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Abstract: The aim of the work presented in this paper was development of a thermodynamically
consistent constitutive model for orthotopic metals and determination of its parameters based on
standard characterisation methods used in the aerospace industry. The model was derived with
additive decomposition of the strain tensor and consisted of an elastic part, derived from Helmholtz
free energy, Hill’s thermodynamic potential, which controls evolution of plastic deformation, and
damage orthotopic potential, which controls evolution of damage in material. Damage effects were
incorporated using the continuum damage mechanics approach, with the effective stress and energy
equivalence principle. Material characterisation and derivation of model parameters was conducted
with standard specimens with a uniform cross-section, although a number of tests with non-uniform
cross-sections were also conducted here. The tests were designed to assess the extent of damage
in material over a range of plastic deformation values, where displacement was measured locally
using digital image correlation. The new model was implemented as a user material subroutine in
Abaqus and verified and validated against the experimental results for aerospace-grade aluminium
alloy 2024-T3. Verification was conducted in a series of single element tests, designed to separately
validate elasticity, plasticity and damage-related parts of the model. Validation at this stage of the
development was based on comparison of the numerical results with experimental data obtained
in the quasistatic characterisation tests, which illustrated the ability of the modelling approach to
predict experimentally observed behaviour. A validated user material subroutine allows for efficient
simulation-led design improvements of aluminium components, such as stiffened panels and the
other thin-wall structures used in the aerospace industry.

Keywords: damage characterisation; quasistatic loading; elastic—plastic constitutive model with
damage; finite element model; VUMAT user material subroutine

1. Introduction

Growing use of finite element method (FEM)-based virtual structural testing requires
valid and robust material models that predict material behaviour under the conditions of
interest to specific applications. For applications where damage and failure of structural
materials is to be predicted, a concept of continuum damage mechanics (CDM) is typically
used, where the mechanical damage in solid materials is due to the creation and growth
of micro-cracks or micro-voids. As the scale of these imperfections is too small to be
individually represented within an engineering analysis of the structures, their influence
within the material is homogenised at the continuum level, so the damage effects are
averaged over a volume and represented by a set of continuum variables [1].

The CDM models require appropriate characterisation of material parameters, since
the quality of these parameters directly influences accuracy of the numerical results. A num-
ber of different experimental approaches for measuring parameters that allow derivation
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of damage model parameters have been proposed and investigated (see, for instance, [1,2]
and more recently, [3]). If the method for obtaining these parameters from experiments is
complex or time consuming, this limits the use of these models.

A number of damage models have been developed (see, for instance, [4-7]), with a
different level of accuracy and predictive capabilities. The advantage of modelling damage
using elastic modulus degradation allows for macro-scale damage representation of the
micro-mechanics damage effects, where the average degradation of material properties
is obtained by using conventional specimen testing methods. A number of methods of
implementing orthotropic behaviour have been developed to date, starting from the early
works of Hill [8,9], Bobora [10], Khoei [11], De Borst [12], Aretz [13] and Brunig [14]. Chow
and Wang [15,16] proposed a generalised anisotropic damage theory of elasticity and
extended it to plasticity and evolution of damage in ductile fractures using continuum
damage mechanics based on the energy equivalence principle, developed by Sidoroff [17],
Cordebois and Sidoroff [18], Ju [19] and Chow [16]. Chow and Wang introduced a modified
damage effect tensor M(D) for virgin material stress equations, which can be applied
for general structural analysis. This modelling approach was the basis for a number of
recently developed models for metals (see, for instance, [20,21]), composites [22,23] and
batteries [24].

The objective of the research described in this paper was modelling and characteri-
sation of damage within an aluminium alloy (AA), AA-2024, modelled as an orthotropic
material. The material choice was driven by the aerospace applications, and the lack of
material parameters for this commercial alloy. A constitutive model formulation for or-
thotopic damage was directly adopted from [15,16], but the model was derived for 3D
FEM formulation and implemented as a user material subroutine in Abaqus. The model
derivation was complemented with the methodology for the material model characterisa-
tion. The validated and fully characterised model allowed for simulation-led design of the
thin-walled structures used in aerospace applications.

The paper consists of five sections. Following the Introduction, the damage model for-
mulation is described in Section 2. Section 3 describes the experimental characterisation of
the AA-2024-T3 material, including digital image correlation (DIC)-based characterisation
of the model parameters. The model implementation and performance are presented in
Section 4, which is followed with Conclusions outlined in Section 5.

