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The stochastic prepreg platelet molded composite (PPMC) occurs when the orientation and arrangement dis-
order of platelets are determined by the uncontrolled molding conditions. The understanding of composite
structure-property relationship is essential for the engineering applications of PPMCs. Computational analysis of
the structure-property relationship in a PPMC with stochastic meso-scale morphology is herein performed under
uniaxial tension conditions. The virtual distributions of tensile properties are obtained from the in-silico tensile

tests based on the progressive failure analysis in the full-sized stochastically generated PPMC coupons. The
developed analysis allows investigation of how the PPMC meso-structure details, such as platelet geometry and
system morphology, define the variability in PPMC effective tensile properties.

1. Introduction

Prepreg platelet molded composite (PPMC) as a material form has
been developed [1,2] to achieve a discontinuous composite system with
controlled fiber length and 50-60% fiber volume fraction (FVF). PPMC
starts as a continuous fiber (CF) prepreg tape, see Fig. 1(a), which is a
material form that is well known and uniform in properties that can be
either experimentally measured or micromechanically predicted. PPMC
structures are fabricated by cutting and slitting the prepreg tape into
platelets with a prescribed length, L,, and width, w;,, then compression
or transfer molding the platelets into the required geometries. The
platelets inherit the initial fiber alignment, fiber volume fraction, and
unprocessed thickness from the parent tape, but the discontinuities in
the system allow for net shape molding processes. Having collimated
fibers of the same length efficiently packed within a platelet, high fiber
volume fraction is achieved in a PPMC. Owing to these characteristics, a
PPMC provides for sufficient formability [3,4] and enhanced mechan-
ical properties [5] as compared to the conventional discontinuous
systems of dispersed “short”/”long” fibers [6] for compression molding,
such as sheet molding compounds (SMC) and bulk molding compounds
(BMC) with FVF in the range 10-30%. Furthermore, molding with
prepreg platelets opens wide opportunities for the trim- scrap re-
utilization [7,8], which has a significant role in reducing the cost and
environmental impact of composites manufacturing. PPMCs are cur-
rently in production for use in aircraft and automobile structures;
nevertheless, the current level of understanding of PPMC requires a

substantial amount of experimental proof testing of the finished parts,
which can be reduced by the development of the fundamental knowl-
edge of the origins of composite properties from underlying composite
structure (i.e. the composite structure-property relationship).
Macroscale is the largest length scale where the overall mechanical
performance under some loading conditions is evaluated. As pointed
out by Lakes [9], a structure may be present on several scales in the
material, but the largest structural element scale typically controls the
effective (macroscopic) response of the material system. A PPMC
system has two easily recognized scales of heterogeneity where struc-
ture can be seen, namely a micro-scale where individual fibers are
distinguishable, and a meso-scale, meaning the scale where individual
platelets are distinguishable. The fibers and matrix are the micro-con-
stituents of the PPMC as they are building blocks of a platelet, while the
platelets are the building blocks in a PPMC at the meso-scale. A PPMC
has the major stress concentrations in the meso-scale stemming from
the discontinuities between individual platelets. The local meso-scale
interactions between platelets determine the dominant factors that
control the progressive damage and macroscopic failure strength of a
PPMC, i.e. the meso-scale stress transfer defines the macroscopic re-
sponse of the composite. The meso-scale stress transfer between inter-
acting platelets depends on the details of composite meso-structure.
Therefore, a PPMC derives its effective mechanical properties from the
complex meso-scale structure. The meso-scale structure of a PPMC is
defined by the platelet geometrical parameters and meso-scale morphology,
which is characterized by the arrangement (overlapping), orientation
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Fig. 1. (a) Morphological forms of a prepreg platelet molded composite (PPMC) system; (b) Process-structure-property relationship in a PPMC along with the
definition of the PPMC meso-structure descriptors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

and number of platelets in the system, as schematically summarized in
Fig. 1(b).

Prepreg platelets may be processed into different forms resulting in
the PPMC systems of varying morphological complexities, as schema-
tically summarized in Fig. 1(a). For example, a semi-controlled mor-
phology with a deterministic orientation state can be engineered by in-
troducing the regular pattern of cross-fiber cuts into the CF prepreg
plies to produce sheets of aligned and staggered platelets [10,11];
thereafter, these preforms (sheets) are assembled at different angles to

fabricate a multidirectional laminate with a desired orientation state.
Although in practice the overlap distribution between platelets from
adjacent plies is obtained in a non-controlled way and is essentially
non-deterministic, the resulting PPMC meso-structure can be classified
as semi-deterministic due to the controlled orientation state. Alter-
natively, a stochastic meso-structure of a PPMC is achieved when the
orientation and arrangement disorder of platelets result from their
uncontrolled initial positioning in the mold and further anisotropic flow
of heterogeneous compound, causing relocation and reorientation of



S.G. Kravchenko, et al.

platelets, while the molding process results in the non-deterministic
local geometrical dimensions (thickness and width) of processed pla-
telets. Thereafter, platelets are structurally arranged at various angles
relative to one another to produce irregular semi-laminated mor-
phology, where the majority of platelets are planar-distributed although
platelets may bend around their neighbors to form wavy compliant
overlaps. Stochastic local structural arrangement and orientations of
platelets along with non-constant platelet dimensions vary throughout
the volume of a PPMC and have a major role in the failure mechanisms
since damage in the composite seeks out the locations where a local
meso-scale stress concentrations yield the possible failure sites.

Stochastic manufacturing process incorporates uncertainty into
PPMC meso-structure, which translates into the largely scattered ef-
fective stiffness and strength measured in typical size tensile coupons
[12]. The scaling and variability of effective mechanical properties
strongly depend on the stochastic PPMC meso-structure descriptors as
different research groups have reported [5,8,13-17]. The previous ex-
perimental characterization of stochastic PPMCs showed that: (i) the
composite tensile properties increased with platelet length (for constant
platelet thickness), while longer platelets provided for increased
variability of properties [18,5,14]; (ii) the thinner parent tape provided
for reduced variability and increased averages of properties [15,19];
(iii) increased coupon thickness improved the properties [5].

An ability to design the desired combinations of properties a PPMC
comes with increased understanding of the origins of macroscopic
properties from the composite meso-structure determined by the man-
ufacturing specification [20]. The study of the structure-properties re-
lationship is fundamental for the development of a PPMC compatible
with intended application. Computational analysis of the structure-
property relationship, which is the main motivation of the present
work, allows to virtually investigate the design space of control para-
meters of PPMC meso-structure. Virtual material design is a valuable
tool, since it aids in addressing the effects of material variables prior to
the manufacturing and, thus, reducing the trial-and-error efforts in
material development for tailored properties [21,22]. In this work, the
authors will show that all descriptors of the meso-structure are re-
sponsible for scaling and variability of the PPMC macroscopic proper-
ties.

