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ABSTRACT

Impact damage prediction of non-crimp fabric CFRP panels is an area of interest for both
automotive and aeronautical manufacturers. The University of British Columbia has been
developing models to predict damage in composite materials since the mid 1990’s [1]—[3] and has
had the CODAM?2 model implemented as MAT219 in the commercial FE program LS-DYNA
since 2011.

In this paper, an end-to-end view is given of how to characterize composite materials to provide
the inputs necessary for modelling with CODAM2 and the cohesive zone method. This includes
an overview of the necessary test methods, post-test calibration procedures of the model, and
subsequent application of the model to transverse impact simulations of a non-crimp fabric CFRP
plate.

The results from the simulations are compared with experimental data [4], [5] in order to
demonstrate the effectiveness of the model and provide insight into where further improvements
can be made in modelling technology.
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1. INTRODUCTION

The second implementation UBC Composite Damage Model CODAM?2 is a transversely isotropic
continuum damage mechanics model based on a strain softening approach to predict the intra-
laminar response of composite materials in finite element (FE) simulations. It is considered an
elastic damage model and includes the capability for non-local damage implementation in order to
eliminate mesh dependencies (element size and orientation) on the predicted size and direction of
damage propagation. When combined with the cohesive zone method to model delamination, it
forms a capable modelling tool for transverse impact simulation.

As with all damage models for orthotropic composite materials, several material parameters must
be entered to fully describe the material. These include elastic constants, damage initiation values
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(strain for CODAM2 and peak stress/traction for cohesive zones), and fracture energy measures
(provided as damage saturation strain values in CODAM?2 and fracture energy for cohesive zones).
By utilizing standard and non-standard test methods and applying the obtained values to an FE
model of a transversely impacted composite plate, a method of determining the structural response
of the plate and final damage state is developed. This paper provides an end-to-end discussion of
how the inputs for this model are determined and implemented for transverse impact simulation.
The outcome is then compared to experimental results.

In this paper, the conventions for principal material directions within the CODAM?2 model in LS-
DYNA are used. This consists of A (in-plane primary axis), B (in-plane transverse axis) and C
(out-of-plane transverse axis). These are equivalent to the customary x, y, z or, — for unidirectional
lamina — 1 (fiber axis), 2, 3 directions.

2. MATERIAL CHARACTERIZATION & IMPACT TEST DESCRIPTION

The material used in this work is a warp-knitted multiaxial non-crimp fabric (NCF) with a
[02/60/-60]2s layup and therefore the properties of the laminate are not quasi-isotropic. The
stitching was done at the sub-laminate level [0,/60/-60]; therefore, the stitches do not provide
any continuous through-thickness reinforcement other than at the sub-laminate level. The
samples have an average tow width of 5 mm (as measured from stitch to stitch) and an average
thickness of 2.56 mm. The fiber volume fraction is estimated to be between 0.45 and 0.50 based
on optical micrographs, and the density was measured as 1523 kg/m? with ASTM D792 [6].
Impact samples were cut to be 100 mm x 100 mm in planar size and were impacted with 12.7
mm diameter spherical impactors having varying masses and energies. Details of the
experimental work are not provided here, but can be found in [4] and [5].

3. CHARACTERIZATION OF INTRA-LAMINAR PROPERTIES
Standard Tests

3.1 Tensile Testing

Tensile testing is the most common material characterization test. Therefore, it will not be
covered in great deal here except to say that obtaining actual in-situ strengths and fracture strains
is difficult at best. Challenges of this test have been highlighted by numerous testing experts [7],
[8] and often relate to challenges with gripping the sample to induce sufficiently high loads, or
issues with elastic constraint in the transverse direction leading to matrix damage and splitting.
The test is covered in ASTM D 3039 [9]. For the CODAM?2 model the most important
parameters are the tensile moduli and tensile damage initiation strains in both in-plane directions,
as well as the in-plane Poisson’s ratio.