2. Constitutive Model for Orthotopic Damage

The model derived here is based on a generalised anisotropic theory for ductile
damage and fracture, developed by Chow and Wang [16]. The constitutive equations use
effective stress tensor ¢, where the anisotropic damage formulation is incorporated by
using the damage effect tensor M(D) and energy equivalence principle. The damage effect
tensor expressed in the principle material coordinate system is diagonal, written in the
following form:

1 1 1 1 1 }

(1)

where Dy, Dy, D3 are damage variables defined in the principle material directions.

The proposed model was developed in the framework of thermodynamics and con-
sists of elastic, plastic and damage potentials. The elastic part of the model is derived
from Helmbholtz free energy being the thermodynamic potential. The plastic potential is
determined by the Hill’s anisotropic plasticity tensor H [8,9,25] as:

fpi(0,D,R) =0y — [Ro+R(p)] =0 ()



Materials 2024, 17, 4281

30f15

where Ry and R(p) are initial strain hardening threshold and increment in strain hardening,
respectively. The equivalent stress 7, is defined as:
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where Hill’s tensor of damaged material is defined as H = Mr(D) : H : M(D). Evolution
of the plastic deformation is described by the monotonically increasing Lagrange multipli-
ers, which are in turn calculated from the consistency conditions (see, for instance, [26]).
The expressions for the Lagrange multiplier for plasticity evolution and rate of change of
plastic strain (consequently plastic increment) are provided here in the final form with-

out derivation: - - .
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Evolution of the plastic deformation in the current version of the model is controlled
by a power law,R(p) = Kpp.
Damage potential is defined in terms of damage effective stress as:

fa(o,D,B) =0, — (Bo + [dB/dpB]B) =0 (6)

where 0y is the equivalent damage effective stress, By is the initial damage threshold, 8
is the equivalent damage and dB/dp is the slope of the damage threshold curve. The
equivalent damage effective stress in damage potential is defined as:

Trd:%[GT:T:UF @)
where the damage characteristic tensor J is defined as J = M7 (D) : J: M(D).
(171702 (1*D1)PL(1*D2) (17D1)]4(17D3) T
(1le2)2 (1—D2)il(1—D3)
o ®

symm
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The damage characteristic tensor in Equation (8) is symmetric 6 X 6, as suggested by
the abbreviation “symm” below the main diagonal; off-diagonal members equal to zero are
not presented in the matrix form. Symbol y# denotes the damage potential constant that is
defined for orthotropic model formulation in Equation (16) below.

Similarly to the evolution of the plastic deformation, evolution of the damage variables
is determined by the Lagrange multiplier for damage and the consistency conditions,
starting from the rate of change of the potential given in Equation (6):

dfy . 0B

fi(o,D,B) = Y5 g9y 5 9B _,

oo 0B oo B ©)
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The Lagrange multiplier for damage, and governing equations for the damage variable
update, are respectively given as:

~ . ~ 9 :
%:Ce:af%:Ce:%:/\

: !
Ay = 2o . (10)
a
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D=—-]J: 11
o a1

where the damage evolution variable § is updated as:

. 0, —B
p="5 (12)
ap

The material parameters for damage were determined following an approach de-
scribed in the next section.

3. Material Characterisation

The uniaxial stress loading—unloading tests were performed with a commercially
available aluminium alloy, 2024-T3, which is typically used in aerospace thin-wall structures.
The material is typically provided in rolled sheet form, so the tests were conducted with
the specimens with rectangular cross sections. Due to this manufacturing process, the
material is anisotropic and was tested in three material directions, as described below. The
objective of the tests, conducted in a controlled environment, was measurement of the elastic
material parameters and the elastic modulus degradation for a range of loading increments
up to complete failure. The quasistatic tensile tests were carried out using an Instron
8032 Servo hydraulic machine with a 100 kN load cell and a data logger for displacement
measurements. The machine was calibrated with 0.5%, i.e., with the uncertainty of 0.5 KN,
which was considered small and was not accounted for in the experimental measurements.
The Dantec digital 3D correlation system Q400 was used to obtain the non-contact optical
measurement of displacement and strain [27]. The experimental setup is shown in Figure 1.

Figure 1. Instron 8032 Servo hydraulic test machine with tensile test specimen and 3D Dantec digital
image correlation system Q400.

