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Functionally graded materials have gained significant interest within the research community in recent years.

Functionally graded materials are advanced composites in which local material properties are tailored to suit

application requirements by altering the volume fraction ratios of two or more constituents. In this article, the

behavior ofmetal–ceramic functionally gradedmaterial plates under low-velocity, medium-energy impact loading is

considered using experimental and computational techniques. A series of impact tests were conducted onmonolithic

and functionally graded plates composed of titanium and titanium boride. The tests were performed using a vertical

drop test apparatus inwhich highly controlled impacts of up to 108 Jwere delivered to the center of the top surface of

each plate. The opposing bottom surface of each plate was instrumented with strain gauges wired into a high-speed

data acquisition system to collect strain histories throughout the duration of the impact event. A sophisticated finite

elementmodel of the test was constructed to simulate the conditions of the experiments. Two distinctmaterialmodels

were used in the finite element analyses to study the monolithic and graded plates. The first model used analytical

expressions based on the local volume fractions of the constituents to generate homogenized-material properties for

the mixtures of titanium and titanium boride. The second model randomly distributed cells containing titanium

elements and titanium boride elements constrained to satisfy local volume fraction ratios in the monolithic and

graded specimens. The strain histories from the experiments were compared with the analogous solutions from the

finite element model analyses to validate the computational models used in the study. Specifically, analyses with

respect to historical trends, maximum strain magnitudes, and strain-rate effects were performed to gain insight into

the impact response of the plate structures. The key contribution is validation of functionally gradedmaterialmodels

and a computational framework for studying the impact response of functionally graded material plates as a

foundation for investigations of more severe impact loads.

Nomenclature

E = elastic modulus
G = shear modulus
K = bulk modulus
Vf = volume fraction
� = Poisson’s ratio
� = density

I. Introduction

F UNCTIONALLY graded materials (FGMs) are advanced
composites with mechanical properties that vary continuously

through a given dimension. The property variation can be
accomplished by chemically or mechanically treating a single
material locally to alter its characteristics or by varying the volume
fraction ratio of two or more constituents along a given dimension.
FGMs have generated a great deal of interest in recent years due to
their flexibility for use in a wide variety of environments, including
those structural applications in which extreme thermal and corrosion
resistance are required [1]. In this article, the response of metal–
ceramic functionally graded plates subject to impact loading is
studied, both experimentally and computationally.

Functionally graded materials, in the general sense, have been
available for centuries; in the sense of specially tailored engineering
materials, the majority of research into these composites has
occurred over the previous two decades. Suresh and Mortensen [1]
provided a comprehensive literature review of the state of the art of
FGMs dated before 1998, andBirman andByrd [2] compiled another
extensive literature review covering FGM research from 1997 to
2007. Selected works pertinent to this investigation will be
highlighted here. Lambros et al. [3,4] developed an inexpensive
method for constructing polymer-based FGMs by treating a
polyethylene derivative with ultraviolet light. Parameswaran and
Shukla [5] developed another inexpensive technique for constructing
FGMs by combining aluminum silicate spheres in a polyester resin
matrix in which the volume fraction of the spheres was locally
tailored to provide the property gradient. These methods can be
desirable given the inherent cost and availability of FGM specimens.
Reddy et al. [6–9], Loy et al. [10], and Pradhan et al. [11] have
studied the behavior of a wide variety of FGM plate configurations
under static and dynamic loading, as have others in the field [12–16].
To date, only a few researchers have given consideration to studying
impact response and wave propagation in functionally graded
composites. Gong et al. [17] studied the low-velocity impact of FGM
cylinders with various grading configurations. Bruck [18] developed
a technique to manage stress waves in discrete and continuously
graded FGMs in one dimension. Li et al. [19] first studied FGM
circular plates under dynamic pressures simulating an impact load
with a specific metal–ceramic system and using a rate-dependent
constitutive relation they developed. Banks-Sills et al. [20] also
studied anFGMsystemunder dynamic pressures of various temporal
applications. These works were all performed using analytical and
computational techniques, but none of them were compared with
physical or experimental data given the fact that very little test data of
any kind associated with functionally graded composites can be
found in the literature. This is due to 1) the difficulty of
manufacturing FGMs, 2) the limited availability of such materials in
industry and academia, and 3) the high cost associated with
producing them.
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The FGM system used exclusively in this research is a titanium–

titanium-boride system developed by BAE Systems Advanced
Ceramics in Vista, California. BAE Systems uses a proprietary
“reaction sintering” process to produce Ti–TiB FGMs and
monolithic composites. Commercially pure titanium (Ti) and
titanium diboride (TiB2) are combined in powder form in a graphite
die according to prescribed volume fractions through the plate
thickness. A catalyzing agent is applied to the construction, and the
powders are subjected to extreme temperature (near themelting point
of titanium) and pressure in a vacuum or inert gas environment. The
catalyzing agent reacts with the titanium and titanium diboride
powders to form titanium boride (TiB) that crystallizes in a needle
morphology. In the reaction process, almost no residual TiB2

remains in the FGM. Through the sintering process, the powders
adhere together and the Ti–TiB FGM or monolithic plate is the final
product. This process can be used to constructmonolithic composites
of constant volume fraction or composites graded along given
dimensions. The change in composition of the constituents along a
dimension is discrete and not truly continuous, although the distance
over which a discrete change occurs can be very small and can
closely approximate a continuous function over a larger distance.
The FGM plates used in testing were graded over seven discrete
layers of equal thickness with compositions ranging from 15% Ti–
85% TiB to 100% Ti–0% TiB (see Table 2 for more precise details
presented later in this article).

Ti–TiB composites are not new materials; in fact, the crystal
structure of TiB was characterized by Decker and Kasper [21] as
early as 1954. An extensive study of themicrostructure and phases in
Ti–TiBmetal-matrix composites produced by reaction sintering was
conducted by Sahay et al. [22] in 1999. The authors found that, at low
volume fractions of TiB (up to Vf � 0:30), TiB whiskers are long,
needle shaped, and randomly dispersed throughout the Ti matrix. At
medium to high volume fractions of TiB (up to Vf � 0:86), colonies
of densely packed TiB whiskers formed. At very high volume
fractions of TiB (Vf > 0:86), the TiB formed a very coarse,
elongated structure with very fewwhiskers present. In general, small
traces of residual TiB2 were detected in samples as the volume
fraction of TiB increased. The fact that TiB reinforcement is
produced in situ by chemical reaction makes the direct measurement
of the basic material properties of TiB difficult, although Atri et al.
[23] and Panda and Ravichandran [24] have had some success using
methods rooted in crystal physics and experimentation. Recent
technological advances have made the construction of such
composites easier to accomplish; thus, their availability to academia
and industry has grown [25,26].

The key objectives of this study are to 1) design and conduct impact
experiments on metal–ceramic FGM plates to collect strain histories
from the plates over the duration of the impact event, 2) construct a
finite element simulation of the impact experiment that can be easily
replicated by scientists and engineers in practice, and 3) correlate the
results from the experiments and finite element models and draw
conclusions regarding the validity of analytical and computational
techniques used to study the response of FGM plate structures.