3.2 Compression Testing

While the CODAM?2 model assumes that the elastic modulus in tension and compression modes
of loading are identical, it does include mode specific damage initiation strains. These values are
commonly produced in methods such as the IITRI method [10], and the more convenient
combined loading compression method [11]. When tested, it is common that the elastic
compressive modulus is lower than that of the elastic tensile modulus.



3.3 Flexural Testing

For models that are constructed using a sub-laminate or laminate method (i.e. the individual
lamina are not resolved such that their orthotropic material properties and position in the
thickness of the laminate are taken into account) a judgement must be made on using either the
in-plane tensile/compressive modulus as measured above, or replacing these with the flexural
modulus instead. For monolithic (non-layered) materials, the two properties are identical.
Bending stiffness for both in-plane directions of the composite can be measured using 4-point
bend tests and is covered in ASTM D7264 [12].

3.4 Intra-laminar Shear Testing

The number of shear property test methods is considerable and has been summarized succinctly
in a column in CompositesWorld Magazine [13]; however, for intra-laminar shear properties the
most common methods utilized include the losipescu (V-Notched Beam) method [14] and the
V-Notched Rail Shear method [15], both of which have been compared and contrasted in another
article [16].

The shear modulus is straightforward to attain from the strain gauges applied to the specimens
and is the only shear property necessary for CODAM2. Enhancements to the CODAM?2 model
implemented as user subroutines — but not yet implemented directly in LS-DYNA — include the
ability to model non-linear shear.

Non-Standard Tests

3.5 Intra-laminar Fracture Toughness

When composites fail in-plane, the total dissipated energy is higher than that represented by the
area under the stress-strain curve of the linear loading region. Even for materials that appear to
fail suddenly in a brittle fashion, there is energy that is dissipated post-peak in the creation of
fracture surfaces, friction as material slides past each other, and to some extent plastic
deformation in the polymer matrix. All these interacting failure modes serve to delay
catastrophic failure by changing the notch-tip stress concentration within a fracture process zone
(analogous to the plastic zone in metals) and redistributing stress to other regions. As elements in
a simulation fail, it is important that a physically realistic amount of energy is absorbed. This is
typically accomplished with a strain softening approach, where the stress-strain response after
damage initiation results in a reduced elastic modulus for increasing strain as shown in Figure 1.
The calibration of this strain-softening model is done through the characterization of intra-
laminar fracture toughness which involves the use of tests like those found in fracture mechanics
of metals. In the case of CODAM?2 the actual model input is known as a damage saturation strain
and is the strain value at which the material is fully damaged (secant modulus is zero). For
CODAM2 in its local damage form, this can be readily calculated according to the formula:
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where the variables are as shown in Figure 1 and described below:
G, = fracture toughness of the material (energy per unit area)



g. = fracture energy density
L. = characteristic length of the element
E = initial (undamaged) elastic modulus
&; = damage initiation strain

E; & &

Figure 1. Bilinear stress-strain curve used in CODAM?2

The characteristic length of the element is taken as the in-plane side length of a hex element and
is used to convert the fracture toughness of the material (energy per area) into a fracture energy
density (energy per volume) associated with an element of a given size. This is consistent with the
crack band theory of Bazant [17] and ensures that the appropriate amount of energy is absorbed
during failure of a given element size. Therefore, the fracture energy properties are a function of
element size for the local method and make this method more suitable for implementation in
models with elements of a constant size. The non-local method available in CODAM?2 is not
affected by this size dependency.

3.5.1 Intra-laminar Tensile Fracture Toughness

In the study of the fracture mechanics of metals, the use of compact tension specimens is
common. Scaled up compact tension samples were made for plastic in ASTM D5014 [18].
Unfortunately, when scaled versions of this sample are applied to highly orthotropic composite
samples, the response of the sample may not be as desired. Due to the orthotropic nature of the
samples, damage can be initiated elsewhere outside of the intended fracture process zone. For
this reason the over height compact tension specimen shown in Figure 2 and 3 was developed by
Kongshavn and Poursartip [19]. The extended height increases the maximum load that the arms
of the sample can sustain without damage. The oversized sample also ensures that there is
sufficient linearly elastic material surrounding the propagating damage to ensure that linear
elastic fracture mechanics is valid.