Two test specimen types shown in Figure 2 were used in the test programme: a
standard specimen with uniform cross-sectional size within the gauge section, denoted
UCS, and a specimen with non-uniform size of the gauge cross-section, where plastic
deformation was localised within the small zone in the middle of the gauge section, denoted



Materials 2024, 17, 4281

50f 15

(a)

(b)

VCS. The specimens were cut from a hot-rolled material sheet in three different directions,
including the principle material rolling and transverse directions, which were denoted as
0°,90° and at 45° relative to the rolling directions. It was assumed that material anisotropy
originated from a typical rolling process, which may have included solubilisation and /or
other treatment processes. It was also assumed that the specimens were manufactured
without any residual stress and/or plastic deformation. In total, 22 samples were prepared
with uniform cross-sections and non-uniform cross-sections as shown in Table 1.

Figure 2. AA2024-T3 specimens used for quasistatic testing: (a) standard specimen with uniform
size of the gauge cross-section, denoted UCS; (b) specimen with non-uniform size of the gauge
cross-section, where plastic deformation was localised within a small zone in the middle of the gauge
section, denoted VCS.

Table 1. AA2024-T3 specimens used for quasistatic testing.

Specimen Orientation Relative to Rolling Direction ucs VCs
0° 8 5
90° 1 2
45° 3 3

The machine-finished specimens were sprayed with speckles of white and black paint
in the gauge section, as shown in Figure 2. Specimens were painted with patterns as per
the procedure provided by Dantec Dynamics [27]. The paints were free from any erosion
or chemical degradation of material. These stochastic patterns formed a reference for the
specimen’s initial configuration before any deformation occurred. Displacements were
measured using the algorithm provided by Dantec Dynamics. It is based on tracking of the
optically recorded patterns, which were calculated relative to the initial reference image
and previous deformed positions.

DIC raw data were processed using the Dantec software ISTRA 4D (software version
4.2.2.15), following one of two procedures: measuring the average surface true strain
over the area of interest and /or measuring the displacement of two reference points by
placing two pins in the area of interest. The engineering stress was obtained from the force
measurements and the initial cross-sectional area of the specimens, which were further
used for calculation of the true stress from the true strain. The tensile test specimen and test
images obtained during one of the coupon tests are shown in Figure 3 together with the
longitudinal strain obtained from the DIC. Figure 3b shows the UCS specimen’s deformed
shape with distribution of the longitudinal strain achieved just before the specimen’s
complete failure.



Materials 2024, 17, 4281 6 of 15

. =20
Tangential Strain Direction X

strain [mm/m)]

(b)

Figure 3. (a) UCS specimen sample images of optical measurement using Dantec 3D DIC system
Q400 images and (b) longitudinal strain surface distribution just before failure (range from 0 to 240).

The tests conducted in the same conditions with UCS and VCS specimens revealed an
insignificant difference in the true stress, true strain curves obtained with two specimens,
as illustrated in Figure 4. Consequently, due to the lower manufacturing cost, the standard
UCS specimens were used in the subsequent damage characterisation tests.
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Figure 4. True stress true strain curves obtained with two specimens: standard uniform cross-section
(UCS) and specimen with varying cross-section (VSC).

Damage Model Characterisation: Methodology and Results

Material parameters for the damage model were determined experimentally using
the following approach. The damage variable in the energy equivalence principle for a
one-dimensional problem can be calculated from the current elastic Young’s modulus of
damaged material, E, and Young’s modulus of virgin material, E as:

D=1-—+/E/E (13)

The Young’s modulus of damaged material was determined experimentally for a
range of plastic strains from the loading, unloading and reloading tests described below.
Having defined the damage variable using Equation (13), one can calculate the effective
damaged stress and the equivalent variable for damage evolution f under uniaxial stress

loading as:
B=D(1-D/2) (14)

The material parameters By and B were determined experimentally, with the detailed
derivations available in [28]. Making use of Equation (6), the slope of damage threshold is:

a _ 1
ap B

The damage potential constant y can be calculated from the following relationship:

(64 — Bo) (15)

p=Ds[1 —D,/2]/D1[1 — D1/2] (16)

During the uniaxial cyclic test, the material was subject to a repeated loading/unloading
cycle, shown in Figure 5, where the maximum plastic strain per cycle was incrementally
increased by 2% to 5% until the specimen’s failure. The cross-head displacement in time was
obtained for the specified level of plastic deformation during the loading phase, followed
by the unloading to zero stress level in each cycle. The signal from the tensile testing
machine cross-head displacement against time was used to control the loading—unloading
sequence for the cyclic test. This low-cycle test allowed for calculation of degradation of
the elastic modulus [3,29], which was then used in Equation (13).
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Cross-head displacement (mm)
w

0 50 100 150 200 250 300

Time (s)

Figure 5. Instron 8032 Servo hydraulic machine cyclic test input (cross-head displacement versus

time) used in Dantec Dynamics Q-400 DIC non-contact measurements.