The analysis methods for unidirectional short fiber composites (SFC)
and multidirectional SFC (modified rule of mixtures, laminate analogy)
are not appropriate for the analysis of a PPMC, as they (i) do not have
fibers as building blocks at the meso-scale and (ii) generally speaking,
disregard the morphological complexity of a composite. A number of
computational meso-scale models to evaluate the effective properties of
stochastic PPMC tensile coupons were recently proposed [23-28]. The
analysis methods that oversimplify or neglect the realistic morphology
details of a composite, though useful for certain applications, have in-
trinsic limitations on predictive capabilities of composite properties
stemming from inability to describe the internal stress distributions in
composite elements. Given the spatial complexity of a PPMC stochastic
meso-structure, a computational model amenable for the analysis of
structure-property relationship is expected to account for the three-di-
mensional meso-structure dependent stress transfer.

The main objective of this work is to develop a computational
analysis to simulate and explain the scaling and variability of effective
tensile properties (stiffness and strength) of a stochastic PPMC from the
known deterministic properties of a platelet parent material and
stemming from the details of composite meso-structure. The focus is to
investigate by simulation (in-silico) different size effects associated with
the variable meso-morphology and modified geometrical characteristics
such as: (i) the influence of the platelet dimensions, (ii) the effect of
tensile coupon thickness, and (iii) the effect of the orientation state in a
coupon on probabilistic values of stochastic PPMC stiffness and
strength. The analysis of probabilistic distribution of stochastic PPMC
tensile properties has its foundation in the progressive failure analysis
(PFA) of virtual (digital) full-sized tensile coupons with modified
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descriptors of explicitly modeled meso-structure, meaning that PFA is
conducted for repeated random sampling of virtual meso-morphologies.
The PFA is performed within the framework of continuum damage
mechanics wherein a platelet is considered a damageable homogeneous
orthotropic material having the mechanical constants of the parent
prepreg tape. The Monte-Carlo (probabilistic) approach to virtual
testing enables quantification of the variation and uncertainty of sto-
chastic PPMC tensile properties caused by the variability of meso-
structure by obtaining the distributions of properties instead of fixed
values, where a distribution describes the range of possible values and
shows which values within the range are most likely. Basic methods of
statistics are used (i) to validate the results of probabilistic modeling
against the experimental data and (ii) to compare the property dis-
tributions for the modified control parameters of the virtual meso-
structure samples. The proposed analysis is shown to support the ex-
perimental observations and, therefore, is useful for the virtual study of
the structure-property relationship in a PPMC.

2. Experimental work

2.1. Manufacturing of stochastic PPMC tensile coupons with various
orientation states and thicknesses

Several groups of coupons were manufactured to study (i) the effect
of coupon thickness and (ii) the effect of platelets alignment on the
distribution of effective tensile properties of a stochastic PPMC. The test
matrix is summarized in Table 1. Platelets with L, X w,

= 12.7 X 12.7 mm were obtained from a unidirectional carbon fiber/

thermoplastic prepreg tape AS4/PEKK supplied by Cytec/Solvay. Se-
lected coupons from different batches were CT-scanned and the average
degree of platelet fiber alignment, a;;, with the loading direction (x;)
was analyzed with VGStudio MAX using the methodology explained in
[29] and reported in Table 1.

Stochastic orientation state of the meso-morphology depends on the
manufacturing conditions during the molding process. A “low- flow”
process [30] is typically referred to as molding with minimal change of
platelet orientation during compaction. It stems from the full mold
coverage with a charge (compound) of platelets under no control of
their arrangement. A square flat mold was herein used to manufacture
the “low-flow” plaques with planar dimensions of 254 X 254 mm
(10 x 10in). The charge of platelets was deposited into the mold, then
heated to 380 °C to reach the melt temperature of the polymer, and
subsequently pressed at 6.9 MPa (1000 psi). The tool was then air-
cooled and the plaque was demolded. Structural adhesive was used to
bond the 50.8 mm (2 in)- long fiber-glass tabbing strips to either end of
the molded plaque. Individual tensile coupons were then cut from a
tabbed plaque. Ten-inch long coupons had a final gage length, L, of
152.4 mm (6in) and width, w, of 25.4 mm (1in).

Flow conditions can modify the stochastic orientation state in a
PPMC. The “flow-aligned” and “high-flow” coupons were manufactured
to have a preferential alignment of platelets induced by the flow con-
ditions. In the first approach, a flat plate was compression molded from
a center charge (40% charge coverage) in squeeze flow to extract the
so-called “flow-aligned” coupons. The details of manufacturing of
“flow-aligned” tensile coupons can be found in [31]. Elongation of the
charge during molding caused the preferential alignment of platelets in
the direction of flow, coincident with subsequent loading direction. The
flow induced orientation state remains stochastic by nature but pos-
sesses a higher degree of global alignment (a;;). In the second ap-
proach, the charge of platelets was placed in the charge cavity and
forced to flow into the horizontal channels through the vertical sprue
producing the so-called “high-flow” coupons.

2.2. DIC complemented tensile testing of PPMC coupons

The effective elastic and strength properties of stochastic PPMC
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= coupons were measured in the uniaxial displacement-control tension
g w| << B35 B test. The coupons were coated with white spray paint and a random
&‘,:’ z| 223833 & pattern of black speckle marks was applied for Digital Image
e Correlation (DIC) to measure the strains. Tensile tests were performed
g P in a 22-kip-MTS material testing system with crosshead rate of 2 mm/
3 § min. Coupons were loaded in the test frame and 5-megapixel DIC
2| 8 images from two cameras were captured with Correlated Solutions’
E E << VIC-SNAP software. DIC-measured displacements were used to calcu-
OClz|ZzzZwun o late full field Green-Lagrangian strain distribution during loading his-

tory. The average Lagrangian strains in the loading x;-direction,
&, (Q), determined by the DIC analysis on the front face of a coupon
were plotted against effective tensile stress, &;;, to characterize the
macroscopic response of a PPMC coupon [5,16]. Global strain, &; (Q),
was calculated over the entire speckled surface of the coupon,Q ,
127 x 25.4mm (5 x 1lin) as shown in Fig. 2. Effective stress was cal-
culated from the force channel in the test machine as force divided by
the coupon average cross sectional area (w X t). Example stress-strain
curves are shown in Fig. 3. Effective tensile modulus of a coupon was
evaluated as the slope of the &;;-&;; curve over the strain interval of 100
to 2000pe. The ultimate strength of a coupon is recorded as an abrupt
load drop when a critical state of damage is reached for a macroscopic
crack to be formed to separate a coupon into two pieces.