This article is organized as follows. An experimental technique for
obtaining strain histories in plates subjected to impact loadingwill be
presented, and the results of a series of impact tests with monolithic
and functionally graded Ti–TiB composites will be discussed. Next,
the details associated with a finite element model of the plate impact
experiments developed to compare numerical simulations with the
actual test data are presented. The finite element model incorporates
two classes of material models. The first material model randomly
distributes cells of Ti and TiB relative to local volume ratios. The
second material model homogenizes material properties locally
according to an analytical function of the volume fractions of the
constituents. Each impact test was simulated using the finite element
model, and the solutions from the computational model are
compared with the experimental results, namely, with respect to
historical trends, maximum strain magnitudes, and strain-rate
effects. The article concludes with a discussion of the impact
response of the graded plates in testing and simulation, as well as of
the effective modeling of FGMs in engineering practice. The key

contribution of this work is the validation of FGM material models
and a computational framework for studying the impact response of
FGM plates as a foundation for investigations of more severe impact
loads at higher velocities and energy levels.

II. Plate Impact Experiments

The first objective of this work was to design and conduct impact
experiments on metal–ceramic FGM plates to collect strain histories
from the plates over the duration of the impact event. A series of
impact experiments were conducted using monolithic Ti and Ti–TiB
plates along with seven-layer Ti–TiB FGM plates. The strain
histories give insight to the dynamic behavior of the physical
specimens under these conditions that can be later comparedwith the
numerical simulation.

A. Test Setup and Hardware

The plate specimens used in the tests were 7:62 � 7:62 cm2 and
1.27 cm thick; there were ten plates in all. Six of the plates were
monolithic in composition: two plates consisted of the American
Society for Testing and Materials grade 2 commercially pure
titanium; two plates consisted of 85% Ti–15% TiB; two plates
consisted of 15% Ti–85% TiB. The remaining four plates were
seven-layer Ti–TiB FGM. Each plate was instrumented with three
350 � large deformation strain gauges as shown in Fig. 1. The
gauges were configured such that the bulk wires to the gauges were
soldered to a terminal separate from the strain gauge and single-
stranded jumper wires were then soldered to the actual gauge pads.
This configuration is commonly used for dynamic tests in which
inertial effects require minimizing the mass of the adhesive, strain
gauge, and wiring assembly.

The Dynatup apparatus (developed by General Research Corp.),
operated by the Air Vehicles Directorate (AFRL/RB) of the U.S. Air
Force Research Laboratory atWright–Patterson Air Force Base, was
chosen to deliver impacts to the specimens at various velocities and
energy levels. The Dynatup is shown in Fig. 2. The apparatus is
designed to deliver impact energies up to 442 J to a specimen by
converting a prescribed potential energy into kinetic energy. The
Dynatup can supply a gravity-driven vertical impact of variable
energy to a specimen in which the energy is controlled by the height
of the load cell above the specimen and the mass attached to the
crosshead assembly. Pneumatic spring assists can be used to provide
further potential energy to the system to induce higher impact
velocities and energy levels (this feature was not used in this study).
A 2.54-cm-diam tup was used to transfer the dynamic loads to each
specimen. The tup is composed of hardened steel and is cylindrical in
shape with a hemispherical tip. The speed of the tup at impact is
measured by a velocity photodetector wired into the Dynatup data

7.62

7.62

0.953

0.794

2.381 2.223

0.635 0.476

Gauge 1

Gauge 3

Gauge 2
7.62

7.62
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0.794

2.381 2.223

0.635 0.476

Fig. 1 Specification for specimen plates and strain gauge locations. All

dimensions are in centimeters unless otherwise specified. The gauges are
mounted on the bottom surface of the plate (titanium surface on layer 7

on FGM). Each plate is 1.27 cm thick, and the strain gauges are 0.318 cm

wide and 0.635 cm long.
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acquisition system. A set of pneumatic rebound brakes prevent a
secondary impact from a rebound of the tup and crosshead.

A special fixture was constructed to hold the plate specimens for
each test. Schematics of the fixture are shown in Figs. 3–6. The
fixture was specifically designed to configure the plate specimens to
behave as close to a plate with a circular boundary condition as
possible. The fixture consists of a bottom plate with a circular
opening that rests on the base of the Dynatup, a spacer plate that
serves to position the square plates properly in the fixture while
additionally preventing crushing of the plate during installation, and
a top plate with a circular opening. The specimen plates are placed in
the fixture such that the strain gauges lie on the (bottom) surface
opposite the impact (top) surface. The components of thefixturewere
machined from 1.27-cm-thick 304 grade stainless steel. The three
components are fastened together with eight (American) 1=4–28
unified course threads (UNF) screws (these will be referred to as the
“fixture screws” from this point forward). The holes for the screws
were tapped on the bottom plate such that the screws could be
threaded into this component. The fixture assembly then attaches to
the Dynatup with four 3=8–16 unified fine threads (UNC) screws
(these will be referred to as the “Dynatup screws” from this point
forward). The base of the Dynatup has tapped holes that the screws

can be threaded into. The fixture screws were each torqued to
20 N �m, and the Dynatup screws were torqued to 35 N �m. These
values were determined to simultaneously 1) prevent crushing of the
Ti–TiB composites, 2) prevent separation of the fixture assembly
components during impact, and 3) ensure the fixture assembly was
secured in the Dynatup. The fixture and Dynatup screws are 18/8
grade stainless steel, a broader category of stainless steel that
includes the 304 grade used for the fixture components. Figure 7
shows an FGM plate in the test fixture as installed in the Dynatup
apparatus.

Fig. 2 Dynatup apparatus and accompanying schematic.

Fig. 3 Two views of the plate fixture assembly: a) exploded view, and b) assembled view.
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Fig. 4 Specification for the top plate of the specimen fixture. All
dimensions are in centimeters unless otherwise specified. The top plate is

machined from 304 stainless steel.
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Once the plate and fixture assembly were installed in the Dyantup,
the strain gauges were wired into a signal conditioning system using
a standard 1/4 Wheatstone bridge arrangement with 5.0 V of exci-
tation. The conditioner uses dc differential amplifiers with 80 kHz of
bandwidth. The output from the signal conditioners/amplifiers was
input to an oscilloscope programmed to collect 10,000 samples over
a 2000 �s window. A fiber-optic sensor was used to automatically
trigger data collection from the oscilloscope. The sensor, composed
of a transmitter, receiver, and amplifier, emits a light beam that sends
a voltage signal to the oscilloscope when the beam is interrupted. A
single sensor was placed directly above the impact site on each
specimen, and the beamwas interrupted as the tup passed through the
beam just before contact with the plate. By triggering data collection
in this fashion, the strain histories from the impact event were wholly
captured without interference or premature triggering of the system
due to background noise. The next section outlines the procedure by
which the strain histories were collected.

B. Test Procedure

The test procedure for collecting strain histories is summarized as
follows:

1) The specimen is fitted with strain gauges as shown in Fig. 1 on
the bottom surface of the plate. The surface of the plate with the
gauges will be the surface opposite the impact surface.

2) The plate is installed and centered into the test fixture and each
of the fixture screws is torqued to 20 N �m.

3) The specimen/fixture assembly is placed in the Dynatup and the
Dynatup screws are torqued to 35 N �m.

4) TheDynatup crosshead is raised above the impact surface of the
plate to a prescribed height (see Table 1). The height is measured
from the tip of the tup to the impact surface of the plate.

5) The fiber-optic sensor is armed; the oscilloscope and signal
conditioner are prepared for data acquisition.

6) The Dynatup system is armed to release the crosshead for
impact against the specimen plates.

7) The crosshead is released; the potential energy stored in
crosshead assembly is converted into kinetic energy.

8) A velocity photodetector records the speed of the tup at impact;
the tup impacts the top surface of the plate.