It is well known that forming of micro cracks and micro voids in a material reduce
its load-carrying capacity, leading to the deterioration of the Young’s modulus. These
reductions in Young’s modulus were calculated from the experimental measurements by
using linear regression and are shown in Figure 6 for the longitudinal material direction.

Slope=52.6 GPa  Slope=46.2 GPa Slope = 43[.9 GPa

7.00E+08
Slope = 67.8 GPa \
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1.00E+08
Lo == Standard
B tensile test
0.00E+00 . . . , , , .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
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Figure 6. AA2024-T3 cyclic test results in rolling 0° direction with the unloading/reloading slopes
that determine elastic modulus degradation due to damage; black lines represent the Young’s moduli

of material at a certain level of plastic deformation.

From the cyclic test, the elastic modulus degradation ratios were obtained by dividing
the new damaged elastic modulus, E, at each cyclic test instance (highlighted with straight
line slopes) with the elastic modulus of undamaged /virgin material, E. The plastic strain
was obtained from the intersection of the straight line slopes and the strain axis. Dam-
age variables D; were calculated for each loading stage using Equation (13), from zero to
maximum value, when the specimen completely failed. Figure 7 shows the complete test
results for the AA-2024-T3 material, given in terms of the elastic modulus degradation
ratio versus plastic strain. One can note that the material anisotropy is more pronounced
at the lower/moderate level of the plastic deformation and deteriorates for the larger
plastic strains, so that the graphs obtained for three material directions show only small
variation. The orthotropic behaviour might differ based on the grain sizes and distribution
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of grains, voids, impurities and growth of damage in each material based on the manu-
facturing process and life cycle loading conditions. The physical and experimental results
obtained in this research work reflect the orthotropic behaviour of material recognised by
the other researchers. They also confirm that the AA-2024-T3 material showed a low level

of orthotropy.
1.2
1
AA
0.8 AR n
s g NW
s =R "ap
Soe B2
0.4
OO0 degree to rolling direction
02 W 90 degree to rolling direction
A 45 degree to rolling direction
0
0.00 0.10 0.20 0.30 0.40

Plastic strain

Figure 7. AA2024-T3 uniaxial cyclic test data from coupons for damage characterisation of AA-2024-
T3 material on elastic modulus degradation ratio versus plastic strain.

Damage model parameters B and §, calculated from the data and using Equations (13)—(16),
are shown in Figure 8, together with linear fitting, where By intersects with the vertical
axis. The results confirm the assumption of linear damage growth, suggested by Chow and
Wang [15,16].
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B

Figure 8. B vs. B fit from uniaxial experimental results of AA-2024-T3 material cyclic tests, R? = 1.

The critical value of the damage variable, D, is the maximum allowed amount of
damage before complete failure. These critical values are determined for three principle
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material directions and are denoted as D, for the longitudinal (rolling) direction, D5, for
the transversal direction and Dj,, for the through-thickness direction. The critical value
in the through-thickness direction is not directly measured in this work but was taken
equivalent to the transversal direction value, Dy.,. The orthotropic material parameters are
summarised in Table 2.

Table 2. AA 2024—T3 material constants for the orthotropic damage model.