The initial linear global response of a coupon is followed by the
progressive global stiffness degradation leading to a non-linear mac-
roscopic stress-strain (1;-€1) relation before the ultimate strength is
reached, see Fig. 3. The evolution of local damage within a coupon
reflected in the non-linear portion of the global stress-strain curve is
recognized by the multiple audible crack events (distinct clicking
sounds, “pings” and “tings” also previously reported in [32]). The meso-
scale heterogeneous composite system of many platelets is a highly
redundant structural system. This means that a PPMC is able to form
multiple simultaneous precursory damage sites and develop alternative
paths for damage progression during a typical tensile test. Therefore, a
prominent feature of a PPMC is the coexistence of the primary and
several secondary failure sites during loading, which can be observed in
a coupon post-mortem. Local meso-scale cracks form early in the
loading history of a coupon and progressively develop until one of them
grows into the macroscopic crack running from one edge of the coupon
to another and providing for the major/primary failure site, while the
rest of the cracks can be termed as secondary failure sites. The ob-
servation of post-mortem coupons indicates that the complex topology
of the macro-crack is defined by the details of coupons local meso-
morphology. The number and extent (or size) of secondary failure sites,
i.e. the damaged regions competed for but not resolved into formation
of the macro-crack, depend on the details of the PPMC meso-structure.
Fig. 2 shows one example of the two large-scale developing cracks
visible with a naked eye before ultimate strength is reached, and
eventually one of them matures into a macroscopic crack while the
other one remains a secondary damage. Fig. 4 shows an example
wherein the internal damage distribution was inspected. Therein, the
major failure site, a macro-crack, has been developed in the upper
portion of the coupon, while there was a substantial internal damage in
the lower portion made visible via the CT-scanning of a post-mortem
coupon. Internal damage also appeared as a series of edge cracks well
seen through optical microscopy.

40% mold coverage with a charge made of stacked plaques previously obtained by pressing the plateletsin 3

a fully covered mold
Platelet charge experienced plug flow in a transfer molding process

Full mold coverage with platelet charge

Manufacturing method

Avg. coupon thickness, t
0.8 mm
1.4 mm

3.7 mm
7 mm

3.92mm
3.84 mm

Sample size

10
13
20
24

2.3. Statistical significance methods

Type of stochastic orientation

state
“Flow-aligned”

“Low-flow”
“High-flow”

Since the mechanical properties of a stochastic PPMC exhibit largely
scattered distributions, the statistical analysis is a necessary tool to
understand the effects of meso-structure control parameters on the
composite properties. In the following work, the batches of PPMC
coupons with modified characteristics of stochastic meso-structure are
tested (experimentally and virtually) to study if the distributions of
effective tensile stiffness and strength significantly depend on the
varied meso-structure characteristics. The collection of measurements

Platelet size, L, X w,
12.7 x 12.7 mm

Table 1
Test matrix.
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Fig. 2. Tensile coupon schematic (left) and DIC-analyzed strain field along with photographs of the damage topology (at two loading instances) from the front face of
a selected PPMC coupon (right). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Effective tensile response of stochastic PPMC coupons: experimental
(“exp”) and simulation (“sim”) results. Average thickness, ¢, of experimental
coupons is 3.7 mm; thickness of in-silico coupons is 3.5 mm. Platelet dimensions
in the simulation are L, X wy, X t, = 12.7 X 12.7 X 0.14 mm. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

taken from a population of a specified batch of coupons represents a
data sample. The Anderson-Darling (A-D) test for normality is used to
detect the departure from normality of the data samples. To ensure the
existence of a relationship between the PPMC tensile properties and a
modified meso-structure characteristic, statistical significance of the
observed difference between the samples is analyzed by the two-sample
Welch’s t-test and two-sample Kolmogorov- Smirnov (K-S) test [33] to
compare the averages and cumulative distribution functions (CDFs),

respectively. The two-sample tests determine if the hypothesis of the
two samples representing the same distribution can be rejected or not at
the certain significance level (SL). The difference between the data
samples is herein deemed statistically significant if the probability of
the phenomenon being random is less than 5%, resulting in the p-value
less than 0.05.

2.4. Scaling of stochastic PPMC tensile stiffness and strength by coupon
thickness (Experimental)

Herein we experimentally invesitigate the research hypothesis if the
distributions of tensile stiffness and strength are dependent on the
thickness of PPMC coupons with stochastic meso-structure. Four bat-
ches of PPMC coupons (with a platelet size Lyxw, = 12.7 X 12.7 mm)
were made with average thickness of 0.82mm (cov. 5.7%), 1.4 mm
(cov. 5.3%), 3.73mm (cov. 0.8%), and 6.9 mm (cov. 7.9%). Table 2
gives the number of coupons within each batch (sample size). The
distribution of tensile modulus and strength data is shown in Fig. 5. The
samples were quantitatively screened by the maximum normal residual
method for the outliers. The two-sample tests were used to analyze the
means and CDFs from the smallest to the largest coupon thickness to
determine which distributions are and are not significantly different
with corresponding p-values reported in Table 2. Effective stiffness and
strength of a stochastic PPMC seem to scale substantially with material
thickness. It follows that the overall coupon average stiffness improves
from about 30 GPa to 40 Gpa when coupon thickness is increased from
less than 1 mm to about 3.7 mm, while the average effective strength
showed two-fold increase going from the thinnest to the thickest cou-
pons, being doubled from about 100 MPa to over 200 MPa. Statistical
analysis showed that both mean values and cumulative distributions of
stiffness and strength of 0.82 mm, 1.43 mm, and 3.7 mm thick coupons
are significantly different at the 5% significance level (p-values < 0.05),
while the null hypothesis cannot be rejected (with 95% confidence
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Fig. 4. Internal secondary damage observed with CT-imaging, edge cracks and a major failure site (macro-crack) in a selected coupon. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

level) for the samples of 3.7 mm and 7 mm thickness (p-value > 0.05).

3. In-Silico uniaxial tensile test of a stochastic PPMC

This section describes the development, application and inter-
pretation of results of a computational finite-element (FE) model to
predict macroscopic stiffness and strength of a stochastic PPMC by the
simulation of a uniaxial tensile test of a full-sized virtual coupon with
semi-laminated stochastic meso-scale morphology and deterministic
platelet size.

The three-dimensional meso-morphology of a stochastic PPMC is
explicitly modeled for the analysis of meso-structure dependent effec-
tive tensile properties of the composite. The utilized meso-scale com-
putational approach considers individual platelets as transversely iso-
tropic homogenized material with properties of the prepreg tape. The
PFA at the local platelet level is based on the (i) stiffness reduction
scheme and (ii) smeared crack approach realized for the constitutive
tensor of the platelet material, and consists of computing the platelet-
level stresses and strains, which are then used as input to the selected
failure model. The overall (macroscopic, or effective) behavior of a
PPMC coupon is defined by the interactions between individual plate-
lets.