9) The local and global deformation of the plate are recorded
through the strain histories collected by the three strain gauges
attached to the bottom surface of the plate during the entire impact
event.

10) The rebound brakes in the Dynatup engage and prevent the tup
from multiple impacts due to rebound.

11) The strain history is recorded and the test is completed.

C. Test Results

Ten specimens were tested using only gravity-driven impacts with
the Dynatup. The speed of the tup just before impact was recorded,

5.08
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3.97

3.97

6.35

6.35

Fig. 5 Specification for the spacer plate of the specimen fixture. All

dimensions are in centimeters unless otherwise specified. The spacer

plate is machined from 304 stainless steel.
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Fig. 6 Specification for the bottom plate of the specimen fixture. All

dimensions are in centimeters unless otherwise specified. The bottom

plate is machined from 304 stainless steel.

Fig. 7 PlatefixturewithFGMplate installed in theDynatup apparatus.

Note the guide rails and rebound brakes from the Dynatup on either side
of the fixture, as well as the fiber-optic sensor resting on the top plate.
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and the impact energy associated with the velocity was tabulated.
One column of Table 1 shows the ideal impact velocity given the
initial height above the plate specimen and the mass of the crosshead
assembly. The ideal impact velocity assumes that, upon release of the
crosshead from rest, all potential energy stored in the crosshead is
converted to kinetic energy on impact with nowork performed on the
system or losses from external sources:

KE1 � PE1 �W1!2 � KE2 � PE2 (1)

1
2
mv21 �mgh1 �W1!2 � 1

2
mv22 �mgh2 (2)

where KE and PE are the kinetic and potential energy of the
crosshead assembly in states 1 and 2, illustrated in Fig. 8.W1!2 is the
external work (or losses in the system) performed from state 1 to state
2. In the ideal scenario,W1!2 is zero; in the actual tests, losses due to
friction or other external sources are included in this term andW1!2

is negative (indicating a loss). In Eq. (2), m is the mass of the
assembly, h is the height measured from the tip of the tup to the top
surface of the specimen plate, v is the velocity of the crosshead
assembly, and g is the gravitational constant. It is clear from the data
that there are indeed losses in the system. These losses could be
attributed to any or multiple factors including friction, vibration in
the guide rails, drag, and uneven motion of the crosshead during a
drop test.

Strain histories were successfully collected from eight of the ten
tests. The tests involving the 15% Ti–85% TiB monolithic samples
(tests 5 and 6) were the two unsuccessful tests. These specimens
fractured severely immediately after impact and virtually no datawas
collected on these specimens as a result. The FGM specimen from
test 10 also fractured; however, a significant portion of the strain

history was collected before failure and this history has been
included.

Tests 5 and 6 were unsuccessful, as noted earlier, and these tests
are not included. For brevity, only the strain histories from gauges 2
and 3 (see Fig. 1) are shown. Note that gauges 1 and 2 were close in
radial proximity and the data from these gauges are only slightly
different in magnitude. The results from gauges 2 and 3, reading
strains in perpendicular directions and themselves not as close in
radial proximity, provide better results for discussion. Significant
outliers were removed from the histories and these data were
smoothed using the well-known robust locally weighted regression
(or loess) technique developed by Cleveland [27] and Cleveland and
Devlin [28] with a quadratic polynomial regression and weighted
least squares over a range of 40 data points. The choice of weighted
least-squares over 40 data points is large enough that significant
oscillations in the plates are not lost while simultaneously ensuring
that the noise present in the signals is eliminated. The reader will also
note that in a few areas there are gaps in the strain histories. This is
due to the removal of outliers from electrical shorts in the gauges that
occurred during the impact event and history collection. The results
from the tests will be discussed more extensively in Sec. IV in which
they are compared with the results from the finite element models.

III. Finite Element Models

The second objective of this workwas to construct a finite element
simulation of the impact experiment that could be easily replicated by
scientists and engineers in practice. Finite elementmodels (FEMs) of
the plate impact experiments were thus designed to numerically
simulate the tests. In this section, information pertinent to the
development of the models is presented. The commercial code
ABAQUS [29] was used to simulate the tests. The simulations
covered the 2000 �s window of the event. Explicit integration was
used to solve the governing equations to take full advantage of the
computational efficiency and the inherent effectiveness at solving
dynamic, wave-oriented models. One thousand data points of strain
were recovered from the solution database. Strain datawere collected
only from nodes directly under each strain gauge grid, and only strain
outputs oriented along the principal direction of the strain gauges
were used to compare with the experimental strain histories. This is
an important point to remember because the state of strain is a
complex three-dimensional state at virtually all points in the plate
during the impact event, and the strain gauge measures only the
component of strain (directly) along the principal direction of the
gauge. The following paragraphs outline specific details associated
with thematerial models, geometries andmeshes of the components,
loads, constraints, boundary conditions, and contact interactions.

A. Material Models

Two material models were used to simulate material properties in
this work: 1) the two-phasematerial model, and 2) the homogenized-
layers material model. Before discussing the material models, the
properties for titanium and titanium boride will be assumed for the
remainder of this paper. The material properties for commercially
pure titanium [30] are 1) elasticmodulus,E� 110 GPa; 2) Poisson’s

Table 1 List of plate impact experiments

Test no. Plate specimen Crosshead
mass, kg

Crosshead
height, m

Ideal impact
velocity, m=s

Actual impact
velocity, m=s

Impact energy, J

1 100% Ti, 0% TiB monolithic 13.06 0.508 3.157 3.040 60.35
2 100% Ti, 0% TiB monolithic 13.06 0.635 3.530 3.476 78.90
3 85% Ti, 15% TiB monolithic 13.06 0.508 3.157 3.050 60.75
4 85% Ti, 15% TiB monolithic 13.06 0.635 3.530 3.479 79.04
5 15% Ti, 85% TiB monolithic 13.06 0.381 2.734 2.585 43.63
6 15% Ti, 85% TiB monolithic 13.06 0.508 3.157 3.050 60.75
7 Seven-layer Ti–TiB FGM 13.06 0.508 3.157 3.040 60.35
8 Seven-layer Ti–TiB FGM 13.06 0.635 3.530 3.412 76.02
9 Seven-layer Ti–TiB FGM 13.06 0.762 3.867 3.765 92.56
10 Seven-layer Ti–TiB FGM 13.06 0.889 4.176 4.078 108.6

Fig. 8 Illustration of kinetic, potential energy states in the Dynatup

apparatus for the given impact test.
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ratio� 0:340; and 3) density, �� 4510 kg=m3. The material
properties for titanium boride (provided via correspondence with
BAE Systems) are 1) elastic modulus, E� 370 GPa; 2) Poisson’s
ratio� 0:140; and 3) density, �� 4630 kg=m3.

The two-phase material model randomly distributes metal and
ceramic-only cells (i.e., elements) constrained by the local volume
fraction of the constituents. In the case of the Ti–TiB FGM system,
each cell (or element) contains the material properties of only
titanium or only titanium boride. Suppose that a layer of FGM plate
contains 100 elements and consists of 70% Ti and 30% TiB. Using
the two-phase material model, 70 elements would be titanium and 30
elements would be titanium boride in that layer. This model allows
the random nature of the particulate distribution to be considered,
which can be important to understanding how local distributions of
constituents contribute to local effects such as wave propagation,
plasticity, and damage (these effects are not studied in this article).
The size and geometry of each cell is very important to the analysis
and can ultimately affect the results. An illustration of the two-phase
model is shown in Fig. 9.