Parameter Description Experimental Value
Eq Young’s modulus—longitudinal or direction-1 or (0°) 67.8 GPa
Ey Young’s modulus—transverse or direction-2 or (90°) 66.6 GPa
E3 Young’s modulus—through-thickness or direction-3 66.6 GPa
v Poisson ratio between 2-1 direction 0.326
V31 Poisson ratio between 3-1 direction 0.347
V3o Poisson ratio between 3-2 direction 0.326
G2 Shear modulus between 1-2 direction 25.81 GPa
Gos Shear modulus between 2-3 direction 25.81 GPa
Gs1 Shear modulus between 3-1 direction 25.81 GPa
Rq1 Hill’s anisotropic coefficient 1.0
Ry» Hill’s anisotropic coefficient 0.9364
R33 Hill’s anisotropic coefficient 0.8877
Ryp Hill’s anisotropic coefficient 0.9015
Ri3 Hill’s anisotropic coefficient 0.9515
Ry3 Hill’s anisotropic coefficient 0.9683

U Chow’s damage potential matrix constant 0.945
[dB/dB] Chow’s damage threshold constant 2.44 GPa
By Damage initiation stress under uniaxial tensile test 309 MPa

D¢y Critical damage value in longitudinal direction 0.217

D¢ Critical damage value in transverse direction 0.242

Material constants for the orthotropic material model provided in Table 2 include
Hill’s orthotropic coefficients, R11, R22, R33, R4, Rss5, Rgg, which are used in Abaqus. These
constants were calculated from the original Hill’s coefficients F, G, H, L, M, N using the
experimental test results and methodology described in [30]. The material true stress and
true strain data obtained from the coupon test are compiled in Figure 9.

1.00E+09

9.00E+08

8.00E+08

7.00E+08

6.00E+08

5.00E+08

4.00E+08

o 0 degree to rolling direction

Virgin material true stress, Pa

3.00E+08
= 90 degree to rolling direction
2.00E+08
A 45 degree to rolling direction
1.00E+08 1 —Virgin material true stress vs true strain fit
0.00E...OO L L L I 1 1 it
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Virgin material true strain

Figure 9. True stress—true strain curves calculated from the uniaxial experimental data. R? = 0.983.

The values obtained from these graphs and data from Figures 7-9 and Table 2 were
used in Abaqus combined with the user material subroutine in simulation of the charac-



Materials 2024, 17, 4281

11 of 15

terisation tests. Note that the experimentally determined degradation of elastic modulus
forms the basis for both the energy equivalence principle and strain equivalence principle.
The experimental procedure and damage parameter measurement techniques explained
here can be also used for characterisation of the other damage models, which is one of the
most significant outcomes of this work.

4. Numerical Validation

The constitutive model was implemented in Abaqus/Explicit as a VUMAT user mate-
rial subroutine, following the algorithm shown in Figure 10. The present implementation is
valid for small deformation problems and small increments of damage growth, where the
damage increment in the current step has an insignificant effect on the plastic increment of
the current step.

ABAQUS EXPLICIT

User introducted subroutine

Calculate trial stress

t 1
LS R n+y
O iaq = 0"+ Cyho ™2

Check for Damage
No

&y —By+AB =0

~t 1 =
&t = [lontY0onit}

Calculate damage

AD'n+1 = Jllotn+1]

ABtn+1
bp

Check for yield

t o1
~ ~ dR\ A= nt3
Oy — Oyield + (E) A&'p >0

1 ~
ol = |5 ont HAlont)

IntroduceYield/damage & correct the stress

ot L
olnt1 = gln + CAe ™2 — (Wi z

End and return to
ABAQUS explicit

Figure 10. Constitutive model implementation flow chart for the damage model.

The Abaqus explicit model calculates trial stress from the total strain increment, which
is followed with the plasticity criterion check. If the stress state is outside of the current
yield stress, the trial stress is corrected following the normal return procedure (see, for
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1 mm sized mesh
across minimum
cross-section

X & ¥ translational
mowement fixed at the
Bottom cross-section

1 mm minimum cross-section

instance, [31]); the new stress is called corrected stress. The corrected stress is then used to
calculate the damage variables, which are updated in the iterative steps. Once the damage
is calculated, Abaqus explicit updates the stress for the calculated level of damage.

The model implementation was followed with the verification and validation phase.
The former was conducted with a series of single element tests in three stages: linear
elastic, elastic with damage, and elastic with plastic and damage. The verification was
conducted for both isotropic and orthotropic material types. Validation was also carried
out for isotropic and orthotropic material type.

The FEM models used for numerical validation against the experimental results
are shown in Figure 11. All the models were developed with standard eight-node solid
isoparametric elements with reduced integration in Abaqus, denoted as C3D8R. The loading
in all simulations was applied on one (top) end as a prescribed velocity of 0.1 m/s. The
X and Y constrains were applied at the other (bottom) end of the specimen to achieve
uniaxial loading conditions similar to those of the tensile testing. Two mesh densities were
considered here: finer with 1 mm edge size in the gauge section, and coarser with 2 mm
edge size in the gauge section, which provided equivalent results.

