Proceedings of the ASME 2012 International
Computers and

Design Engineering Technical Conferences &
Information in Engineering Conference

IDETC/CIE 201 2
August 12-15, 2012, Chicago, IL, USA

DETC2012-71064

FIRST INDUSTRIAL STRENGTH MULTI-AXIAL ROBOTIC TESTING CAMPAIGN FOR
COMPOSITE MATERIAL CHARACTERIZATION

John G. Michopoulos

Computational Multiphysics Systems Lab.
Center of Computational Material Science

Naval Research Laboratory
Washington DC 20375, USA

John C. Hermanson
Wood Based Materials & Structures
Forest Products Laboratory
USDA Forest Service
Madison, WI, USA

Athanasios lliopoulos
Computational Materials Science Center
George Mason University, Fairfax VA 22030, USA
resident at Center of Computational Material Science
Naval Research Laboratory
Washington DC 20375, USA

ABSTRACT

In this paper we are reporting on the first successful cam-
paign of systematic, automated and massive multiaxial tests for
composite material constitutive characterization. The 6 degrees
of freedom system developed at the Naval Research Laboratory
(NRL) called NRL66.3, was used for this task. This was the in-
augural run that served as the validation of the proposed overall
constitutive characterization methodology. It involved accom-
plishing performing 1152 tests in 12 business days reaching a
peak throughput of 212 tests per day. We describe the context of
the effort in terms of the reasoning and the actual methods behind
it. Finally, wepresent representative experimental data and as-
sociated constitutive characterization results for representative
loading paths.

INTRODUCTION

During the past decade we have embarked in an effort to auto-
mate massive multiaxial testing of composite coupons in order
to determine the constitutive behavior of the bulk composite ma-
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terial used to make these coupons. In this paper we are report-
ing on the first successful campaign of experiments for this pur-
pose. The approach is motivated by the data-driven requirements
of employing design optimization principles for determining the
constitutive behavior of composite materials as described in our
recent work [1,2] The constitutive characterization of composite
materials has been traditionally achieved through conventional
uniaxial tests and used for determining elastic properties. Typ-
ically, extraction of these properties, involve uniaxial tests con-
ducted with specimens mounted on uniaxial testing machines,
where the major orthotropic axis of any given specimen is an-
gled relative to the loading direction. In addition, specimens are
designed such that a homogeneous state of strain is developed
over a well defined area, which is for the purpose of measur-
ing kinematic quantities [3,4]. Consequently, the use of uni-
axial testing machines imposes requirements of using multiple
specimens, griping fixtures and multiple experiments. The re-
quirement of a homogeneous state of strain frequently imposes
restrictions on the sizes and shapes of specimens to be tested.
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FIGURE 1: VIEW OF CURRENT STATE OF THE NRL66.3. A
6-DOF MECHATRONICALLY AUTOMATED SYSTEM FOR
THE MULTI-AXIAL TESTING OF COMPOSITE MATERI-
ALS

Consequently, these requirements result in increased cost and
time, and consequently to inefficient characterization processes.
To address these issues and to extend characterization to non-
linear regimes, multi-degree of freedom automated mechatronic
testing machines, which are capable of loading specimens mul-
tiaxially in conjunction with energy-based inverse characteriza-
tion methodologies, were introduced at the Naval Research Lab-
oratory (NRL) [5-7]. This introduction was the first of its kind
and has continued through the present [8-10]. The most recent
prototype of these machines, which is currently under verifica-
tion, is shown in Fig. 1. The energy-based approach associated
with mechatronic testing, although it enables multiaxial load-
ing and inhomogeneous states of strain, still requires multiple
specimens. It is significant to state however, that these speci-
mens are tested in an automated manner with high throughput
of specimens per hour, which have reached values of 28 speci-
mens per hour. The recent development of flexible full-field dis-
placement and strain measurements methods has afforded the op-
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portunity of alternative characterization methodologies [11-14].
Full-field optical techniques, such as Moire and Speckle Interfer-
ometry, Digital Image Correlation (DIC), and Meshless Random
Grid Method (MRGM), which measure displacement and strain
fields during mechanical tests, have been used mostly for elas-
tic characterization of various materials [14-17]. The resulting
measurements are used for identification of constitutive model
constants, via the solution of an appropriately formed inverse
problem, with the help of various computational techniques. Ar-
guably, the most popular methodology is the mixed numeri-
cal/experimental method that identifiesthe material's elastic con-
stants by minimizing an objective function formed by the dif-
ference between the full-experimental measurements and the
corresponding analytical model predictions via an optimization
method [5-10, 14, 17-19]. Our focus in the present work is to
describe recent efforts concerning design optimization method-
ologies for constitutive material characterization and in partic-
ular the first campaign of massive tests. Our approaches are
based mostly on energy conservation arguments, and they can
be classified according to computational cost in relation to the
iterative use of FEA or not. It is important to clarify that dig-
itally acquired images are processed by software [20] that im-
plements the MRGM [14,21-25] and is used to extract the full-
field displacement and strain field measurements as well as the
boundary displacements required for material characterization.
Reaction forces and redundant boundary displacement data are
acquired from displacement and force sensors integrated with
NRL’s multiaxial loader called NRL66.3 [26]. In an effort to ad-
dress the computational cost of the FEA-in-the-loop approaches,
the authors have initiated a dissipated and total strain energy den-
sity determination approach that has recently been extended to a
framework that is derived from the total potential energy and the
energy conservation, which can be applied directly with full field
strain measurement for characterization [27-32]. In the section
that follows we present an overview of the small strain formula-
tion (SSF) of the general strain energy density approach followed
by the finite strain formulation (FSF), that are intended to capture
both the linear and non-linear constitutive behavior of composite
materials with or without damage. The paper continuous with a
description of the computational application of design optimiza-
tion implementations based on these two formulations. A de-
scription of he experimental campaign and representative results
follow. Finally, conclusions are presented.

