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Abstract. Progressive failure modeling, via the NASA Multiscale Analysis Tool
(NASMAT), has been performed for a novel discontinuous composite system.
The composite, known as Tailored Universal Feedstock for Forming (TuFF), re-
tains properties comparable to continuous fiber composites, but, due to its dis-
continuous fibers, it is much more formable. Based on serial sectioning image
data, a two-dimensional micromechanics model of TuFF has been developed.
This representation sufficiently captures the key features of the microstructure
yet remains quite computationally efficient. Through the use of an energy-based
crack band damage model for the matrix, it is demonstrated that accurate predic-
tions of the TuFF damage and failure can be made. Further, the effect of the
matrix toughness, which is a key input to the crack band model, is examined.
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ture.

1 Introduction

Discontinuous fiber composites are typically reinforced with particles or relatively
short fibers. This maximizes formability and minimizes cost, but due to low fiber vol-
ume fractions, fiber misalignment, and the large percentage of the fiber length that is
ineffective, the properties of short fiber discontinuous composites are not competitive
with continuous fiber composites. Stretch broken continuous fibers improve formabil-
ity while retaining continuous composite properties, but with their fiber length to diam-
eter aspect ratio on the order of 7000, they are still significantly less formable than
typical discontinuous composites [1]. A novel composite system, developed by the
University of Delaware — Center for Composite Materials, utilizing a fiber length to
diameter ratio of approximately 600, has demonstrated sheet metal-like processing ca-
pabilities while also retaining properties similar to continuous fiber composites [1, 2].
This new composite system is named Tailored Universal Feedstock for Forming
(TuFF). The material’s highly aligned discontinuous long fibers provide stiffness and
strength comparable to continuous fiber composites, but with vastly improved



formability. This enables production of complex shaped parts with significant cost re-
ductions compared to continuous fiber composites. Like all composites, TuFF’s char-
acteristics arise from its constituent materials and unique microstructure. As such, mi-
cromechanics is ideal for modeling TuFF’s microstructure and its impact on the overall
macroscopic mechanical behavior [3].

Herein micromechanics models for TuFF composites have been developed using the
NASA Multiscale Analysis Tool (NASMAT) [4, 5] informed by serial sectioning im-
age data. These image data have been segmented using Otsu’s method [6] in conjunc-
tion with cleaning operations. The NASMAT model is shown to capture the relevant
nonlinear mechanisms including fiber stiffening, fiber end debonding, and matrix shear
splitting. Comparison is made between the NASMAT model predictions and tensile
test data for the composite elastic properties and progressive failure/strength.

2 TuFF Composite Material

Tailored Universal Feedstock for Forming (TuFF) is an advanced discontinuous carbon
fiber composite developed at the University of Delaware’s Center for Composite Ma-
terials (UD-CCM) [1, 2]. It features highly aligned discontinuous long fibers embedded
in a thermoplastic matrix, enabling manufacturing techniques typically associated with
metal, such as forming, and the integration of recycled constituents, offering cost ad-
vantages over conventional continuous fiber composites [1]. When the fiber alignment
is maintained within +5° (around 95% alignment), and fiber aspect ratios (length-to-
diameter) exceed 600, TuFF materials can reach fiber volume fractions as high as 63%.
Under these conditions, their stiffness and strength properties closely match those of
continuous fiber counterparts [7]. However, the mechanical behavior of these compo-
sites remains sensitive to the microstructure [8].

The present study considers TuFF composites composed of IM7 carbon fibers and a
polyetherketoneketone (PEKK) thermoplastic matrix. Composite panels were manu-
factured at the University of Delaware, while neat PEKK panels were manufactured at
NASA Glenn Research Center. Specimens were machined at Cincinnati Testing La-
boratories, and mechanical tests were performed on the composite at the University of
Arizona and on the neat PEKK at Ohio State University [9]. The neat PEKK test data
were used as input for the micromechanics analyses, whereas the model predictions
were compared to the longitudinal tensile test results for the TuFF composite.

To evaluate the TuFF composite microstructure, serial sectioning was performed us-
ing a Robo-Met system, which automatically sections, polishes, and images a sample
at high resolution [10]. When combined, the sections provide three-dimensional data
on the composite microstructure. For the TuFF composite, 100 serial sectioning images
were obtained, with dimensions 1292 x 968 pixels, with an example shown in Fig. 1.
Note that misaligned fibers appear more ovular, and they are clearly associated with a
matrix rich band as aligned fibers pass over and under the misaligned fiber.