Velocity load only in “Y"
direction at 0.1 m/s applied
at top cross-secti

Ak

{;n/
aas L,

/

.’lﬂ?@

LLT Pl il L

BT B T

AT,

T
IJIJFIIIIIJ'EIIIEII&{

i

f
4

aa
S
)
38
3
[
N
P
]
~

Boundary conditions for 2 mm sized mesh across 1 mm sized, UCS & 2mm sized

VCS mesh with damage contour

Figure 11. FEM models with considered mesh size, boundary conditions and damage contour output.

Simulation results for the stress—strain curves are compared with experimental results
in Figure 12, while comparison of the calculated damage variables is shown in Figure 13.
The stress—strain curves, obtained experimentally and in simulation, were equivalent for
the longitudinal direction, while discrepancy in the transverse direction was within 5%;
the maximum was observed for the lower levels of the plastic strain, for the plastic strain
below 10%.
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Figure 12. Uniaxial tensile stress test: experimental results versus simulation results.
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Figure 13. Evolution of damage variables versus true strain: rolling direction, D; (0 degree to rolling
direction), transverse direction D, (90 degree to rolling direction or transverse direction (TD)) and D3
(through-thickness direction TTD).

The damage variables were calculated from uniaxial tests in longitudinal/rolling and
transverse directions following the same procedure applied to the experimental results.
The simulations produced predictable results for both material directions. The difference
in damage parameters in longitudinal direction D; and in transverse direction D, was
due to orthotropic properties of the AA2024 material. Figure 13 clearly shows the damage
initiation points were not same for the two orthogonal directions, with both the plastic
strain and damage initiation starting at lower stresses for the transverse direction compared
to the longitudinal direction. The same trend applied to the first phase of the damage and
plasticity growth, with damage in the transverse direction being greater than the damage in
the longitudinal direction for the same level of plastic strain. This trend changed from the
plastic strain of about 15%, where the damage in the transverse direction overcame the level
of damage in the longitudinal direction. This may have been due to the smaller material
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grain size and consequent greater grain density in the transverse direction compared
to the rolling direction. Equally, the discrepancy may have originated from the DIC
measurement limitations during necking, which constrain the measurement to up to 20%
of total strain [27,32]. Nevertheless, the material reached a critical damage level in the
transverse direction before the critical damage in the rolling direction in the considered
loading scenarios.

5. Conclusions

An orthotropic damage model, coupled with Hill’s orthotropic potential for plastic
deformation, was derived in the framework of thermodynamics and implemented in a 3D
FEM user material subroutine. A complete methodology for quasistatic material model
characterisation was developed and demonstrated in the experimental programme carried
out with aerospace-grade AA2024-T3. Material characterisation was based on the damage
model parameters calculated from the uniaxial stress cyclic tests, conducted with the stan-
dard specimens. It was demonstrated that non-standard specimens with a non-uniform
cross-sectional area in the gauge section did not offer any advantage over the standard spec-
imen, which simplifies the sample preparation procedure. Damage parameters calculated
using the DIC method were not accurate beyond 20% of the strain due to necking, which
is a deficiency of the DIC method. The methodology and experimental data generated in
this work can be used with the other damage models and/or characterisation of material
behaviour of other ductile alloys.

The constative model was implemented in Abaqus as a VUMAT user material subrou-
tine and verified and validated in a series of single element tests and characterisation tests.
The simulation results were post-processed consistently with the experimental data and
produced predictable results. Verification and validation processes and relatively simple
damage parameter characterisation using the DIC provide a robust approach for practical
applications in the aerospace industry. Rate dependency and thermal softening, and clo-
sures of voids, were not included in the model, but there is no constraint for implementation
of these features in the future versions of the code.