COMPOSITE MATERIAL CONSTITUTIVE RESPONSE
REPRESENTATIONS

For the general case of a composite material system we con-
sider that a modified anisotropic hyperelastic strain energy den-
sity function can be constructed to encapsulate both the elastic
and the inelastic responses of the material. However, certain
classes of composite materials reach failure after small strains
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and some under large strains. For this reason we give two ex-
amples, one involving a small (infinitesimal) strain formulation
(SSF) and another involving an finite (large) strain formulation
(FSF).

Small Strain Formulation For the SSF we introduce a SED
function that, in its most general form, can be represented as a
scaled Taylor expansion of the Helmholtz free energy of a de-
formable body, which is in terms of small strain invanants of the
form.
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The invariants are chosen to take advantage of a priori knowl-
edgethat the SED as a scalar quantity,must be invariant under
frame reference translations and rotations. This follows in that
the SED should be objective (i.e. independent of the observer's
frame of reference). An additive decomposition of this expres-
sion in terms of a recoverable and an irrecoverable SED can be
expressed by:

Ussr = Ufr (S:€i7) + Ussr (Ds &;))- 3)
Clearly, all the second order monomials of strain components
will be forming the recoverable part UZ - (S;&;;) and the higher

order monomials will be responsible for the irrecoverable part
Ulsr(D: ;). The resulting constitutive law is given by:
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A general expression which provides a strain dependent version
of Eq. 3, isgiven by,

Ussr = Ussp (S; &) + Ul (D &) =

(5)

1
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where sy, are the components of the elastic stiffness ten-
sor (Hooke’s tensor) and dy. (&;;) are strain-dependent damage
functions, which fully define irrecoverable or dissipated strain
energy density given by enforcing the dissipative nature of en-
ergy density. The quantity d,. (&) can be defined in a manner
analogous to that employed for the 1D system described above
and is given by:

(= =L)7i fepyj)
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We perform an equivalent series expansion and subsequently
drop all terms except the first, in that it captures almost all of
the dissipative behavior. Accordingly:
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Thus the irrecoverable part of the energy in Eq. 3 becomes:

Ussr (D; &) = Ulsp (sijut, pijdij: &) =

1 1+p;;

(8)
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Next, substituting Eq. 6 intoEq. 3 yields:

Usse = Usgr (S &) + Uis (D; &) =
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Applying Eg. 2 on Eq. 7, and employing Voight [3] notation for
the case of a general orthotropic material, yields the constitutive
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All terms that are not shown in expression of Eq. 10 are zero
due to the orthotropic symmetry requirements. Therefore, the
material parameters are the 9 elastic s; constants and 6 x 2 = 12
damage constants p;, q; for a total of 21 parameters. Clearly,
when the quantities d; do not depend on the strains and they
are constants, Eq. 8 reduces to most of the continuous damage
theories given by various investigators in the past [33-36].For a
transversely isotropic material the number of material parameters
drops to 5+10=15 for a 3D state of strain and to 4+8=12 for a
plane stress state.

