD are required.
There is low requirement on the environment conditions
like temperature and humidity. Finally, the governing
function to estimate the external force is straightforward.
The only input parameter to obtain the load is the CGS
interference size. Therefore it is potential to be used in
on-site monitoring and damage estimation.

5. CONCLUSIONS

In this paper, a large scale FGM was designed and
prepared using gravity assisted casting technique. Tiny
glass balls with a diameter of 70 um were filled in this
FGM to introduce the gradient material properties.
Both the Young’s modulus and density have a 30% dif-
ference within a distance of 40 mm in gradient direction.
The Young’s modulus and density of the FGM can be
described by power-lawfunctions. A reflection based
optical circuit was designed for CGS test and the optical
mechanical governing function was derived. This gov-
erning function can be used to describe the relation be-
tween interference fringes and load/stress. The CGS
experiment result match well with theoretical estimation.
The operating load on FGM sample can be calculated
using information of interference fringes. This CGS
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method as a nondestructive methodology can be used to
detect the damage in FGM with high accuracy.
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