The homogenized-layers material model uses analytical equations
relating the material properties of the constituents and the volume
fractions of the constituents to the net material properties of the
composite. There are many such analytical functions that have been
developed over the years. These functions vary in complexity from
relatively simple relations such as the classical rule of mixtures [31],
to the self-consistent model [32–34] based on more rigorous physics
and mathematics, to those that account for statistical distributions of
constituents and their geometries at the micromechanical level [35].
The advantage of using these functions is that definite quantitative
properties can be obtained for well-defined regions of constant
volume fraction ratio, thus eliminating the need for extensive
knowledge of the microstructure. These models are typically used
when formulating the analytical behavior of FGM structures using
principles of continuum mechanics.

The chosen analytical relations for homogenizing local material
properties in the monolithic and functionally graded composites are
the Mori–Tanaka estimates. Mori and Tanaka [36] demonstrated
that, in two-phase composites, that is, a matrix with randomly
distributed misfitting inclusions, the average internal stress in the
matrix is uniform throughout the material and independent of the
position of the domain in which the average is obtained. They also
showed that the actual stress in the matrix is the average stress in the
composite plus a locally varying stress, the average of which is zero
in the matrix phase. Benveniste [37] used their analysis as the basis
for developing equations that can be used to determine bulk and shear
moduli for the composite material as a whole:

K � K1

K2 � K1

� Vf2C1

�1 � Vf2 � � V
f
2C1

;
G � G1

G2 � G1

� Vf2C2

�1 � Vf2 � � V
f
2C2

(3)

The subscripts 1 and 2 represent the individual constituents, whereas
no subscript on K and G indicate the bulk and shear moduli for the
composite. Vf is the volume fraction of a given constituent. The

expressions in Eq. (3) are explicit, and the variables C1 and C2

depend on the nature of the particle inclusions. Berryman [38,39]
developed a framework for the two special cases of needle and
spherical inclusions. The special case of needle inclusions will be the
focus, as the TiB in the monolithic and graded composites is
primarily in a whisker/needle morphology. The constants C1 and C2

are given as follows:

C1 �
K1 �G1 � �1=3�G2

K2 �G1 � �1=3�G2

(4)

C2 �
1

5

�
4G1

G1 �G2

� 2
G1 � f01
G2 � f01

� K2 � �4=3�G1

K2 �G1 � �1=3�G2

�
(5)

f01 �
G1�3K1 �G1�
�3K1 � 7G1�

(6)

The elastic propertiesE and v for each composite layer of Ti–TiB can
be solved for by taking the results from Eq. (3) in each layer and
relating those results to the definitions of bulk and shear moduli in
terms of these properties:

K � E

3�1 � 2�� ; G� E

2�1� �� (7)

The Mori–Tanaka needle (MTN) estimates do not account for
material density, a necessary material property in dynamic analyses.
The density�of each composite layer is usually determined using the
classical rule of mixtures, and Eq. (8) shows the relation that was
used to find this property in individual layers:

�� Vf1�1 � V
f
2�2 (8)

Table 2 shows the effectivematerial properties for each layer in the
functionally graded plates using the MTN estimates and the rule of
mixtures for density. An illustration of the homogenized-layers
model compared with the two-phase model and an actual Ti–TiB
FGM plate is shown in Fig. 9.

B. Model Components

The FEM of the test can be effectively divided into the following
components: 1) the specimen plate fixture with its bottom, spacer,
and top plates; 2) the eight fixture screws; 3) the four Dynatup
screws; 4) the idealized tup; and 5) the specimen plate. The complete
FEM mesh is shown in Fig. 10. The entire model was meshed with
linear, eight-noded, three-dimensional solid continuum brick
elements. Linear bricks of this type were chosen primarily for
computational efficiency.

The top, bottom, and spacer plate components of the fixture were
machined from 304 stainless steel, as mentioned in the previous
section. The parts were manually constructed and meshed in
ABAQUS according to the specifications shown in Figs. 4–6. This

Fig. 9 Cross sections of the seven-layer BAE Systems Ti–TiB FGM: a) the actual FGM, b) the two-phase model, and c) the homogenized-layers model.

Black cells representTiB-only elements;white cells representTi-only elements. Thehomogenized layers are shadedbasedon the volume ratio ofTi toTiB.
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was done to maintain a consistent mesh and prevent the formation of
irregularly shaped elements that could potentially cause numerical
problems during solution. The bottom plate consists of 7935 nodes
and 5656 elements, the spacer plate consists of 3800 nodes and
2560 elements, and the top plate consists of 4280 nodes and
2944 elements. The actual fixture components were visually
inspected after testing and found to be virtually undeformed. The
components are thus assumed to require only elastic material
properties. The material properties used in the FEM for 304 grade
stainless steel [30] are 1) elasticmodulus,E� 193 GPa; 2) Poisson’s
ratio� 0:290; and 3) density, �� 8030 kg=m3.

The eight fixture screws are American 1=4–28UNF composed of
18/8 grade stainless steel (note that 18/8 stainless steel is a broad
category of stainless steel alloys containing 18% chromium and 8%
nickel; 304 stainless steel alloy is a member of this category). The
geometry of the screws was simplified in the finite element model.
Each hex screw’s head is nominally 0.397 cm thick, and the width
across the flats is 1.111 cm [30]. Round washers used in conjunction
with the screws were also 18/8 stainless steel and were nominally
0.198 cm thickwith an outside diameter slightly larger than thewidth
across the flats of the head. The simplified finite element model
consists of a round cylinder for the head with a diameter equal to the
width across the flats of the hex-head screw and a thickness equal to
the hex head plus the washer thickness (thus effectively combining
the washer and head into one geometry). The stud length is equal to
the thickness of all three fixture plates sandwiched together
(3.81 cm), and the diameter of the stud is 0.635 cm. Each of the eight
fixture screws contains 1300 nodes and 1040 elements; the total
number of nodes and elements contained in the fixture screws are,
thus, 10,400 and 8320, respectively. The four Dynatup attachment
screws are American 3=8–16 UNC and are also composed of 18/8
grade stainless steel. Each hex screw’s head is 0.595 cm thick, and
thewidth across the flats is 1.429 cm [30]. The roundwashers used in
conjunction with the screws were the same 18/8 stainless steel as the
screws and were 0.198 cm thick with an outside diameter slightly
larger than the width across the flats of the hex head. The simplified
finite element model consists of a round cylinder for the head with a
diameter equal to the width across the flats of the hex-head screw and
a thickness equal to the hex head plus the washer thickness. The stud
length is equal to the thickness of the bottom plate (1.27 cm), and the
diameter of the stud is 0.953 cm. Each of the four Dynatup screws

contains 641 nodes and 480 elements; the total number of nodes and
elements for these components is thus 2564 and 1920, respectively.
The same screws were used in all impact tests and were virtually
undeformed after testing; therefore, only elastic properties were
input into the finite element models. The same properties used for
304 stainless steel were used for 18/8 stainless steel.