These samples are loaded quasi-statically under displacement control and may be stopped
intermittently throughout the damage process to allow for ultrasonic c-scans to be made in order
to characterize the size of the damage process zone during damage development. The height of
the process zone is an important parameter for the calibration of non-local damage methods. It
ensures that an accurate quantity of material around the simulated crack tip undergoes damage
and provides a damage pattern that is not influenced by mesh orientation.



To determine the fracture toughness in both primary planar axes, tests must be conducted in two
perpendicular directions to fully characterize the orthotropic specimen. In the case of the NCF
material with a [02/60/-60]>s layup this corresponds to loading in the 0° direction (Case A) and
loading in the 90° direction (Case B). The experimental results are shown in Figure 4.
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Figure 2. OCT specimen dimensions; the Figure 3. OCT specimen fixture configuration
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Figure 4. Load versus pin opening displacement of two OCT specimens showing the initial linear
elastic response of the coupon followed by the progression of intra-laminar damage; Intra-
laminar damage models should be calibrated in order to re-create similar load vs POD responses
in a virtual test

To make this information useful for numerical analysis, an identical virtual test is often performed
in order to calibrate the model to fit the observed experimental load-POD curve (inverse method);
however, there are other methods involving non-contact strain field measurement (digital image
correlation) in order to directly calculate the fracture energy values [20]. Methods such as these
are only valid when the fracture process zone is visible from the exterior and therefore samples
exhibiting substantial internal splitting and delamination must utilize the model calibration



(inverse method). When the inverse method is used, the damage saturation strain value is found
directly.

When modelling these virtual tests, care must be taken to ensure that the failure modes seen in the
experiments are reproducible in the simulation. For example, Case B in Figure 4 exhibits damage
due to self-similar crack growth largely as a result of matrix cracking and fiber breakage in the
+60° plies. This is seen in the ultrasonic inspection image of Figure 6 where the fracture process
zone extends steadily towards the right (along the plane of the notch). In this case, the intra-laminar
fracture of matrix and fiber is the dominant source of energy dissipation. With Case A the damage
mode is not the same. In Figure 5 it is seen that there exists a large delamination zone extending
perpendicular to the notch. This delamination is initiated by splitting that occurs in the matrix of
the 0° lamina. Therefore, it is important that the model used to represent this material be capable
of reproducing the interaction between matrix cracks and delamination initiation as an uncoupled
model will not predict this delamination.
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Figure 5. Ultrasonic inspection of Case A Figure 6. Ultrasonic Inspection of Case B
specimen; large region of splitting and non- specimen; self-similar crack growth
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An example comparison of a virtual test with the experimental data is shown in Figure 7 below.
The parameters of the virtual test (saturation strain in the fiber direction — and by extension,
fracture toughness) are adjusted to achieve the best fit of data. The over-estimation of peak load in
Figure 7 can be attributed to the lack of non-linear shear capability and the lack of interaction
between matrix cracking and delamination initiation in this version of the model.
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Figure 7. Load versus pin opening displacement of the Case B OCT specimen comparing
experimental results with the numerical virtual test. The virtual test has been adjusted to best
match the experimental response, thus calibrating the intra-laminar damage model

3.5.2 Intra-laminar Compression Fracture Toughness

Owing to the wide and varied damage modes present in composite materials, the intra-laminar
fracture toughness of a laminate in compression is not the same as it is in tension. To
characterize the intra-laminar fracture toughness in compression, a compact compression test is
utilized. Under compression, it is known that kink band formation and widening is the primary
damage mechanism for unidirectional composites, and in the case of a multidirectional laminate
the effects of delamination and matrix cracking are also present. It is these different damage
modes that result in the difference of fracture energies between tension and compression.