Finite Strain Formulation The FSF can be written in a double
additive decomposition manner. The first being the decomposi-
tion of the recoverable and irrecoverable SED, and the second
being the decomposition between the volumetric (or dilatational)
W, and the distortional (or isochoric) W parts of the total SED.
This decomposition is expressed by,

Ussk = U (030,C) + Ulsr (04, Bi3J,C) =
= [W,(J) +W,(C,LARA.BRB)|—
—[d,W,(J)+d,W(C,A®A B2 B)],

(13)

where o;, 3; are the elastic and inelastic material parameters of
the system, respectively. A rearrangement of these decompo-
sitions, such as the volumetric vs. distortional decomposition,
which appears on the highest expression level, leads to an ex-
pression introduced in [37], i.e.,

Ursr = (1—d))W,(J) + (1 —dy )Wy (C,AQA,BRB), (14)
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with the damage parameters dk <[0,1],k < [v,d] defined as,

dy =y, {l *e<7u’§A";]>} .

(15)

where q; (1) = max} W¢(s) is the maximum energy component
sel0.r

reached so far, and d;j,. Mk are two pairs of parameters control-
ling the energy dissipation characteristic of the two components
of SED. In this formulation, J = det F is the Deformation Gra-
dient, C = FTF is the right Cauchy Green (Green deformation)
tensor, A, B are constitutive material directionsin the undeformed
configuration,and A ® A, B B are microstructure structural ten-
sors expressing fiber directions. Each of the two components of
SED are defined as,
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where the strain invariants are defined as follows:

L =1trC, 3:%(11‘26717@3)
IL=A-CB, 5=A-C°B (17)
Is=B-CB, 1 =B-C’B, Iy=(A-B)A-CB.

The corresponding constitutive behavior is given by the second
Piola-Kirchhoff stress tensor according to [34]:

dUrsr
S=2 18
or the usual Cauchy stress tensor according to:
2 JdUrsr
gF = —F - - .F', 19
OFSF = 5C (19)

Under the FSF formulation the material characterization problem
involves determining the 36 coefficients (at most) of all mono-
mials when the sums in the expression of distortional SED are
expanded in Eq. 16,in addition to the compressibility constant d
and the 4 parameters used in Eq. 15. It follows that potentially
there can be atotal of 41 material constants.
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FIGURE 2: OVERVIEW OF DESIGN OPTIMIZATION LOGIC
IMPLEMENTATION
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FIGURE 3: VIRTUALIZED COMPUTE CLUSTER ARCHI-
TECTURE FOR IMPLEMENTING THE OPTIMIZATION IN
PARALLEL

COMPUTATIONAL IMPLEMENTATION

In order to determine the material parameters the inverse
problem at hand is solved through a design optimization ap-
proach that is described by the logic depicted in Fig. 2. The
implementation of this logic involved a computational infras-
tructure that controlled by Matlab, where the foreword solution
of the instantaneous FEA was accomplished by ANSYS. Due to
the costly calculations we created a virtual cluster that essentially
used the multiple cores available in three systems, via a spawn-
ing 102 virtual machines capable of running 102 instances of
ANSYS in a parallel fashion, whereas each process was respon-
sible for a different subdomain of the design space. An overview
of the adopted architecture is shown in Fig, 3. Details if the
FEM model used for the specimens constructed and tested are
not presented here due to the space limitations but they can be
found in[1,2]. Two objective functions were constructed. Both
utilized the fact that through the REMDIS-3D software [38], de-
veloped by our group, one can obtain full field measurements of
the displacement and strain fields over any deformable body as
an extension of the REMDIS-2D software that is based on the
MRGM [14,20-25]. Thus, our experimental measurements for
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the formation of the objective functions were chosen to be the
strains at the nodal points of the FEM discretization. The first
objective function chosen was based entirely on strains and is
givenby,

o

-E (R -)

the second objective function is given in terms of surface strain
energy density according to,

(20)
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where [effph. [e,:;"’”L are the experimentally determined and
the FEM produced components of strain are at node k. The
quantities Ue», Ut are the surface strain energy densities for-
mulated by using the experimental strains and the FEM produced
strains respectively. Both objective functions were implemented,
and we utilized both the DIRECT global optimizer [39], which
is available within Matlab [40], and a custom developed Monte-

Carlo optimizer, also implemented in Matlab.