The meso-scale morphological details of a PPMC coupon are ex-
plicitly incorporated into the computational model to ensure an

Table 2

adequate three-dimensional meso-scale stress analysis, as the scale of a
single platelet is not separable from the scale of a laboratory tensile
coupon for the platelet sizes used in practice. Some realistic morpho-
logical features such as complex platelets arrangement and variable
platelet orientation are reflected in a virtual material architecture to
obtain the reliable prediction of mechanical properties. A “computa-
tional window” size of a PPMC meso-structure sample for virtual (in-
silico) testing is selected to have the typical dimensions of a full-sized
tensile coupon, as there are no smaller volumes representative of the
full coupon meso-structure amenable for the computational analysis of
composite properties to compare them to the experimental data at the
macroscopic level of observation.

Progressive local meso-scale damage in a platelet is mathematically
expressed as a permanent weakening (i.e. loss of stress carrying capa-
city) at material points by means of continuum damage mechanics
(CDM), which treats the effects of PPMC “meso-cracks” by locally re-
ducing (“softening”) the corresponding components of the platelet
constitutive tensor [34]. CDM allows prediction of both initiation and
propagation of damage without making a modification to the original
FE mesh of the structural system, i.e. without geometrically modeling
such cracks by the insertion of discontinuities into the original FE mesh.
Thus, in a smeared crack approach, the nucleation of one or more
“cracks” in the volume that is attributed to an integration point is
translated into a deterioration of the current stiffness and strength at

Statistical analysis of variation of PPMC tensile properties with coupon thickness, obtained experimentally.

Coupon avg.
thickness (mm)

Sample size Tensile stiffness (Experimental)

Tensile strength (Experimental)

Avg. St. Dev. COV(%) p-value Avg. (MPa) St. Dev. COV (%) p-value
(GPa) (GPa) (MPa)
A-D test t-test K-S test A-D test t-test K-S test
0.8 10 29.53 2.83 9.60 0.31 112.33 12.62 11.24 0.102
1.4 13 33.70 2.59 7.69 0.02 1.8(1073% 6.1 (1073 167.83 29.57 17.62 0.206 1.2(107°%) 5.6 (107°)
3.7 20 39.92 2.26 5.66 0.81 3.0(1077) 25(10°7) 218.07 31.76 14.56 0.292 81(107% 1.2(107%
7 24 39.23 3.83 9.76 0.63 0.485 0.58 228.76 27.72 12.12 0.657 0.246 0.53
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Fig. 5. Experimental tensile stiffness and strength of a stochastic PPMC made with 12.7 X 12.7 mm platelets as a function of coupon thickness.

that integration point via scalar damage variables, allowing multiple
assumed meso-scale damage mechanisms to interact.

3.1. Assumptions for analysis

Platelet volume fraction in a tensile coupon is assumed 100%, al-
though in reality a physical coupon may have up to 10% of neat resin
pockets [18]. Local platelet thickness and width variation in a physical
PPMC is not addressed in the simulation, meaning the platelet dimen-
sions are considered constant in a given virtual coupon. Homogenized
properties of the prepreg tape (parent platelet material) are assumed
deterministic, meaning that the local fiber volume fraction variability
in a platelet and the dependence of in-situ lamina strength on CF UD ply
thickness are not considered.

3.2. Computational model for virtual tension test of a PPMC coupon with
deterministic platelet size and stochastic meso-scale morphology

The multi-directional stochastic PPMC is approximated as a con-
tinuum in the (x3x2x3) space with sub-domains assigned local co-
ordinate systems (1;2;3;) to represent stacked misaligned platelets.
Fig. 6 shows an example of the domain occupied by a virtual stochastic
PPMC coupon as a collection of sub-domains representing the mis-
aligned individual platelets (shown in different colors) with defined
boundaries, which create local stiffness discontinuities that control
meso-scale interactions between platelets and, therefore, their collec-
tive mechanical response.

The meso-structures of virtual coupons are constructed in DIGIMAT
FE [35] with the sequential adsorption algorithm. It means that sto-
chastic structural arrangement and orientation of platelets is approxi-
mated by the random placement algorithm, where platelets are placed
sequentially by generating their center points and angles according to
the probability distribution functions (PDFs) by means of a pseudo-
random number generator. The sampling of pseudo-random numbers is
from the uniform probability distribution function for platelet cen-
troids, while the orientation probability distribution is extracted from
the requested second- order orientation tensor (OT) [36], a;;, which is a
convenient large-scale descriptor of the orientation distribution in a
composite system containing a large number of misaligned platelets.
The discrete form of the OT for N platelet fiber orientation vectors,
{p®_,, is given by Eq. (1):

@0k @122 (P1P3 )k
202k (P2P3 )k
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where p® = {P; P, P;} = {cosfsing sinbsing cosp} is a vector of the
Kk platelet fiber direction (“1”), which orientation in the global co-
ordinate system (x;x»X3) is defined as shown in Fig. 6. Local 12-plane of
a platelet and the global x;x,-plane are coplanar when the as; term is
requested zero (¢ = 90°). The recovery of the orientation distribution
function (ODF) from the requested a;; is achieved by using the fourth-
order orientation tensor ajjq, which is constructed by the fitted ortho-
tropic closure approximation [37]. The “2D-random” is a special case of
the second-order OT, a;; = [[0.5,i 0, 0] [0, 0.5, 0] [0, 0, 011, equivalent
to sampling random numbers from the uniform ODF.