The crosshead, load cell, and tup assembly in the Dynatup
apparatus represent a very unique part of the FEM as a whole. The
best scenario formodeling theDynatup apparatus is to include nearly
all the parts that make up the assembly, which is itself not a trivial
matter. The primary function of the crosshead, load cell, and tup
assembly is to transfer energy and momentum to the target specimen
through contact between the tup and specimen. A highly simplified
model of this assembly was developed that would serve both of these
purposes (referred to as simply the “tup FEM” or “tup model” from
this point forward). It consists of two unique sections: 1) a tup
section, and 2) a crosshead-mass section. The tup section is
composed of two cylindrical pieces; one piece is 3.175 cm in
diameter and 13.97 cm long, and one piece is 2.54 cm in diameter and
4.445 cm long. At the end of the smaller cylinder is a hemispherical
tip of radius 1.27 cm. The larger cylinder represents the load cell, and
the smaller cylinder with hemispherical tip is the tup. The net length
of this section is, thus, 19.69 cm. The crosshead-mass section is a
cylinder 2.54 cm long and 3.175 cm in diameter. The net length of the
entire tup model is, thus, 22.23 cm. The actual composition of the
load cell and tup was not known and not provided for proprietary
reasons. A set of material properties thus had to be assumed for the
tup section, and 4340 hardened-alloy steel was chosen. Material
properties for this steel alloy [30] are 1) elastic modulus,
E� 200 GPa; 2) Poisson’s ratio� 0:290; and 3) density,
�� 7800 kg=m3. The total mass of the tup section, given the
density of 4340 hardened-alloy steel, was 1.072 kg. The crosshead-
mass section was designated as a pseudomaterial; the purpose of this
sectionwas to store the remainder of the entiremass of the crosshead-
load cell-tup assembly without constructing the entire crosshead.
From Table 1, the mass of the entire assembly during testing was
13.06 kg. Knowing the dimensions of the crosshead-mass section in
the FEM, this remainingmass (11.99 kg)was distributed through this
small volume and incorporated in themodel by applying a calculated
density to the elements of that section. Also noteworthy is the fact
that the elastic modulus was set very high in comparison with the rest
of the model components; essentially the crosshead-mass section
behaves like an rigid mass attached to a deformable load cell tup.
Material properties for this pseudomaterial are 1) elastic modulus,
E� infinity GPa (i.e., a very large discrete number that ABAQUS
can process); 2) Poisson’s ratio� 0:300; and 3) density,
�� 596123 kg=m3. The tup model contains 12,190 nodes and
11,008 elements total.

Finally, the plate specimens were constructed as 7:62 � 7:62 cm2

and 1.27 cm thick. A computer script was programmed to generate
the mesh and assign material properties to individual elements in the
plate model. For the two-phase model, the individual Ti and TiB
elements are randomly distributed according to their local volume
fraction ratios by the computer script using a random number
generator algorithm. For the homogenized-layersmodel, thematerial
properties for the elements in each layer are calculated by the same
equations discussed earlier and assigned as such (see Table 2). A

Fig. 10 Finite element model of plate impact experiments.

Table 2 Homogenized-material properties within FGM layers

Mori–Tanaka needle estimate

Layer Volume Ti, % Volume TiB, % Elastic modulus, GPa Poisson ratio Density, kg=m3

1 15 85 315.0 0.175 4612
2 25 75 282.7 0.196 4600
3 40 60 239.4 0.227 4582
4 55 45 201.4 0.256 4564
5 70 30 167.6 0.284 4546
6 85 15 137.4 0.312 4528
7 100 0 110.0 0.340 4510
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study was undertaken to determine the mesh that would be most
effective from both a computational and solution convergence
standpoint. The plate mesh used here, based on the study, was
14 elements through the thickness of the plate and 42 element
divisions along each side of the plate; thus, the total number of nodes
and elements for the plates were 27,735 and 24,696, respectively.
Increased mesh density for the plates showed virtually no
improvement in the FEM solutions while significantly increasing
computational expense. Material properties were assigned based on
the use of the two-phase or homogenized-layers model discussed
earlier. Figure 11 shows a sample of the specimen plate using each
model.

C. Boundary Conditions, Constraints, and Loads

The following boundary conditions and constraints were applied
to the model. Note the orientation of the coordinate axes in Fig. 10
when reading this paragraph.

1) The bottom surface of the bottom plate was constrained from
vertical displacement only (direction 3). This surface is in direct
contact with the base of the Dynatup. TheDynatup base ismade
of 5.08 cm steel and is not easily deformable; thus, this
assumption was deemed prudent.
2) An imaginary plane parallel to the 1–3 plane passing through
the center of the fixture assembly was constrained such that all
nodes and element faces contained directly in this plane were
not allowed translations parallel to the 2-axis direction. This
included the bottom, spacer, and top plates of the fixture as well
as the specimen plate; nodes or elements attached to the tup and
plate fastener screws were not assigned this restriction.
3) An imaginary plane parallel to the 2–3 plane passing through
the center of the fixture assembly was constrained such that all
nodes and element faces contained directly in this plane were
not allowed translations parallel to the 1-axis direction. This
included the bottom, spacer, and top plates of the fixture as well
as the specimen plate; nodes or elements attached to the tup and
plate fastener screws were not assigned this restriction.
4) The four Dynatup attachment screws were threaded into the
Dynatup base. The FEM stud length of these screws was
shortened to a length equal to the thickness of the bottom plate
of the fixture (1.27 cm). Once threaded and torqued to the
required level, it is assumed that the screws could not be pulled
out of the Dynatup base. Thus, the bottom surface of each
Dynatup screw (that is, the surface contained in the same plane
as the Dynatup base-fixture bottom plate interface) was
constrained from vertical deflection only.
5) The axes of the four Dynatup attachment screws were
constrained from motion in the 1 and 2 directions.
6) The axis of the tupwas constrained frommotion in the 1 and 2
directions.
7) Recall that the fixture screws were threaded into the bottom
plate only. The holes in the spacer and top plates were through-
holes only. In the FEM, the holes in the bottom plate were made
to be the same diameter as the stud diameter of the fixture
screws; the holes in the other two plates were made slightly
larger. Therefore, a small portion of the outside surfaces of the

screws along the stud length will coincide with the surfaces
inside the holes of the bottom plate throughout the thickness of
the plate. To simulate a tight, rigid connection between the
fixture screws and the threaded holes of the bottom plate, the
nodes attached to the coincident surfaces of the bottomplate and
the screws in each hole were constrained to have identical
displacements in all three principal directions. This constraint is
assumed to model a threaded connection without requiring an
actual model of the threads themselves.

ABAQUS has the capability of modeling contact interactions
between various components of the model assembly. Contact in the
realm of finite element theory is a highly nonlinear analysis and
requires special treatment [40,41]. The contact law used exclusively
in this finite element model was that of rigid-hard contact. The main
feature of this law is that it is essentially an on–off law in which the
pressure applied from one object to another is zero when the objects
are not in contact and positive when in contact; the magnitude of
pressure is a function of the interpenetration of the two object
surfaces in contact. This contact law was applied to the following
surfaces: 1) the interface of the bottom and spacer plates of the
fixture, 2) the interface of the spacer and top plates of the fixture,
3) the interface of the specimen plate and the fixture bottom plate,
4) the interface of the specimen plate and the fixture top plate, 5) the
top surface of the specimen plate and the surface near the tip of the
tup, 6) the top surface of the fixture top plate and each surface
underneath the head of each fixture screw, and 7) the top surface of
the fixture bottom plate and each surface underneath the head of each
Dynatup attachment screw.

In the actual plate impact experiments, the primary load to the
plateswas the impact load delivered by the tup. In the assembly of the
FEM, the tup was placed above the specimen plate with 0.1 mm of
separation initially between the two objects. A velocity field was
applied to the entire tupmodel in the FEMas an initial conditionwith
a magnitude equal to the speed measured during the test (see
Table 1). Incidentally, the velocity field has components in only the
vertical 3 direction; thus, the speed and the magnitude of that
component of the velocity field are identical. The tup maintains this
speed until contact is established between the tup and the specimen
plate. Once this occurs, the dynamics of the system take over and the
instantaneous velocity of the tup must be determined based on the
solution to the finite element model.