Due to kink band widening in the latter stages of compressive damage, the stress-strain response
is known to contain a plateau region [21] as shown in Figure 8. CODAM2 does have the ability
to account for this using the RESIDS parameter, However, in the current modelling of transverse
impact we assume the simple bi-linear stress-strain response of Figure 1 in both tension and
compression. A more independent material response has been implemented through user
subroutines [22] and any future direct implementations of CODAM?2 in LS-DYNA may feature
this ability as well. If a plateau region is used in the stress-strain response, the non-contact
method of fracture energy determination [20] provides a convenient method to optimize the
shape of this response, but with additional effort the inverse method of model calibration can
also work well.
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Figure 8. Compression-strain curve; kink band widening results in the plateau of stress at higher
strains, giving a different strain softening response than that of tension shown in Figure 1




4. CHARACTERIZATION OF INTER-LAMINAR PROPERTIES

The inclusion of inter-laminar damage (commonly called delamination) is of critical importance
for determining the structural response of a laminated composite, particularly for those that are
transversely loaded and undergo substantial flexure. The orthotropic nature of composite lamina
results in a mismatch of bending stiffness coefficients giving rise to substantial inter-laminar
shear stress at the interfaces between layers. Delaminations in laminated composites can often
extend much further beyond the typical intra-laminar damage region, particularly under high-
velocity impact conditions [23]-[25].

4.1 Inter-laminar Tensile Testing (Mode I)

While CODAM?2 only requires the transverse Poisson’s ratio vcs — which may often reasonably
be estimated from handbook values — the cohesive zone method does require a good estimate of
the inter-laminar tensile strength to determine when delamination initiates in Mode I crack
opening. In the tiebreak contact of LS-DYNA, this parameter is known as NFLS (normal failure
stress) and a method to retrieve this value is covered in ASTM D7291 [26]. Through-thickness
tensile modulus is not necessary for CODAM2 as it assumes transverse isotropy (which is
applicable to unidirectionally reinforced composites) and this modulus is the same as Es.

It should be noted that due to the finite size of an element being generally larger than the length
scales at which fracture initiates, the interlaminar tensile strength from ASTM D7291 provides
an upper limit of what should be used in the model. As element size increases, strength should be
reduced to compensate for the inability to resolve localized high stress that causes initiation.
Therefore, as an alternative to tests per ASTM D7291, a model with a certain mesh size can be
calibrated using a virtual test of the end-notch flexure test covered in section 4.3.2 below. The
inter-laminar strength is then adjusted until crack initiation occurs at the same load as the
experiment.

4.2 Inter-laminar Shear Testing (Mode II)

While the V-notched rail shear or short beam shear test methods are applicable to determining
inter-laminar shear properties (and preferable for modulus determination), the manufacture of
their samples requires the production of at least 19 mm thick laminates for the V-Notched Beam
method and 56 mm for the V-Notched Rail Shear method. At best this consumes a substantial
amount of material, and at worst the extra thickness during processing results in a material that is
not representative of the thinner laminate that may be used in the final product. For these reasons
the short beam shear method described in ASTM D2344 [27] is commonly used. The method can
characterize the inter-laminar shear strength required by the tiebreak contact of LS-DYNA
(SFLS — shear failure strength); and the inter-laminar shear modulus is not required. The same
comment on strength and element size as in the paragraph above also applies here, and
calibration via a virtual test of the double-cantilever beam test may be used instead.

4.3 Inter-laminar Fracture Toughness

Just as an accurate value for intra-laminar fracture toughness was critical for determining the
quantity of energy absorbed by the failing material under damage, so too is the inter-laminar
fracture toughness for the interface. The two tests used for determining these material properties
are described further below.



4.3.1 Mode I Inter-laminar Fracture Toughness

Mode I fracture is the smaller of the two most common modes (both in terms of fracture
toughness value and in the amount of damage energy absorbed by this mode during an impact).
This is generally due to the fact that impact produces through-thickness compressive stress
waves which only become tensile once reflected from a free boundary. If these tensile stresses do
cause delamination it is usually localized near the point of impact in thin samples because out of
plane tensile stress cannot be sustained further away from the impact site owing to stress
equilibrium. The exception being if substantial splitting occurs, thus making a layer more prone
to delamination. Mode I fracture toughness for composite materials is found using the double
cantilever beam test as outlined in ASTM D5528 [28]. A fully automated measurement of the
Mode I fracture toughness has been recently developed in a modified double cantilever beam test
using digital image correlation [29].