Author Contributions: Conceptualization, R.V,, ].C. and R.S.; methodology, N.D., R.V,, ].C. and
R.S.; software, R.S. and J.C.; validation, N.D., R.S. and J.C.; formal analysis, N.D., R.S., R.V,, J.C. and
K.H,; investigation, N.D. and R.S.; resources, R.V,; data curation, R.S. and J.C; writing—original draft
preparation, N.D. and R.S.; writing—review and editing, N.D., R.S., R.V,, ].C. and K.H,; visualization,
N.D., R.S. and ]J.C.; supervision, J.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1.  Lemaitre, J.; Desmorat, R. Engineering Damage Mechanics; Springer: Berlin/Heidelberg, Germany, 2005. [CrossRef]

2. Lemaitre, J. A Continuous Damage Mechanics Model for Ductile Fracture. |. Eng. Mater. Technol. 1985, 107, 83-89. [CrossRef]

3. Ganjiani, M. Identification of damage parameters and plastic properties of an anisotropic damage model by micro-hardness
measurements. Int. . Damage Mech. 2013, 22, 1089-1108. [CrossRef]

4. Krajcinovic, D. Continuous Damage Mechanics Revisited: Basic Concepts and Definitions. J. Appl. Mech. 1985, 52, 829-834.

[CrossRef]

5. Lemaitre, J.; Desmorat, R.; Sauzay, M. Anisotropic damage law of evolution. Eur. . Mech.-A/Solids 2000, 19, 187-208. [CrossRef]
6.  Besson, J. Continuum Models of Ductile Fracture: A Review. Int. J. Damage Mech. 2010, 19, 3-52. [CrossRef]


https://doi.org/10.1007/b138882
https://doi.org/10.1115/1.3225775
https://doi.org/10.1177/1056789513482598
https://doi.org/10.1115/1.3169154
https://doi.org/10.1016/S0997-7538(00)00161-3
https://doi.org/10.1177/1056789509103482

Materials 2024, 17, 4281 15 of 15

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Soyarslan, C.; Tekkaya, A.E. A damage coupled orthotropic finite plasticity model for sheet metal forming: CDM approach.
Comput. Mater. Sci. 2010, 48, 150-165. [CrossRef]

Hill, R. A theory of the yielding and plastic flow of anisotropic metals. Proc. R. Soc. Lond. A Math. Phys. Sci. 1948, 193, 281-297.
[CrossRef]

Hill, R. The Mathematical Theory of Plasticity; Oxford University Press: Oxford, UK, 1998. [CrossRef]

Bonora, N.; Majzoobi, G.H.; Khademi, E. Numerical implementation of a new coupled cyclic plasticity and continum damage
model. Comput. Mater. Sci. 2014, 81, 538-547. [CrossRef]

Khoei, A.R.; Eghbalian, M. Numerical simulation of cyclic behavior of ductile metals with a coupled damage-viscoplasticity
model. Comput. Mater. Sci. 2012, 55, 376-389. [CrossRef]

De Borst, R.; Feenstra, P.H. Studies in anisotropic plasticity with reference to the Hill criterion. Int. ]. Numer. Methods Eng. 1990,
29, 315-336. [CrossRef]

Aretz, H.; Hopperstad, O.S.; Lademo, O.-G. Yield function calibration for orthotropic sheet metals based on uniaxial and plane
strain tensile tests. J. Mater. Process Technol. 2007, 186, 221-235. [CrossRef]

Briinig, M. Numerical analysis of anisotropic ductile continuum damage. Comput. Methods Appl. Mech. Eng. 2003, 192, 2949-2976.
[CrossRef]

Chow, C.L.; Wang, J. An anisotropic theory of continuum damage mechanics for ductile fracture. Eng. Fract. Mech. 1987, 27,
547-558. [CrossRef]

Chow, C.L.; Wang, J. An anisotropic theory of elasticity for continuum damage mechanics. Int. J. Fract. 1987, 33, 3-16. [CrossRef]
Sidoroff, E. Description of Anisotropic Damage Application to Elasticity. In Physical Non-Linearities in Structural Analysis; Springer:
Berlin/Heidelberg, Germany, 1981; pp. 237-244. [CrossRef]

Cordebois, ].P; Sidoroff, F. Damage Induced Elastic Anisotropy. In Mechanical Behavior of Anisotropic Solids/Comportment Méchanique
des Solides Anisotropes; Springer: Dordrecht, The Netherlands, 1982; pp. 761-774. [CrossRef]

Ju, J.W. On energy-based coupled elastoplastic damage theories: Constitutive modeling and computational aspects. Int | Solids
Struct 1989, 25, 803-833. [CrossRef]

Yue, J.; Yuan, Z. A Thermodynamically Consistent Anisotropic Continuum Damage Mechanics Model with Damage-Dependent
Equivalent Strain. . Appl. Mech. 2024, 91, 091002. [CrossRef]