Meso-structure geometry and mesh generation are combined in a
voxel-based process. The coupon volume is discretized with a regular
grid (pattern) of three-dimensional units, voxels, of selected size. This
grid is known as a voxel mesh. Then, platelets with defined size and
orientation are sequentially placed within the voxel mesh. All voxels
that lie within the platelet’s boundaries are identified as those be-
longing to this platelet. Hence, all platelets consist of collections of
voxels, and any voxel within the coupon volume belongs to only a
single platelet. The packing of virtual platelets is essentially the packing
of clusters of mutually orthogonal parallelepipeds inside a given do-
main (which is a “coupon”). When a new platelet is laid above another
(already existing) platelet, the unsupported segment of a new platelet
will “sink” down while the overlapping part will remain on top of the
existing platelet, which creates curved platelets. Thus, the full three-
dimensional character of a PPMC is preserved in a digital tensile coupon
since the virtual platelet placement proceeds throughout the thickness
of the tensile coupon, allowing for multiple and complex-structured
overlaps of platelets. For positions near the edges of the coupon do-
main, it is possible for the platelet to extend beyond the boundaries of
the domain, meaning a platelet may have a portion lying outside of the
domain occupied by the coupon. Allowing the platelets to extend be-
yond the boundaries of the coupon domain simulates the random sec-
tioning of a coupon volume from a larger volume (like a plaque), where
some platelets will inevitably intersect the surface of a coupon domain.
The voxelized morphology is output as a FE mesh for subsequent PFA,
where each voxel becomes an eight-node brick FE. All platelet elements
are assigned the same homogenized material properties of prepreg tape,
and the local orientation is mapped from geometry to the FEs.
Neighboring elements with similar local material orientation thus re-
present a single platelet. Fig. 6 shows two voxelized platelets (i, j) along
with their local material coordinate systems (1;2;, 1;2;), where “1” is the
local platelet fiber direction and “2” is the local transverse direction.
Single parallelepiped FE (voxel) thickness is herein a required platelet
thickness, while its length and width were taken 0.7 mm. The main idea
behind the voxel based representation is to avoid conformal meshing of
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Fig. 6. (a) Voxel-based finite element model of a virtual tensile coupon with prepreg platelet meso-structure; (b) Platelet fiber direction vector in the global
coordinate system. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

exact platelet shapes. The voxel-based meshing technique is the sim-
plest to implement providing for the very high mesh quality as the
voxels (brick elements) have good quality metrics [38]. The drawback
of the voxel-based mesh is in producing the surface structures that are
aliased or “stair-stepped”.

The virtual coupon global length, width and thickness are labeled as
L, w and t, respectively. The boundary conditions on a virtual coupon
are as follows: one edge (x; = 0) is fixed while the opposite edge
(x; = L) is uniformly pulled along the x;-direction with displacement
u;" and clamped against other displacements, as schematically illu-
strated in Fig. 6. The non-linear quasi-static finite element analysis
(FEA) is carried out with a commercial FE code ABAQUS/Standard
(Implicit) 6.14-1. The platelets are modeled with solid three-dimen-
sional stress elements (C3D8).

A non-linear quasi-static problem is unstable because of the pro-
gressive local material softening. To help convergence behavior in an
implicit solution procedure of ABAQUS/Standard [39], the automatic
stabilization is used through the addition of volume-proportional
damping to the model. The damping factor, a fraction of the allowed
dissipated energy to the strain energy, is set to 1 (10~ *). Furthermore,
the non-default solution control parameters for ABAQUS [39] con-
vergence control algorithm and the load (pseudo-time) incrementation
were found useful in improving the solution efficiency. By using a
“discontinuous analysis”, the default load incrementation parameters I,
and I [39] were changed to 8 and 10, respectively. The default value of
I, the maximum number of cutbacks allowed for an increment, was
increased from 5 to 20.

3.3. Three-dimensional meso-scale constitutive model for damageable
platelet material

The assumed primary local meso-scale failures that develop within a
PPMC include platelet in-plane and out-of-plane damage. Platelet in-
plane damage modes imply the loss of ability to support the in-plane
stresses (071, 022, 012), representing the platelet transverse damage

(platelet splitting along the fibers) and platelet fracture across the fi-
bers. Out-of-plane platelet damage implies the loss of integrity in the
coupon through-thickness direction (delamination between platelets),
when interlaminar stresses (033, 023, 013) can no longer be transmitted
from one platelet to another. As a physical crack implies the stress
transfer disruption, a local cracked region can be modeled as a region
with degraded stiffness. Stiffness discount/degradation with internal
damage variables is a typical approach to computationally represent
damage development [40]. The progression of the local meso-scale
platelet damage modes is treated in the simulation with elastic-brittle
CDM, wherein the meso-scale damage variables are introduced to
modify the platelet stress-strain constitutive tensor (without displacement
discontinuities) based on the damage onset and propagation criteria.

The platelet constitutive model herein utilized is modified from
Linde et al. [41] and employed as a user material (UMAT) FORTRAN
subroutine [39] for ABAQUS /Standard (Implicit). The platelet is con-
sidered as an orthotropic homogenized continuum in which in-plane
and out-of-plane damage is the result of the tri-axial state of stress as
given by Eq. (2):
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where C(d) is the damaged stiffness matrix given in Eq. (3); AT is the
temperature differential; a;; are the coefficients of thermal expansion.
The damaged stiffness matrix depends on the virgin (undamaged)
stiffness components of prepreg tape and three damage variables, with
dy, d, and d3 reflecting the state of damage in the fiber, transverse to the
fiber and out-of-plane directions of a platelet, respectively. The virgin
stiffness components, CJ, are expressed in terms of elastic moduli of the
platelet’s parent unidirectional continuous fiber tape.
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state and d; = 1 is the state of complete loss of integrity. The de-
Table 3 gradation in the through-thickness direction is assumed instantaneous,

Material constants for platelet constitutive tensor.

Material property Numerical value

Longitudinal modulus, E1; [GPa] 130.7
Transverse modulus, E»; (E33) [GPa] 9.6
Shear modulus, G, (G,3) [GPa] 5.7
Shear modulus, G,3 [GPa] 4.0
Poisson’s ratios, vq5 (v13) 0.32
Poisson’s ratio, va3 0.4
Longitudinal coefficient of thermal expansion, a;, [pe/OC] 1
Transverse coefficient of thermal expansion, @, (at33) [e/°C] 25
Longitudinal tensile strength, X, [MPa] 2157
Longitudinal compressive strength, X. [MPa] 1270
Transverse tensile strength, Y, [MPa] 78
Transverse compressive strength, Y. [MPa] 113
Longitudinal shear strength, S;, = S;3 [MPa] 109
Peel strength, Z [MPa] 80
Transverse shear strength, Sz [MPa] 100
Fracture energy, G; [kJ/m?] 12.0
Fracture energy, G» [kJ/m?] 1.0
Artificial viscosity coefficients, 7, and 7, [1/s] 1(107%)
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Given the complex state of stress/strain acting at a material point,
the initial failure is predicted by applying the damage initiation criteria.
The damage initiation functions f;, fo and f; (for internal damage
variables d;, d, and ds, respectively) are given by Eq. (4).
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where €', ;¢ are the failure strains in fiber direction in tension and
compression, respectively; e}/, ¢ are the failure strains perpendicular
to the fiber direction in tension and compression, respectively; e/, is the
failure strain in shear; Z and S, are peel (tensile interlaminar normal)
and interlaminar shear strengths, respectively. The symbol ( ) used in
Eq. (4) represents the Macaulay bracket with usual interpretation. The
failure strains are computed from the dividing the corresponding
strengths over stiffness (assuming linear-brittle fracture). In-plane da-
mage variables evolve monotonically in the range 0 < d; < 1(i = 1, 2).
The evolution laws for in-plane damage variables are based on strains
according to Eq. (5), where d; = 0 corresponds to the initial undamaged

meaning there is no delamination fracture energy present in the model.