A note on the torque loads applied to the Dynatup and fixture
screws is in order. Recall that each of the four Dynatup screws were
torqued to a 35 N �m load and the eight fixture screws were torqued
to a 20 N �m load. It was noticed that these torque loads did not
appear to visually deform the fixture plates or the screws themselves
during screw preloading or after impact tests occurred. A subsequent
analysis of the force loading on the screws using analytical and finite
element techniques verified the hypothesis that the deformation in
the fixture plates and screws was negligible during preloading of the
screws. For this reason, the torque loading on the screws was left out
of the FEM. Further analysis showed that the deformation of the
specimens during impact induced noticeable lifting forces and
potential separation of the fixture plates from the specimen
leveraging against the fixture. This action produced stresses in the
fixture screws as they resist the leveraging and fixture plate
separation. With the screws in direct contact with the fixture
component plates and threading accounted for in the constraints of
the system, it was deemed that this was sufficient to emulate the
behavior of the fixture plate fastening.

IV. Results and Analysis

The third and final objective of this work was to correlate the
results from the experiments and finite element models and draw
conclusions regarding the validity of analytical and computational
techniques used to study the response of FGMplate structures. In this
section, the results from the experiments and finite element analyses
are presented for direct comparison. The primary goals are to assess
the validity of the material models (two phase vs homogenized
layers) and determinewhether FGMs can be effectivelymodeled and

Fig. 11 Comparison of the finite element representations of the FGM

plates: a) the two-phase material model, and b) the homogenized-layers

model. Black cells represent TiB-only elements; white cells represent Ti-
only elements. The homogenized layers are shaded based on the volume

ratio of Ti to TiB.
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studied using finite element methods. Comparisons and analysis will
be performed in three specific areas: 1) a qualitative comparison of
the strain history plots from the experiments and FEM, 2) a
quantitative assessment of the predicted maximum strains in the
plates during the impact events, and 3) an investigation of the strain
rates applied to the plates during each impact load.

A. Experiment Versus FEM Strain Histories

The strain histories from strain gauges 2 and 3 are plotted along
with the results from the two-phase material model and the Mori–
Tanaka homogenized-material model with needle inclusions. Strain
data were collected only from nodes directly under each strain gauge
grid, and only strain components oriented along the principal
direction of the strain gauges were used to compare with the
experimental strain histories. Figures 12–19 show the results from
the FEMs next to the experimental data.

The titanium plates in tests 1 and 2 (Figs. 12 and 13) weremodeled
using only the two-phase material model. Note that the MTN
estimates for the case of 100% Ti would simply return material
properties and material distribution precisely the same as the two-
phase material model; therefore, the two analyses are redundant. The
histories predicted by the FEMmatch up extremely well with the test
results. This is very important in that it validates the modeling of the
FEM given the geometry, loading, and constraints on the model.

The histories from the 85% Ti–15% TiB monolithic plate tests
(tests 3 and 4, Figs. 14 and 15) match well with the exception of the
histories in test 3, gauge 2. The response in gauge 2 indicates that the
impact event is occurring over a larger period than reflected in
gauge 3, lending credence to the theory that the unloading of the
gauges may be a source of the discrepancy between test and
simulation. Here, the two-phase and homogenized-layers models
were used in these FEMs and are plotted against the experimental
histories. This was the next step in the FEM validation of the impact
tests. These monolithic plates have a constant volume fraction ratio
of Ti to TiB. The homogenized-layers model of this specimen is a
plate composed of a single layer of constant material properties. The
two-phase model is composed of a random distribution of Ti to TiB
in which 85% of the elements in the plate are Ti and 15% of the
elements in the plate are TiB. These tests and FEMs thus present an
added level of complexity above the plate specimens composed of
pure Ti and demonstrate that the material models and FEM are
suitable for extension to modeling the more complex FGM plates.

Figures 16–19 show the histories for the FGM plates. Again, the
FEM simulations match the strain histories reasonably well from a
qualitative standpoint. Recall that the FGM plate in test 10 failed
midway through the impact event. Given the degree of correlation to
this point, it is reasonable to assume that the FEM simulates the data
well and the predicted histories from the FEM indicate how the plate
would behave had failure not occurred. Whether or not it is valid to
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Fig. 12 Test 1 strain histories vs FEM results: a) strain gauge 2, and b) strain gauge 3. Specimen was 100% Ti–0% TiB monolithic with an impact

velocity of 3:040 m=s.
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Fig. 13 Test 2 strain histories vs FEM results: a) strain gauge 2, and b) strain gauge 3. Specimen was 100% Ti–0% TiB monolithic with an impact

velocity of 3:476 m=s.
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Fig. 14 Test 3 strain histories vs FEM results: a) strain gauge 2, and b) strain gauge 3. Specimen was 85% Ti–15% TiB monolithic composite with an

impact velocity of 3:050 m=s.
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Fig. 15 Test 4 strain histories vs FEM results: a) strain gauge 2, and b) strain gauge 3. Specimen was 85% Ti–15% TiB monolithic composite with an

impact velocity of 3:479 m=s.
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Fig. 16 Test 7 strain histories vs FEM results: a) strain gauge 2, and b) strain gauge 3. Specimen was seven-layer FGM with an impact velocity of

3:040 m=s.
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Fig. 17 Test 8 strain histories vs FEM results: a) strain gauge 2, and b) strain gauge 3. Specimen was seven-layer FGM with an impact velocity of

3:412 m=s.
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Fig. 18 Test 9 strain histories vs FEM results: a) strain gauge 2, and b) strain gauge 3. Specimen was seven-layer FGM with an impact velocity of

3:765 m=s.
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Fig. 19 Test 10 strain histories vs FEM results: a) strain gauge 2, and b) strain gauge 3. Specimen was seven-layer FGM with an impact velocity of

4:078 m=s.
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assume that failure will occur in the FGM under the conditions of
test 10 in all cases would require more testing. No histories,
experimental or simulated, are included for tests 5 and 6 due to the
catastrophic failure of the plates.

As a reasonable correlation between the test results and the FEM
strain histories was demonstrated, more detailed analysis can be
presented. By simple inspection, it can be seen that there are many
strong correlations between the FEMs and the test data, and there are
also areas of discrepancy that need to be addressed. First, the FEMs
can predict the peakmaximumvalues of the strains for both gauges at
both locations very effectively. In most cases, both the two-phase
model and the homogenized-layer models are within a reasonable
error of the test results (discussed in greater detail shortly). In some
cases the two-phase and homogenized-layer models are nearly
identical in response, and in other cases the maximum strain
predicted is slightly greater or less than the counterpart. The two-
phase model is generated by randomly distributing cells of Ti and
TiB, and so it is not unexpected that this can and will occur.