EXPERIMENTAL CAMPAIGN

Based on an analysis that falls outside the scope of the present
paper [41], we identified 72 proportional loading paths to sample
the 6-DoF space defined by the 3 translations and 3 rotations
that can be applied by the moveable grip of the NRL66.3. We
selected to use a single specimen per loading path and then repeat
the process. That requires 144 specimens per material system.
Each material system was a defined to be a balanced laminate
with an alternating angle of fiber inclination per ply relative to
the vertical axis of the specimen that is perpendicular to the axis
defined by the two notches of the specimen. Four angles were
used +/—15,+/—30,+/— 60, +/— 75 degrees and therefore
4 x 144 = 576 specimens were constructed. The actual material
used to make the specimens was an AS4/3506-1 epoxy resin/fiber
respectively.

However, because we needed to study ply thickness length
scale effects, we constructed an equal amount of specimens
where the cross-plied unidirectional laminas were made with
4 plies each, thus leading to thicker uniaxial laminas. This
doubled the number of total specimens to 1152 and this was
the final number of required tests. All specimens were tested
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TABLE 1: Engineering properties of AS4/3506-1 laminae

Ref En[G Pa] Ezz [GPa] Viz Vo3 GlZ[GPa]
Daniels [3] 147.0 10.3 0.27 0.28 7.0
Present 125.0 10.8 027 0.32 7.96

by using NRL66.3 in May of 2011. A very small sample of
the testing process is shown in a movie that can be found in
the URL “http://www.youtube.com/watch?v=Cp18y3HAqsM”.
In May 13, 2011, the system achieved a throughput of 20
test/hour for a total of 132 tests. On May 27 the system achieved
a throughput of 25 tests/hour for a total of 216 tests. On June 15,
2011 the system reached its peak throughput of 28 tests/hour. All
1152 tests were completed in 12 work-days. The test yielded 13
TB of data from the sensors and the cameras of the system. In-
stead of presenting typical load-displacement curves represent-
ing collected data in a 12-dimensional space (i.e. 3 forces and
3 moments vs. 3 translations and 3 rotations respectively) we
rather present total energy distribution as a function of load-
increment (frame no.) along the respective loading path as shown
in Fig. 4. Using the collected data and the optimization approach
outlined earlier for the case of the SSF we identified the elastic
constants as shown in Table 2, in comparison to those of [3]. By
running FEA for the cases that correspond to the specific loading
path corresponding to an experiment we can now compare the
predicted distribution of any component of the strain or stress
tensor. In order to demonstrate how well the FSF formulation
can capture the behavior of the characterization coupons used
to obtain the data utilized in the characterization process we are
presenting typical examples in terms of the distributions of ¢,
as measured by the MRGM (left column) and as predicted by
the FSF theory (right column), for both the front (top row) and
the back (bottom row) of Figs. 5,6,7, and 8. It is important
to indicate here that the characterization methodology described
here and in our previous publications, utilized the data described
herein along with the data form other validation tests performed
on structures of different shape and layups than that of the char-
acterization coupons, to perform validation comparisons. A dis-
cussion of this activity is presented in a companion paper sub-
mitted for publication in the present conference [42].

CONCLUSIONSAND PLANS

We have described the first industrial strength campaign
of multiaxial experiments performed with the NRL66.3 mecha-
tronic system.

The application of design optimization methodologies for
the determination of the constitutive response of composite ma-
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FIGURE 5: COMPARISON OF (¢, ) FIELD BETWEEN MEASURED (LEFT) AND THE IDENTIFIED MODEL BY USING THE
FSFFOR THE CASE OF COMPRESSION AND IN-PLANE ROTATION OF A +/- 30 DEGREES LAMINATE

terials with or without damage has been employed. Strain energy
density and full field strain based approaches have been utilized
to incorporate massive full field strain measurements from speci-
mens loaded by a custom-made multiaxial loading machine. We
have formulated objective functions expressing the difference be-
tween the experimentally observed behavior of composite ma-
terials under various loading conditions, and the simulated be-
havior via FEA, which are formulated in terms of strain energy
density functions of a particular structure under identical load-
ing conditions. Two formalisms involving small strains and fi-
nite strains have been utilized in a manner that involves both
additive decomposition of recoverable and irrecoverable strain
energy density. This was done in order to address both the elas-
tic and inelastic response of composite materials due to damage.
The finite strain formulation further involves a volumetric and
distortional energy decomposition.
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Representative results of the characterization have been
compared with the associated experimental ones to demonstrate
how well they agree.
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