As described in detail in ref. [11], Otsu’s method [6] was used to segment the serial
sectioning images into fiber and matrix regions. Statistics on the fiber spacing, fiber
diameter, fiber alignment, and location/proximity of fiber ends were then determined.



It was found that the composite had an overall fiber alignment score of 0.989 (on a scale
from 0 to 1), indicating very high fiber alignment [11], with the vast majority of fibers
having a misalignment of less than 5°. This informed the micromechanics model, lead-
ing to the decision to treat the fibers as perfectly aligned in the model.
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Fig. 1. Example image from the serial sectioning of the IM7/PEKK TuFF composite.

The fiber end detection results were also quite informative for the micromechanics
model. In a volume of 0.084 mm?, 971 fiber ends were detected, with a mean distance
between nearest neighbor fiber ends of 32.1 um. The histogram of these data, along
with an image of one cross-section (inset) are shown in Fig. 2. The red markings in the
image indicate the three fiber ends that were associated with this particular (nearest)
cross-section. Note that the nearest neighbor fiber end for each of these three could be
out of this plane. Based on these data, indicating that the mean nearest neighbor fiber
end is approximately 6.5 fiber diameters, it was determined that fiber end mechanical
interaction is quite unlikely and almost certainly not a primary driver of the TuFF com-
posite’s mechanical behavior. Even relatively close fiber ends are likely bridged by
multiple fibers. As such, when constructing the micromechanics model, care was taken
to ensure minimal mechanical interaction between fiber ends.
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Fig. 2. Histogram of nearest neighbor distances for the detected fiber ends within a serially sec-
tioned TuFF sample. Inset: image of one section with nearby detected fiber ends indicated in
red.

3 Micromechanics Model

3.1 High-Fidelity Generalized Method of Cells (HFGMC) Repeating Unit Cell
RUC)

The well-documented High-Fidelity Generalized Method of Cells (HFGMC) microme-
chanics theory [12, 13] was used to predict the longitudinal tensile response of the
IM7/PEKK TuFF composites. Summarizing, this semi-analytical approach analyzes a
repeating unit cell composed of rectangular parallelepiped subvolumes. Assuming a
quadratic displacement field in each subvolume, equilibrium is enforced within each
subvolume and continuity between subvolumes, as well as periodicity, are enforced via
the surface averaged tractions and displacements. This results in a system of linear
algebraic equations that can be solved to obtain the effective (homogenized) properties
of the RUC, as well as the local fields in each subvolume. Both doubly-periodic (con-
sidering a 2-D RUC) and triply-periodic (considering a 3-D RUC) formulations of the
HFGMC theory are available [12, 13]. The HFGMC theory has been implemented in
the NASA Multiscale Analysis Tool (NASMAT) [4, 5], which includes nonlinear ef-
fects such as progressive damage and plasticity.

To focus on the primary drivers of the TuFF composite response, a doubly-periodic
HFGMC RUC in the plane transverse to the fiber direction has been considered. This
enables capture of the fiber ends, the correct length of the fibers, and the damage



mechanisms involving the fiber ends and matrix splitting along the fibers. A similar
triply-periodic RUC could have also been employed, but each simulation would be con-
siderably more computationally demanding. Both the number of fibers in the RUC and
the subvolume discretization were studied closely, and it was determined that a baseline
RUC of 4 fibers with a relatively coarse discretization gave very similar predictions
compared to more refined RUC and RUCs including more fibers. Considering fewer
than 4 fibers affected the predicted failure mechanisms, whereas, RUCs with up to 50
fibers were evaluated and showed no benefit over the 4 fiber baseline. Likewise, two
levels of higher subvolume discretization density were considered, also offering no dis-
cernable benefit over the coarsest baseline discretization.