fit o ftyge
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0,f, <1
d3 =
0.95,f3 >1 (5)

wherein L€ and G; are the FE characteristic length associated with the
material point and fracture energy for the i damage variable, respec-
tively [41]. The use of the fracture energy-based damage evolution law
and the introduction of the characteristic length L in the damage
evolution law help to minimize the mesh sensitivity of the numerical
results [42], which is a common problem of constitutive models with
strain softening response. The viscous regularization method [34,43]
for the damage variables d; (i = 1,2) is used to reduce damage locali-
zation and improve convergence. The strain rate dependence was in-
troduced into the evolution law of damage variables, d; (i = 1,2), as
formulated in Eq. (5a):

d v 1 vV
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where 7, (i = 1,2) is an artificial viscosity coefficient and d;” (i = 1,2) is
the viscous (regularized) damage variable replacing the damage vari-
able, d; (i = 1,2), in the constitutive equations. To avoid unrealistic
results due to viscous regularization, the associated dissipated energy
should be small compared to the strain energy. The limiting factor of
0.95 for the d; damage variable was chosen following the general
guidelines from [44].

Material constants used in the analysis are listed in Table 3.

3.4. Progressive failure analysis in a virtual tensile coupon

A virtual tensile test is performed on a PPMC coupon with dimen-
sions of L X w X t = 152.4 X 25.4 X 3.5mm and the platelet dimen-
sions of L, X wp, X t, = 12.7 X 12.7 X 0.14mm. The input OT to gen-
erate the virtual meso-morphology is 2D-random. The results of a
virtual tensile test are reduced by elementary homogenization wherein
the coupon effective/macroscopic response is characterized by the en-
gineering strain, &, and stress, &, defined as the fraction of loading
displacement (i.e. coupon elongation), u;’, to initial length, L, and re-
action force, Fj, to the cross-sectional area of a coupon, respectively.
The finite-element mesh size is discussed in Appendix A1l. The effect of
thermal-residual stress on the composite tensile strength is discussed in
Appendix A2; the thermal-residual stresses are not considered in the
subsequent sections. The energy over the whole model associated with
viscous stabilization methods was always less than 5% of the strain
energy prior to reaching the ultimate strength.

The typical simulated evolution of macro-stress as a function of
applied macro-strain, & (), is shown in Fig. 3 for several virtual
coupons along with the experimental curves for the physical coupons of
the similar geometrical characteristics. The simulated and experimental
curves are in reasonable agreement. The strain field e; (g, %, X3) is
heterogeneous, as shown in Fig. 7(a) for a select virtual coupon,
wherein the local strain variations result from the underlying mor-
phology. There are regions of high and low strains, having size and
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Fig. 7. (a) Demo of progressive failure analysis in a selected virtual stochastic PPMC coupon (simulation coupon #2 in Fig. 3): Distribution of elastic strains
€1 (4, %, X3) corresponding to &; = 0.2% and tension-bending-twisting coupling under uniaxial tension of a coupon; (b) Stages of damage progression, wherein
damage index is d = max{d;}}_,. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

shape relevant to the (i) local orientation state and (ii) global de-
formation of a coupon. High local strains are visible on the coupon
surface at locations where platelets are less aligned with the loading
direction (x;). The strain field has gradients in a coupon through-
thickness direction due to local changes in stiffness from local varia-
tions in platelet orientations. Variable local stiffness in a tensile coupon
makes a position of the shear center and a non-coincident centroid vary
between the cross sections along the coupon length. Non-symmetric
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distribution of geometrical and local material properties (from local
orientations) causes mechanical coupling between different modes of
deformation. Fig. 7 (a) illustrates the bending-twisting-extension cou-
pling that may arise in a stochastic PPMC tensile specimen, where the
deformation is scaled by a factor of ten to highlight out-of-plane dis-
placements resulting from uniaxial tension. Irregularity of the meso-
scale morphology of a PPMC gives rise to gradients in the platelet-level
in-plane stress fields even during the macroscopic tensile deformation.
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In-plane stress gradients give rise to the inter- platelet (“interlaminar”)
stresses [46], which are developed when there are discontinuities in the
load path, e.g. such as platelet edges, and drive the delamination (se-
paration) between different platelets stacked together in a composite
system. The simulation provides the description of interactions of in-
herent stress concentrations, which lead to the complex damage pattern
caused by internal characteristics of stochastic meso-morphology.

A PPMC experiences multiple local failures, wherein local meso-
scale cracks grow and arrest prior to macroscopic coalescence and
global failure. Fig. 7(b) shows the complex pattern of coupled failure
mechanisms and stages of progressive damage in the meso-structure of
a PPMC coupon. The path of damage in the simulation is represented by
the patterns (distributions) of the corresponding damage variables,
which reflect the state of degradation of local stiffness responsible for
local loss of stress carrying capacity and thus representing “smeared”
local meso-scale cracks. In Fig. 7 (b), the undamaged and damaged
regions within a coupon domain are obtained from the FE solution and
are identified by the light gray (d = 0, no crack) and solid black (d = 1,
local crack) colors, respectively, wherein d is the maximum damage
index, d = max{d;};_;. Prior to damage initiation (and even under
“little” damage), the effective stress—strain response, &;; (€1), is linear-
elastic. The transverse and through-thickness damage modes are first to
appear. After damage initiation, the platelet meso-structure starts de-
veloping the damage process zone (DPZ), which is an accumulation of
growing and coalescing damaged local regions. Internal redundancy of
the PPMC meso-structure allows it to redistribute the applied load to
undamaged elements (regions surrounding the damaged spots) when
localized material softening develops. As the damage seeks for alter-
native paths for progression, the meso-structure develops multiple si-
multaneous precursory damage sites. With the incipience of the DPZ,
the load-carrying capacity of the composite is reduced and the coupon
stress-strain relationship, ;(€;1), exhibits non-linear behavior. As the
loading is increased, the damage matures and builds up throughout the
composite volume. The DPZ propagates (grows) in a stable manner
until a critical amount of damage is accumulated and ultimate strength is
reached, thereafter an unstable propagation of damage happens sig-
nifying the final ultimate failure of a coupon. The longitudinal (fiber
direction) damage may take place at that stage. Fig. 8 shows the dis-
tribution of individual damage variables in the post-mortem of a
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selected coupon, which allows to interpret the macro-crack as a com-
bination of all three meso-scale damage modes. The secondary damage
sites (combinations of interlaminar and intralaminar failure modes) can
be observed in Fig. 8 as well. At the macroscopic scale, failure of a
coupon is associated with its “separation” in two pieces by a macro-
crack and is preceded by the formation of a band from local damage
precursors where most of the damage activity accumulates (see Figs. 7
and 8).