4.3.2 Mode II Inter-laminar Fracture Toughness

Mode II fracture is the dominant mode of delamination in composite panels under impact load.
This is largely due to the orthotropic bending stiffness mismatch between adjacent layers, which
under flexure gives rise to inter-laminar shear stresses [30]. Mode II fracture toughness for
composite materials is found using the double cantilever beam test as outlined in ASTM D7905
[31].

5. NUMERICAL MODEL

Owing to the complexity of modelling composite materials (orthotropic nature, numerous
interconnected failure modes, etc.) several methods have been proposed and developed to
account for the nature of composite materials. Summaries of many of these methods can be
found in various sources such as Comprehensive Composite Materials II [32], Numerical
Modelling of Failure in Advanced Composites [33] and of course the World Wide Failure
Exercises [34]. As discussed above, this paper focuses on the use of CODAM?2 for the simulation
of intra-laminar damage and the cohesive zone method for inter-laminar damage.

The model geometry is shown in Figure 9 and 10. It consists of a 100 mm x 100 mm x 2.56 mm
composite part with several layers. This part is modelled with 1 mm square solid, constant stress
(ELFORM 1) elements. Solid elements were chosen over shell elements to include through-
thickness elastic displacements locally in the region of the impactor. This part is sitting on a
support frame modelled as a rigid body with a 75 mm x 75 mm square cutout. The impactor is a
12.7 mm diameter hemisphere that is also modelled as a rigid body. Nodal constraints in the out-
of-plane direction are applied in four locations where the sample is clamped during the
experiments.



Figure 9. Overview of entire LS-DYNA Figure 10. Closeup cross-section view near the

Model domain; Impactor is the brown impact site; the 11 layers of composite can be
sphere; the black circular regions are nodal  clearly seen; the spherical indenter is modelled
constraints to mimic the effect of the as a rigid body and therefore the hollow

specimen clamps geometry does not affect the results

5.1 Intra-laminar Model

The UBC CODAM2 model is available as a native material model (MAT219) in LS-DYNA. The
CODAM model was originally developed by Williams, et. al. [1] and CODAM2 was developed
later by Forghani, et. al. [35] to enable non-local methods of damage development.

For this work, the local version of MAT219 is used to predict the structural response and
subsequent impact damage in transversely impacted NCF plates. It was found that for these
transverse impacts on NCF material it was important to model the structure at the lamina level in
order to account for the absorption of energy by inter-laminar delamination. This delamination is
due to the high inter-laminar shear stress generated as a result of the flexure of the panels and
their mismatch of bending stiffness between adjacent layers as discussed by Liu [30].

After carrying out material characterization tests on the NCF laminate, the elastic parameters for
the individual lamina were back-calculated using classical laminate plate theory such that the re-
produced laminate as a whole had the elastic properties measured in the material characterization
tests. In-plane damage initiation strains are taken directly from laminate tensile test failure strains
and in-plane saturation strains (fracture energies) are based on the inverse method described in
section 3.5.1. The parameters used for the numerical model are shown in Table 1 below.

Table 1. Intra-laminar material parameters for LS-DYNA MAT219 impact model

Initiation Strain Fracture Energy
p Ea Es vea | veB | Gas ©) (kJ/m?)
3 - - Matrix Fiber
(gmm’) | (MPa) | (MPa) | () | () | (MPa) Matrix | Fiber
Tens. | Comp. | Tens. | Comp.
0.001523 | 116000 | 14000 | 0.03 | 0.5 | 3000 | 0.0046 | 0.0150 | 0.0157 | 0.0160 3.5 95