The baseline 4 fiber RUC, shown in Fig. 3 was employed for the predictions in this
study. This is a reasonably simple representation, but, as will be shown, it captures the
primary mechanisms affecting the TuFF composite progressive damage response. Each
of the 4 fibers is perfectly aligned, 3 mm long, and 5 um in diameter (matching the
nominal TuFF dimensions). The fiber ends are simply modeled as a gap in the fiber,
but it is important that this gap is long enough such that the local stress fields at the
fiber ends do not interfere with each other (as indicated by the microstructure data dis-
cussed in Section 2). A gap length of 50 um has been employed, and it was confirmed
by examining and plotting the local stresses at and around the fiber ends that this en-
sures that the local fields around each fiber end are independent. The subvolume dis-
cretization is biased such that it is denser in the vicinity of the fiber ends. There are
only 2 subvolumes between subcells, but as mentioned, doubling and quadrupling this
refinement had almost no effect on the model predictions. The RUC discretization is
12 x 426 subvolumes, and the fiber spacing was chosen to result in the desired fiber
volume fraction of 0.55 (matching the experimental average).
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Fig. 3. HFGMC RUC used to simulate the IM7/PEKK TuFF composite. (a) Fibers are
black, matrix is gray, with no discretization shown. (b) Discretization shown. (c) Detail
showing the discretization near fiber ends.

3.2 Crack Band Matrix Damage/Failure Model

The crack band model, originally proposed in ref. [14], has been modified and imple-
mented within NASMAT to model failure in the PEKK matrix material. This contin-
uum damage theory assumes that the fracture energy due to cracking in the material is
dissipated over the entire volume of the continuum subvolume containing the damaging



zone, or crack band. The relationship between the traction on, and separation of, the
crack faces within the crack band are governed by a traction versus separation law, and
the area under the traction-separation law is equal to the fracture toughness of the ma-
terial, which is a model input. In the NASMAT implementation, it is assumed that the
crack band aligns normal to one of the basis vectors in the local material coordinate
frame, and the cracks evolve under a mixed-mode (power-law) relationship (see ref.
[15] for details).

3.3 IM7 Carbon Fiber Stiffening

The longitudinal tensile tests on the IM7/PEKK TuFF composites, as well as similar
tests on unidirectional IM7/PEKK, exhibited noticeable stiffening [9]. Oliveira et al.
[16] observed and quantified the elastic stiffening behavior of IM7 carbon fibers.
Ruland [17] proposed a mechanism for this behavior based on unwrinkling of the con-
nections between graphitic layers in carbon fibers. Oliveira et al. [16] quantified the
IMT7 fiber stiffening based on,
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where E1; is the initial longitudinal Young’s modulus, oy, and & are the longitudinal
stress and strain, respectively, and Jis an empirical constant. The (inverse of the) ap-
parent Young’s modulus can then be determined as,

E, o, E, E}
Oliveira et al. [16] determined the following values of £, and ¢ for the IM7 fiber,
E,=264.1£16.0 GPa, 0=-496+0.23 3)

Fig. 4 shows the longitudinal nonlinear elastic stress-strain response of the fiber,
according to the work of Oliveira et al. [16] compared with the linear elastic response
of the IM7 fiber according to the vendor-supplied Young’s modulus of 276 GPa [18].
The slight difference in initial Young’s modulus (264.1 vs. 276 GPa) is barely notice-
able, but at a longitudinal strain of 0.025, Eq. (2) indicates a (secant) Young’s modulus
0f 309 GPa (11% stiffer compared to the vendor Young’s modulus).

Fig. 5 shows the effect of including the fiber stiffening on the longitudinal tensile
response of a 0.58 fiber volume fraction unidirectional IM7/PEKK composite, along
with experimental data [9]. Clearly, including the fiber stiffening in the model signifi-
cantly improves the predicted composite deformation response with respect to the cor-
relation with the experimental data.
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Fig. 4. Comparison of the stress-strain response of an IM7 carbon fiber treated as linearly elastic
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Fig. 5. Micromechanics predictions of the longitudinal stress-strain response of a 0.58
fiber volume fraction continuous IM7/PEKK composite.



3.4  Constituent Material Properties

The PEKK matrix was treated as isotropic, with elastic properties obtained from tests
on neat PEKK specimens [9]. The IM7 fiber was treated as transversely isotropic and
elastic, with a longitudinal Young’s modulus that stiffened under longitudinal loading
according to Eq. (2). These properties are given in Table 1.