The regions of high strain are the regions where damage develops in
the first place. It seems that the major and most of the minor failure
sites are located where the coupling between deformation modes is the
most prominent, close to the convex and concave surfaces of a coupon.
Additionally, the damage tends to initiate near the edges of a coupon
close to those locations. An interesting observation is that the location
of the early damage in the loading history does not have to appear as
the prominent ultimate failure site, see Fig. 7(b).

3.5. Statistical validation of probabilistic distribution of stochastic PPMC
tensile properties from in-silico test series

In the presence of uncertainty, such as “random” spatial overlaps
and variability of local orientations of platelets within coupons, the
measured macroscopic PPMC tensile properties are non-deterministic in
nature. Explicitly modeled heterogeneous meso-structure in virtual
coupons allows quantification of the mechanical properties distribution
of a stochastic PPMC, which emanates from the variability in the meso-
scale morphologies. Twenty virtual coupons were individually gener-
ated by requesting a 2D-random OT to simulate the stochastic tensile
properties of 3.5mm thick PPMC coupons made of
12.7 x 12.7 X 0.14mm (L, X w, X t;) platelets.

Experimental and simulation results of coupon stiffness and strength
scatter are compared in Fig. 9 (a). Fig. 9 (b, left) shows strength plotted
versus stiffness of the experimental and virtual coupons. Stochastic
PPMCs exhibit local orientation variability on sufficiently large length
scales, despite maintaining the same nominal global orientation state.
The local variability of meso-scale morphology translates into both the
variability of effective tensile stiffness and strength. The local variations
of the stochastic orientation state produce the effect of “springs-in-
series”, which explains the sensitivity of the macroscopic stiffness to the

Post-Mortem State of Damage

Edge cracks

—

Fig. 8. Distribution of different damage variables (d;, d», d3) and the local maximum (d) in the post-mortem of a selected coupon. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. (a) Variability of effective tensile stiffness and strength in a stochastic PPMC made of 12.7 x 12.7 mm (L, X w;) platelets: experimental and simulated,
coupon thickness ~3.6 mm; (b) Stiffness-strength correlation (left) and discrete probability distribution of tensile strength (right) in physical and virtual tensile
coupons. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

details of local meso-morphology. The strong influence of local effects
of stochastic meso-morphology is best reflected in the poor correlation
between the macroscopic stiffness and strength of PPMC coupons. As
data in Fig. 9 (a, on the left) shows, the coupons with nearly the same
stiffness may exhibit different strength values, and inversely the cou-
pons possessing different stiffness may have nearly similar strengths.
The histogram in Fig. 9 (b, on the right) specifies the probability of
stochastic strength over its range of values. The discrete probability
distributions of the experimentally measured values and the outcomes
of the in-silico tests appear to be in a reasonable agreement, except for
the likelihood of obtaining the possible lowest values of PPMC sto-
chastic strength. Validation of the results of probabilistic simulation of
stochastic PPMC tensile properties is performed by comparing the ex-
perimental and in-silico property distributions by the two-sample t- and
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K-S tests, wherein the null hypothesis claims that there is no difference
between the distributions. The two-tailed p-value between the mean
scores obtained from the probabilistic virtual and experimental test
series from the two-sample t-test is 0.259 between the stiffness data
samples and 0.408 between the strength data samples. Both p-values
are greater than 0.05, so the null hypothesis cannot be rejected at the
5% SL. The cumulative distributions, indicating the probability of a
variable being less or equal to a specified value, of stiffness and strength
are shown in Fig. 10. The CDFs appear to agree well by visual com-
parison. The statistic of the K-S test (supremum D = 0.25) is associated
to a p-value = 0.497, which indicates that the two distributions are not
significantly different at the 5% SL. Therefore, the difference in results
between the two data samples (experimental and simulated) is deemed
not being statistically significant. This means that the simulation and
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Fig. 10. Cumulative distributions of stiffness and strength from experimental and in-silico tests.

experimental results can be thought to belong to the same underlying
population, implying that the simulation results can be considered re-
liable.

4. Computational analysis of the structure-property relationship
in a stochastic PPMC under uniaxial tension

4.1. Simulated coupon thickness effect on the properties of a stochastic
PPMC

The present section demonstrates that for a given platelet size, the
increased thickness of a tensile coupon provides for the improved
average and reduced variability of stochastic PPMC effective properties.
This phenomenon is a manifestation of the effect of increased platelet
count as stochastic PPMC coupons with more platelets exhibit less
dissimilarity in the meso-morphology descriptors, both in the local and
global sense (for reduced variability) and have more internal re-
dundancy and better chances for a more uniform orientation state with
fewer “weak” spots (for improved properties). The analysis of statistical
significance of the simulated results suggests that the dependence of
stochastic PPMC effective properties on coupon thickness must have a
limit when properties saturate and show no further increase beyond a
specific coupon thickness.

To evaluate the effect of coupon thickness on PPMC tensile prop-
erties, four batches of stochastic virtual coupons with platelet dimen-
sions of L, X wy, X t, = 12.7 X 12.7 X 0.14mm were generated, with
coupon thicknesses of 1.4, 2.38, 3.5, and 6.44m. Fig. 11(a) shows a
view on coupons and their dimensions. The stochastic orientation state
in individually generated virtual coupons is modeled after the nominal
“2D-random” second order OT. Each batch with given coupon thickness
had ten specimens in it. Strength and modulus vary from one coupon to
another due to inherent morphological dissimilarities. The simulated
tensile properties of PPMC coupons are summarized in the bar charts in
Fig. 11(b). Improved effective stiffness and strength and reduced
variability is seen for the thicker stochastic coupons. The distributions
of in-silico tensile properties are subjected to the two-sample statistical
tests to determine if the variation of composite thickness has a statis-
tically significant effect on properties. The p-values from the two-
sample t- and K-S tests are reported in Table 4 and are used to test the
null-hypothesis stating that the samples represent the same distribu-
tion. The results of the t-test show that there is a strong (statistically
significant) difference between the mean tensile properties of the 1.4
and 2.38 mm thick coupons at the 5% SL, as the p-values for the two
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batches for both stiffness (2.5%) and strength (0.24%) are less than 5%.
The difference in mean strength between the 2.38 and 3.5 mm thick
coupons can be considered significant at the 10% SL as the p-value is
7%. The p-value of 38% for strength and 45% for stiffness draws the
conclusion that the data from the 3.5 and 6.44mm thick coupons
cannot be considered to have significantly different means at either 5 or
10% SL. The means of the stiffness and strength distributions are sig-
nificantly different between the 1.4 and 3.5, and 2.38 and 6.44 mm
thick coupons at the 5% SL. The p-values from the statistic of the K-S
test (Table 4) indicate that the CDFs of the stiffness and strength of the
1.4 and 2.38 mm, 1.4 and 3.5 mm, and 2.38 and 6.44 mm thick coupons
are significantly different at the 5% SL.