5.2 Inter-laminar Model

Automatic One-Way Surface-to-Surface Tiebreak contacts are used to model the interface
between adjacent layers of the laminate. Option 9 is selected, which corresponds to a model that
is based on the MAT138 cohesive element and accounts for mixed mode delamination. This
model requires the specification of the peak normal traction (inter-laminar tensile strength) and
peak shear traction (inter-laminar shear strength) to determine the onset of damage coupled with




the inter-laminar fracture toughness for Mode I and Mode II (Gic & Guic). Like the strain-
softening approach used in the intra-laminar model of CODAM2, the stiffness between nodes on
either side of the interface is reduced as their separation is increased in a way that ensures the
energy dissipation per unit area of interface is consistent with the fracture energy of the mode

(mostly mode II) causing the delamination. The parameters used for the numerical model are
shown in Table 2 below.

Table 2. Inter-laminar material parameters for LS-DYNA MAT219 impact model

Inter-laminar | Inter-laminar Mode I Mode 11
Tensile Shear Fracture Fracture
Strength Strength Energy Energy
(MPa) (MPa) (kJ/m?) (kJ/m?)
60.0 63.6 0.49 1.80
6. RESULTS

The model was tested with three different impactor masses at various impact velocities, resulting
in numerous impact energies. The following results show an example for a drop eight impact test
with a mass of 2818 g and an impact velocity of 2.70 m/s, giving an impact energy of 10.3 J or
4.0 J per millimeter of sample thickness. The predicted force versus displacement response is
shown in Figure 11 in comparison with the experimental impact and quasistatic loading results.
It can be seen that this impact is representative of a low-velocity impact by virtue of the response
closely following that of the quasistatic test. Furthermore, the model is capable of accurately
predicting the loading response of the sample, but is seen to give a slightly higher peak load
(4750 N vs. 4600 N) and slightly lower peak displacement (4.43 mm vs. 4.69 mm) indicating
some lack of energy absorbance.

—Impact-Experiment
—Impact-Numerical
—Quasistatic-Experiment |

2 25 3 35 4 45 5 55 6 65 7
Displacement (mm)

Figure 11. Comparison of force versus displacement curves between the numerical impact
simulation and experimental drop tower impact of 10.3 J with an impact velocity of 2.70 m/s;
results agree closely and almost overlap the curve corresponding to the quasistatic experiment

This discrepancy can be attributed to the inability of the model to accurately capture the splitting
and tow delamination phenomenon observed in the experiment as shown in Figure 12 below. In



this figure it can be seen that two tows have nearly completely delaminated from the coupon. It is
believed that the effect of the warp direction stitches on the surface of the laminate contribute
towards this failure mode as they interrupt the load path between adjacent tows, making splitting
more likely to occur. It can be seen in Figure 12c¢ that the model does not predict this region of
damage, and therefore the peak load is higher than expected and the maximum deformation of the
plate slightly lower.

S

(b) (©)

Figure 12. Delamination damage observed in experiments (a) and (b), and in the numerical
model (c¢); the numerical model correctly predicts delamination below the impact site, but does
not account for mesoscopic delamination associated with substantial tow delamination delineated
by the NCF stitching

7. CONCLUSIONS

An end-to-end view of the material characterization tests and calibration procedures for
orthotropic composite damage models has been described with specific emphasis on
characterization for use in the UBC CODAM?2 damage model. This included volumetric tests
(density), intra-laminar tests and inter-laminar tests to fully characterize the material. These
material values were then applied to a numerical model utilizing the LS-DYNA built-in
MAT219 representation of the CODAM?2 intra-laminar damage model capable of modelling a
transversely isotropic elastic material. Inter-laminar damage was modelled with the use of the
tiebreak contact in a similar fashion to that of the MAT138 mixed mode cohesive zone element.
The structural response obtained from impact simulations were found to be very close to that
measured from impact experiments, but slightly too stiff, possibly owing to the inability of the
model to accurately capture the matrix splitting effect seen in the experiment. The model shows
good promise for predicting damage in transverse impact cases, but additional refinement to
include the effect of splitting in surface layers (aided by NCF stitching) would provide additional
improvements to the model.
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