The failure of the IM7 fiber was dictated by the maximum strain criterion, which
was only active in the longitudinal direction. A nominal failure strain of 2% was em-
ployed. The progressive damage and failure of the PEKK matrix was dictated by the
crack band model (see Section 3.2). The mode I and mode II damage initiation tractions
were taken as the average tensile and shear strengths (respectively) from the neat PEKK
tests [9]. Fracture toughness tests for the PEKK matrix were not conducted, and reliable
toughness data (for the neat matrix, as opposed to interlaminar composite data) were
not available. Through discussions with Arkema [19], the supplier of the PEKK ther-
moplastic, a value for the mode I fracture toughness, Gic, of 11 N/mm was obtained.
Because this value is not well-known nor documented, and it is quite high, sensitivity
studies were performed with the model regarding the mode I fracture toughness, with
this value as a baseline. To obtain a reasonable value for the mode II fracture toughness,
Giic, the mode I value was scaled based on the mode II to mode I interlaminar fracture
toughness data for a carbon/PEKK composite provided by Toray [20]. This ratio
Giic/Gic of 1.44 was maintained for all simulations when varying the PEKK toughness.
These damage and failure parameters are listed in Table 2.

Table 1. Constituent elastic properties.

E11 (GPa) E2 (GPa) vi2 V23 G12 (GPa)
PEKK Matrix 4.454 4.454 0.4212 0.4212 1.567
IM7 Fiber 264.1%* 14 0.25 0.25 20.

* This is the IM7 initial modulus, used in Eq. (2) with & = -4.96, to capture fiber stiffening.

Table 2. Constituent damage/failure properties.

Mode I damage = Mode Il damage Baseline Gic Baseline Gnc  Mixed-mode

initiation traction initiation traction (N/mm) (N/mm) power law
(MPa) (MPa) exponent
PEKK
. 118.7 71.9 11 15.8% 1
Matrix

IM7 Fiber  Brittle, longitudinal failure strain = 0.02

* Based on 1.44 ratio with Gic.



4 Results and Discussion

4.1 Simulated Damage Mechanisms

Fig. 6 illustrates the typical damage progression in the IM7/PEKK TuFF composite
during simulated longitudinal tensile loading. One of the four regions including fiber
ends is highlighted. Damage initiates at the fiber ends (consistent with Ref. [21]). The
damage then transitions to shear splitting between the fibers along the length of the
RUC.

Fig. 7 shows the longitudinal strain in the IM7 fibers, in a region of fiber ends, im-
mediately before and after breakage of a fiber is predicted. Before the fiber breaks, the
adjacent fibers bridging the fiber ends are overloaded compared to fibers further from
the fiber ends. This then results in a fiber subvolume in this region exceeding its strain
to failure in the simulation (i.e., a simulated fiber break).

Fig. 8 illustrates that the fiber shear splits can run the length of the composite and
link up, causing final failure of the composite. This can occur without fiber breaks (for
instance, if the fiber strain to failure was very high), or in conjunction with fiber breaks
(as shown in Fig. 8). As will be shown, this predicted final failure behavior is depend-
ent on the fracture toughness of the PEKK matrix.
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Fig. 6. Progressive damage evolution in a IM7/PEKK TuFF composite during simu-
lated longitudinal tensile loading.
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Fig. 8. The fiber shear splitting can run and link up, causing simulated final failure of
the composite. This can occur before, or in conjunction with, fiber breakage.

4.2  Correlation with Experimental Data

Fig. 9 compares the HFGMC model predictions for the TuFF composite with experi-
mental data [9]. Model prediction with and without fiber stiffening are shown. Clearly,
the inclusion of fiber stiffening has significantly improved the correlation with the test
data, particularly at the higher strain levels. The arrows in Fig. 9 indicate the onset of
damage at the fiber ends and the onset of splitting damage. This is quite early in the
simulation, and there is no obvious sign in the global response indicating that damage
has initiated. The progression of the fiber splitting is slow, and the predicted strength
of the TuFF composite is 2.8 times the damage initiation stress.

The final failure prediction in Fig. 9 appears good, but this is dependent on the fiber
strain to failure, which was simply taken as 0.02. A more rigorous fiber failure model
would account for the statistical nature and length scale effects to enable consistent
predictions for both the TuFF composite and its unidirectional counterpart (see Fig. 5).
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Fig. 9. Comparison of the HFGMC model predictions for the longitudinal tensile re-
sponse of a 0.55 fiber volume fraction IM7/PEKK TuFF composite with test data [9].
Predictions with both linear elastic and stiffening IM7 fibers are shown. The arrows
indicate the initiation of damage at the fiber ends and initiation of shear splitting.