Gautam, A.; Yadav, R.K,; Ajit, K.P; Rajak, V.K. A Review on CDM-Based Ductile Models and its Application. Trans. Indian Inst.
Met. 2023, 76, 1141-1154. [CrossRef]

Vignjevic, R.; Djordjevic, N.; Galka, A.; Appleby-Thomas, G.; Hughes, K. Constitutive model for fibre reinforced composites with
progressive damage based on the spectral decomposition of material stiffness tensor. Compos. Struct. 2022, 292, 115596. [CrossRef]
Polyzos, E.; Lopes, .A.R.; Camanho, P.P.; Van Hemelrijck, D.; Pyl, L. Probabilistic progressive damage modeling of hybrid
composites. Mech. Mater. 2024, 197, 105087. [CrossRef]

Voyiadjis, G.Z.; Akbari, E.; Luczak, B.; Sumelka, W. Towards Determining an Engineering Stress-Strain Curve and Damage of the
Cylindrical Lithium-Ion Battery Using the Cylindrical Indentation Test. Batteries 2023, 9, 233. [CrossRef]

Chow, C.L,; Lu, T.J. A comparative study of continuum damage models for crack propagation under gross yielding. Int. J. Fract.
1992, 53, 43-75. [CrossRef]

Vignjevic, R.; Djordjevic, N.; Panov, V. Modelling of dynamic behaviour of orthotropic metals including damage and failure. Int. J.
Plast. 2012, 38, 47-85. [CrossRef]

Dantec Systems. Advanced Full-Field Displacement and Strain Analysis, Digital 3D Correlation System Q-400-1I; Dantec Dynamics:
Ulm, Germany, 2006.

Ravindran, S. Prediction of Material Damage in Orthotropic Metals for Virtual Structural Testing. Ph.D. Thesis, Cranfield
University, Cranfield, UK, 2010.

Wu, T; Coret, M.; Combescure, A. Strain Localisation and Damage Measurement by Full 3D Digital Image Correlation: Application
to 15-5PH Stainless Steel. Strain 2011, 47, 49-61. [CrossRef]

Vignjevic, R.; Djordjevic, N.; Campbell, J.; Panov, V. Modelling of dynamic damage and failure in aluminium alloys. Int. |. Impact
Eng. 2012, 49, 61-76. [CrossRef]

de Borst, R.; Crisfield, M.A.; Remmers, ].J.C.; Verhoosel, C.V. Non-Linear Finite Element Analysis of Solids and Structures; Wiley:
New York, NY, USA, 2012. [CrossRef]

Xavier, J.; Pereira, ].C.R.; de Jesus, A.M.P. Characterisation of steel components under monotonic loading by means of image-based
methods. Opt. Lasers Eng. 2014, 53, 142-151. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.commatsci.2009.12.022
https://doi.org/10.1098/rspa.1948.0045
https://doi.org/10.1093/oso/9780198503675.001.0001
https://doi.org/10.1016/j.commatsci.2013.09.005
https://doi.org/10.1016/j.commatsci.2011.12.008
https://doi.org/10.1002/nme.1620290208
https://doi.org/10.1016/j.jmatprotec.2006.12.037
https://doi.org/10.1016/S0045-7825(03)00311-6
https://doi.org/10.1016/0013-7944(87)90108-1
https://doi.org/10.1007/BF00034895
https://doi.org/10.1007/978-3-642-81582-9_35
https://doi.org/10.1007/978-94-009-6827-1_44
https://doi.org/10.1016/0020-7683(89)90015-2
https://doi.org/10.1115/1.4065627
https://doi.org/10.1007/s12666-022-02790-4
https://doi.org/10.1016/j.compstruct.2022.115596
https://doi.org/10.1016/j.mechmat.2024.105087
https://doi.org/10.3390/batteries9040233
https://doi.org/10.1007/BF00032697
https://doi.org/10.1016/j.ijplas.2012.04.006
https://doi.org/10.1111/j.1475-1305.2008.00600.x
https://doi.org/10.1016/j.ijimpeng.2012.03.009
https://doi.org/10.1002/9781118375938
https://doi.org/10.1016/j.optlaseng.2013.09.004

	Introduction 
	Constitutive Model for Orthotopic Damage 
	Material Characterisation 
	Numerical Validation 
	Conclusions 
	References