Some of the test data show highly distinct and sharp oscillations
very early in the response that disappear as the deflections become
larger through the course of the impact event. These oscillations are
not reflected in the FEM and are undoubtedly related to noise in the
data or electrical shorting of the strain gauges (the fluttering of the
single-stranded jumper wires during impact loading were found to
account for this). The FEM clearly shows several vibration modes
being excited upon impact from the tup. Some of these modes are not
clearly discernible in the test results. On the other hand, it appears that
there are some lower frequency modes being excited in the test data
that are not reflected in the FEM, especially near the peaks of the
response (especially gauge 2). This could be attributed to many
possibilities, including error in applied material properties and the
nature of the boundary conditions and constraints applied in the
FEM. Addressing the former, Hill and Lin [42] reported material
properties while testing Ti–TiB FGM specimens that were
significantly lower than the properties predicted by Mori–Tanaka
estimates or other similar models. This is partially due to the
difficulty in controlling the exact volume fractions of Ti to TiB given
that a chemical reaction is required to produce the TiB in situ, but
may also be related to the sintering process itself. Additionally, the

strain gauge adhesive may inherently damp out some of the
oscillations that occur in the plate and are thus not registered in the
strain histories from the tests. The histories from the finite element
models are obtained from strain recorded directly from nodes in the
vicinity of the strain gauge grids on the surface of the plate. Note that
damping was not included in the FEM simulations presented here.
Values for damping coefficients were not available for the Ti–TiB
system at the time of this study. An informal study of the matter
showed that the addition of artificial values of damping to the FEM
significantly increased the computational cost of running the
simulations with virtually no effect on the strain histories.

B. Maximum Strains During Impact

Tables 3–5 show the maximum value of strain from each
experiment versus that predicted by the finite element models. In
most cases, both the two-phase model and the homogenized-layer
models are within a reasonable error of the test results. The majority
of the tabulated strains from the FEM simulations are within
approximately 10% of the experimental results. A few gauges have
differences that are higher; the largest difference is shown to be 22%
(found in test 4, gauge 3; see Table 5). Tests in which the plates and
gauges failed are not tabulated.

Figure 20 shows a plot of the radial strain distribution in the FGM
plate in test 8 at the point ofmaximum transverse deflection along the
axes on the bottom surface of the plate where the strain gauges were
installed. One plot shows the strain distributions along the two axes
for the two-phase model, whereas the second plot shows the same
strain distributions along the same axes using the homogenized-
layers MTN model. Also shown (on separate plots for purposes of
clarity) are the areas, or “windows,” covered by each gauge based on
the schematic in Fig. 1. It is very clear, simply from these FEM-based
distributions, that themaximum radial strain varies significantly over
the small area occupied by each gauge. For this reason, the nodes
directly under each strain gauge gridwere averaged to give the results
plotted in Figs. 12–19.However, it is easy to see that small changes to
the gauge grid location can significantly affect a strain history’s
maximum recorded value. This can account for some error between
the histories and Tables 3–5.

Table 3 Maximum strain comparison between experiment and FEM results, strain gauge 1

Test no. Plate specimen Impact
energy, J

Experiment
max strain

Two-phase FEM,
max strain

MTN FEM,
max strain

Maximum percent
difference

1 100% Ti, 0% TiB monolithic 60.35 Gauge failed 0.001943 0.001943
2 100% Ti, 0% TiB monolithic 78.90 0.002602 0.002845 0.002845 9.33
3 85% Ti, 15% TiB monolithic 60.75 0.001711 0.001843 0.001684 7.70
4 85% Ti, 15% TiB monolithic 79.04 0.001764 0.001998 0.001833 13.21
5 15% Ti, 85% TiB monolithic 43.63 Plate Failed
6 15% Ti, 85% TiB monolithic 60.75 Plate Failed
7 Seven-layer Ti–TiB FGM 60.35 0.001459 0.001647 0.001621 12.82
8 Seven-layer Ti–TiB FGM 76.02 0.001783 0.001763 0.001737 �2:56
9 Seven-layer Ti–TiB FGM 92.56 0.001889 0.001894 0.001885 0.25
10 Seven-layer Ti–TiB FGM 108.6 Plate Failed 0.002071 0.002057

Table 4 Maximum strain comparison between experiment and FEM results, strain gauge 2

Test no. Plate specimen Impact
energy, J

Experiment
max strain

Two-phase FEM,
max strain

MTN FEM,
max strain

Maximum percent difference

1 100% Ti, 0% TiB monolithic 60.35 0.001173 0.001131 0.001131 �3:54
2 100% Ti, 0% TiB monolithic 78.90 0.001161 0.001239 0.001239 6.69
3 85% Ti, 15% TiB monolithic 60.75 0.001603 0.001461 0.001679 �8:86
4 85% Ti, 15% TiB monolithic 79.04 0.001469 0.001581 0.001401 7.60
5 15% Ti, 85% TiB monolithic 43.63 Plate Failed
6 15% Ti, 85% TiB monolithic 60.75 Plate Failed
7 Seven-layer Ti–TiB FGM 60.35 0.001391 0.001227 0.001281 �11:78
8 Seven-layer Ti–TiB FGM 76.02 0.001468 0.001307 0.001358 �10:97
9 Seven-layer Ti–TiB FGM 92.56 0.001720 0.001867 0.001890 9.86
10 Seven-layer Ti–TiB FGM 108.6 Plate Failed 0.002045 0.002061
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C. Strain Rates in Loading and Unloading

Strain rates are important to the discussion of nearly all impact
events. Here the average strain rates in the plate from both the
experiments and the FEMs will be compared using the
homogenized-layers FGM model (the strain rates predicted by the
two-phase FEM are virtually identical to the homogenized-layers
FEM). The impact interaction between each plate and tup occurs over
two significant periods of time: 1) a “loading” period, and 2) an
“unloading” period. Figure 21 shows how the strain rates in loading
and unloading in the experiments and FEMs are determined. A
linear, least-squares curve fit to the data in the loading and unloading
portions of the strain histories was applied. The linear data fit was
used to determine a general slope to the line through the data. The
slope of that line is the strain rate for that part of the curve. The strain
rate is not, in general, a constant through the duration of the impact
events. For each oscillation in the history, the strain rate is changing
dynamically. However, the linear fit to the data in the loading and
unloading portions of the curve allow general trends to be assessed.
The line fit was taken so that the peak at maximum strain from each
gauge was not included in the strain-rate calculation. The duration of
the experimental histories was slightly longer than that of the FEMs
and so the times over which the strain rates were assessed in the
loading and unloading portions of the curves were adjusted
accordingly.

Tables 6–9 show tabulated strain rates for the Dynatup and FEM
impact tests for both loading and unloading at the three gauge

locations. Also shown are the tup impact velocities for each of the
tests for reference. In general, the strain rates show a trend in which
increasing tup velocity results in an increasing magnitude of strain
rate. This trend is not followed in all instances, but this can be
attributed to the positioning of the gauges in the experiments, which
can have a profound effect on the strain histories. Further, the FEM
was used to match the experimental strain histories as close as
possible and accounted for this potential variation in gauge
placement. Note that the magnitudes of strain rates are, for the most
part, lower the farther away the gauges are from the center. The strain
histories at the gauge locations all reachmaximumvalues at the same
time, and the strain magnitude is dictated by the location of the gauge
with respect to the center of the plate. Thus, gauges farther away from
the center reach a lower magnitude of maximum strain at the same
time instant as gauges closer to the center reach a larger magnitude of
maximum strain. Because the strain rate is more or less the difference
in strain divided by the time period the difference is measured, it is
easy to see how the rates near the circular opening of the fixture
would be less than those near the center of the plates.