4.3  Sensitivity of Predictions to PEKK Matrix Toughness

To examine the sensitivity of the HFGMC predictions to the PEKK matrix fracture
toughness (which, recall, is not well-known), simulations were conducted with the
PEKK Gic and Gyic values successively divided by 2. The ratio of Gic to Gic was
maintained at 1.44. This treats the matrix as successively more and more brittle. Re-
sults are shown in Fig. 10.

Interestingly, for the five simulations with the tougher matrix (Gic = 0.688 N/mm
and above), the toughness value has almost no effect on the prediction. This is because,
when the matrix is sufficiently tough, the fiber breakage initiates before the shear splits
between the fibers run. The onset of fiber breakage is associated with the large drop in
stress in the stress-strain response, indicated simulated final failure. In contrast, if the
matrix is sufficiently brittle, the splits run before the initiation of fiber breakage. This
also causes a large drop in the stress, indicating predicted final failure. It is clear from
Fig. 10 that this transition in the final failure mechanism occurs between Gic values of
0.688 N/mm and 0.344 N/mm (corresponding to Guc values of 0.99 N/mm and 0.5
N/mm).
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Fig. 10. Sensitivity of the TuFF composite longitudinal tensile response to the PEKK
matrix mode I fracture toughness, Gic, value. Note that, in all case, Gic is taken as 1.44
times Gic.

Fig. 11 shows the final damage/final failure patterns for the toughest and most brittle
cases from the Fig. 10 sensitivity study. With the very tough PEKK matrix, the matrix
shear splitting between fibers progresses quite far, but the fiber breakage occurs before
the splitting runs. For the brittle matrix case, there is some fiber breakage present, but
this has occurred after the matrix splits have run and widely linked up.

These results indicate the necessity of employing a tough matrix (like PEKK) in
TuFF composites. If the matrix is too brittle, the matrix splits will run (causing com-
posite final failure) before the fibers break. To take full advantage of the high strength
of the fibers, the matrix must be sufficiently tough so as to prevent the splits from run-
ning until after the initiation of fiber breakage.

A post-test photo of an IM7/PEKK TuFF longitudinal tensile specimen is shown in
Fig. 12 [9]. There is clear evidence of fiber breakage and matrix splitting but, obvi-
ously, there is no way to determine the order of these events.
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Fig. 11. Comparison of the final damage pattern between the toughest and most brittle
cases from Fig. 10. The global stress-strain curves are shown for reference.

Fig. 12. Post-test photo of one of the TuFF longitudinal ténsile specimens [9].

5 Conclusion

A progressive failure modeling framework has been developed and applied to the novel
Tailored Universal Feedstock for Forming (TuFF) discontinuous long fiber composite
using the NASA Multiscale Analysis Tool (NASMAT). The model integrates high-
fidelity micromechanics via the High-Fidelity Generalized Method of Cells (HFGMC),
a matrix crack band damage formulation, and nonlinear fiber stiffening behavior to ac-
curately simulate the progressive damage and failure mechanisms of the IM7/PEKK
TuFF system. Crucially, microstructural input to the model was informed by segmented
serial sectioning image data. This allowed for a realistic representation of fiber geome-
try, spacing, and end distributions, leading to highly efficient yet representative micro-
mechanics simulations. The model predictions exhibited excellent correlation with ex-
perimental stress-strain behavior, particularly when fiber stiffening was included, and
captured critical features such as the onset and progression of fiber-end damage and
matrix shear splitting.

Sensitivity analyses demonstrated that the fracture toughness of the PEKK matrix
plays a pivotal role in determining the ultimate failure mode of the TuFF composite.
When the matrix is sufficiently tough, failure is governed by fiber breakage, allowing
the composite to fully exploit the high strength of the carbon fibers. In contrast, a brittle
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matrix promotes premature matrix splitting, limiting overall composite strength. These
findings highlight the importance of carefully selecting or tailoring matrix properties in
TuFF composites to ensure optimal performance. Overall, this work confirms that with
proper micromechanical modeling and material design, long discontinuous fiber com-
posite systems like TuFF can deliver structural performance comparable to continuous
fiber composites while offering the manufacturing flexibility and cost advantages of
sheet-formable materials.
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