The maximum magnitude of strain rate for any of the impact tests
is 8:847 s�1 in the unloading of the pure titanium plate in test 2,
predicted by the FEM. These rates of strain, as tabulated for these
tests, are very low compared with what would be experienced from a
high-speed impact, such as would occur from a projectile in space
[43]. In applications such as these, the rates of strain can be in excess
of 103–105. Given rates as high as these, localizedwave response and

Table 5 Maximum strain comparison between experiment and FEM results, strain gauge 3

Test no. Plate specimen Impact energy, J Experiment
max strain

Two-phase FEM,
max strain

MTN FEM,
max strain

Maximum percent
difference

1 100% Ti, 0% TiB monolithic 60.35 0.0005157 0.0006026 0.0006026 16.86
2 100% Ti, 0% TiB monolithic 78.90 0.0009269 0.0009241 0.0009241 �0:31
3 85% Ti, 15% TiB monolithic 60.75 0.0008058 0.0009139 0.0007308 13.41
4 85% Ti, 15% TiB monolithic 79.04 0.0007834 0.0009579 0.0007774 22.27
5 15% Ti, 85% TiB monolithic 43.63 Plate Failed
6 15% Ti, 85% TiB monolithic 60.75 Plate Failed
7 Seven-layer Ti–TiB FGM 60.35 0.0006638 0.0006103 0.0005626 �15:24
8 Seven-layer Ti–TiB FGM 76.02 0.0007573 0.0006394 0.0008032 �15:56
9 Seven-layer Ti–TiB FGM 92.56 0.0007016 0.0006914 0.0006498 �7:39
10 Seven-layer Ti–TiB FGM 108.6 Plate Failed 0.0009787 0.0009522
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Fig. 20 Comparison of radial strain distribution along plate axes containing strain gauges on bottom surface of plate after impact at instant of

maximum transverse deflection: a) two-phase model, and b) Mori–Tanaka homogenized-layers model. Specimen was seven-layer FGMwith an impact

velocity of 3:412 m=s (test 8).
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the effects of rate-sensitive constitutive models need to be included
[43]. The rates experienced by the FGM plates here in these tests are
low enough that the global effects dominate the solution, and the
local wave effects are so dominated by the global response of the
structure that they are virtually indistinguishable. The key
conclusion based on this analysis is that elastic, rate-independent
material properties are sufficient for studying the Ti–TiB FGMs
under these impact loading conditions.

An interesting trend is that the magnitude of strain rate in the
experiments is greater in the loading of the plate and lower in the
unloading of the plate. Just the opposite is true with the FEMs. In the
FEMs, the magnitude of strain rate is greater in the unloading than in
the loading. The strain rates with respect to the loading of the plates
experimentally and through the FEM show good correlation. The
FEMs predict loading slopes (that is, strain rates) comparable to the
experimental data for the gauges up to the point of maximum strain.

Asmentioned, the strain rates associated with each plate’s unloading
history do not correlate well. In fact, it appears that the rate the plate
returns frommaximumstrain to “zero” strain is significantly less than
that of the FEM. It is not likely that this behavior is associated with
themonolithic or FGM composites themselves, indicating an invalid
material model or FEM. One possibility is that it is an effect of the
response of the adhesive used for the strain gauges unloading in a
different manner than when it loads in tension to maximum strain.
This effect could cause a measured strain different than the actual
strain associated with the plate. This would additionally explain why
gauges from the same specimen indicate larger or smaller windows
for the total time over which the impact event occurs. Another
explanation for the discrepancy is that the constraints and boundary
conditions applied to the finite element model are too restrictive
when compared with the actual tests. The constraints and boundary
conditions in the FEM could cause the simulated plates to rebound
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Fig. 21 A straight linewasfit to the data in the loading andunloading portions of the strain history curves to determine the strain rates in each respective
part of the curve. Shown are the data from FGM plate test 9, strain gauge 2: a) experimental, and b) FEM with homogenized-layers MTN model.

Table 6 Strain rate applied to plate during loading portion of impact event; experiment

Strain rates, loading (1=s)

Test no. Plate specimen Actual tup velocity, m=s Gauge 1 Gauge 2 Gauge 3

1 100% Ti, 0% TiB monolithic 3.040 Gauge failed 2.184 0.967
2 100% Ti, 0% TiB monolithic 3.476 6.175 2.754 2.161
3 85% Ti, 15% TiB monolithic 3.050 3.979 3.302 1.800
4 85% Ti, 15% TiB monolithic 3.479 3.759 3.367 1.781
5 15% Ti, 85% TiB monolithic 2.585 Plate failed Plate failed Plate failed
6 15% Ti, 85% TiB monolithic 3.050 Plate failed Plate failed Plate failed
7 Seven-layer Ti–TiB FGM 3.040 2.509 2.467 1.110
8 Seven-layer Ti–TiB FGM 3.412 3.927 3.389 1.643
9 Seven-layer Ti–TiB FGM 3.765 4.135 4.091 1.379
10 Seven-layer Ti–TiB FGM 4.078 5.167 4.678 2.140

Table 7 Strain rate applied to plate during loading portion of impact event; FEM (MTN)

Strain rates, loading (1=s)

Test no. Plate specimen Actual tup velocity, m=s Gauge 1 Gauge 2 Gauge 3

1 100% Ti, 0% TiB monolithic 3.040 4.295 2.374 1.162
2 100% Ti, 0% TiB monolithic 3.476 6.738 2.821 2.032
3 85% Ti, 15% TiB monolithic 3.050 4.035 4.055 1.640
4 85% Ti, 15% TiB monolithic 3.479 4.964 3.756 2.038
5 15% Ti, 85% TiB monolithic 2.585 Plate failed Plate failed Plate failed
6 15% Ti, 85% TiB monolithic 3.050 Plate failed Plate failed Plate failed
7 Seven-layer Ti–TiB FGM 3.040 4.099 3.152 1.272
8 Seven-layer Ti–TiB FGM 3.412 4.850 3.726 2.077
9 Seven-layer Ti–TiB FGM 3.765 5.527 4.261 1.724
10 Seven-layer Ti–TiB FGM 4.078 5.852 4.507 2.508
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more quickly than the actual plates while simultaneously neglecting
friction and leveraging effects that could slow the unloading
response of the plate.

V. Conclusions

In this paper, the response of functionally gradedmaterials subject
to impact loading has been considered. A titanium–titanium-boride
metal–ceramic composite system was chosen for a series of plate
impact experiments. Strain histories were successfully collected
from the impact experiments. The test results were compared with
finite element simulations using two-phased and homogenized-layer
material models to emulate the material properties of the Ti–TiB
monolithic and graded plates. The FEM simulations compared well
with the experimental data, and some inferences about differences
between the test results and simulations were made. The key

conclusion of this work is that the two-phase and homogenized-layer
materialmodels appear to be adequate for studying elastic FGMplate
dynamics and work well within the more general finite element
framework as demonstrated by the correlation between experiment
and simulation. Themajor contribution of this work is the validation
of FGM material models and a computational framework for
studying the impact response of FGM plates as a foundation for
investigations of more severe impact loads at higher velocities and
energy levels.

The greatest challenge in working with FGMs is determining
accurate and consistent material properties for the mixture of
materials. This is especially true with a metal–ceramic combination.
The finite element methods used to analyze the impact responses of
FGM specimens worked very well overall but undoubtedly could
have improved with more knowledge of the basic properties of the
layers in the FGMs. The powder sintering process used to construct
the materials also adds complexity as the microstructure of sintered
materials is of an inherently different nature than wrought materials
or even many other metal-matrix composites. Until more accurate
material characterizations are available, the general two-phase and
homogenized-layer material models are adequate for studying
dynamic loading in the elastic regime.
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