Internal variability of (local) orientation state is more pronounced
in thinner coupons as compared to the thicker coupons. Fig. 12 com-
pares the measures of local and global alignment of the stochastic or-
ientation state in five arbitrarily selected coupons of two thicknesses,
t=1.4 and 3.5mm. A thicker virtual tensile coupon (average 940
platelets/coupon) encompasses a greater number of platelets than a
thinner coupon (average 340 platelets/coupon). Even with a random
placement procedure based on the generation of pseudo-random
numbers after the uniform distribution (for platelets centroids and or-
ientations), the increased number of platelets in a virtual tensile coupon
results in the mitigation of statistical difference between the individual
coupons. When uniform distribution is used to generate the virtual
coupons, thinner coupons are more statistically different from one other
than the thicker coupons. The resulting average a;; between the five
thin coupons is 0.4896 with a coefficient of variance (cov) of 5%, while
the average a;; between the five thick coupons is 0.50 with a sub-
stantially lower cov of 0.75%. This explains the reduced variance of
effective stiffness and strength in thicker coupons as compared to the
thinner coupons. Let us now use the same a;; entry of the second order
OT to quantify the local degree of platelet alignment in six
(lin) x (1in) X (coupon thickness) volumetric sub-domains (V;) within
a single virtual tensile coupon, see Fig. 12. A smaller number of gen-
erated platelets as in a thinner tensile coupon results in two things: (i) a
greater variance of local orientation state, and (ii) possibility of
achieving a lower local degree of alignment, as compared to the case of
a thicker coupon. The former and latter provide for the reduced effec-
tive stiffness and strength. In other words, for a smaller platelet count,
the chances of having a local drastically dissimilar orientation state in a
stochastic meso-structure (like a “weak spot”) are higher, while the
increased platelet count leads to the improved uniformity of the local
orientation state. In general, by the empirical observations, large
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Fig. 11. (a) Virtual PPMC coupons of variable thickness (t) made of platelets with Lp x w, X t, = 12.7 X 12.7 x 0.14 mm, prepared for the in-silico tensile testing
(along the x;-direction); (b) Stiffness and strength vs coupon thickness (in-silico test results). Stochastic morphology generated after requested uniform ODF.

random samples drawn from any distribution will tend to look like the
distribution they are taken from. Following the “Law of Large Num-
bers”, the local variability of the orientation state in a virtual PPMC
coupon would smear out to become more “uniform” (if the uniform
ODF was used to sample the random numbers) at a substantially large
platelet count.

The results of probabilistic computational analysis of the effect of
coupon thickness on PPMC stochastic tensile properties support the
experimental observations of the Section 2.4. Fig. 13 shows the box-
and-whisker diagram displaying the distribution of experimental and
simulated strength through their quartiles. Two-sample t- and K-S tests
indicate that the in-silico and experimental strength distributions for
1.4, 3.5, and 6.44 mm thick coupons are not significantly different at
the 5% significance level. The narrow interquartile range of the in-silico
strength distribution of 6.44 mm-thick coupons (as compared to the
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experimental range) stems from the saturation of the local orientation
states in virtual coupons caused by the large number of realizations of
the pseudo-random number generator. Saturation/”uniformity” of local
orientation states in virtual coupons apparently happens at a lower
platelet count (as compared to the physical reality), due to the inherent
limitations of PRNG to approximate stochasticity.

4.2. Effect of the meso-scale orientation state on the properties of a
stochastic PPMC

This section investigates the tensile properties of PPMC meso-
structures having stochastic orientation states with variable degree of
global alignment of platelets with the loading direction. “Preferentially
oriented platelets” does not mean perfect alignment, as there is always
a distribution of orientations in a stochastic meso-morphology. Virtual
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Table 4
Statistical analysis of variation of PPMC tensile properties with coupon thickness, obtained in-silico. Platelet size L, X w;, X t, = 12.7 X 12.7 X 0.14 mm, stochastic

morphology generated after requested uniform ODF.

(a)

Coupon avg. thickness (mm) Sample size Tensile Stiffness (In-Silico) Tensile Strength (In-Silico)

Avg. (GPa) St. Dev. (GPa) COV(%) p-value Avg. (MPa) St. Dev. (MPa) COV(%) p-value
A-D test t-test K-S test A-D test t-test K-S test

1.40 10 35.12 2.54 7.2 0.7454 169.5 27.3 16.1 0.5194
2.38 10 37.55 1.79 4.8 0.5218 0.0245 0.111 206.9 17.7 8.6 0.7472  0.0024 0.031
3.50 10 39.03 2.84 7.3 0.9309 0.1835 0.111 224.4 22.4 9.9 0.3459 0.070 0.313
6.44 10 39.89 2.01 5.0 0.1511  0.4467 0.313 231.8 11.2 4.8 0.0075 0.3847 0.313
(b)
Compared samples (coupon thickness)  Stiffness (In-Silico) Strength (In-Silico)

Two sample t-test: p- Two-sample K-S test: D — statistic/ p-  Two sample t-test: p- Two-sample K-S test: D — statistic/ p-

value value value value
1.4mm vs 3.5 mm 0.0045 0.7/0.0069 1.26 10™%) 0.8/0.0012
2.38mm vs 6.44 mm 0.0133 0.7/0.0069 0.002 0.7/0.0069
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Fig. 12. Regional analysis of the degree of alignment a;; = %Z;{V:lcosz 6k (N is the number of platelets) in volumetric subdomains V; comprising the domain V
occupied by a virtual coupon with stochastic meso-morphology (for five selected coupons of two thicknesses). All virtual coupons are generated by sampling the
platelet orientation angles from the uniform ODF.
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Fig. 14. PPMC effective tensile stiffness and strength as a function of global degree of platelets alignment in coupons with stochastic morphology
(L, X wp = 12.7 x 12.7 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tensile coupons were generated to have a global degree of platelets
alignment, a1, in the range between 0.25 and 0.75, with ass = 1 — a3
and other terms of the second order orientation tensor (OT) to be zero.
A greater a;; implies more platelets having their fiber direction more
aligned with the global x;-direction. The coupon in-plane dimensions
were as in the previous section and coupon thickness was 3.5 mm. The
platelet dimensions were L, X w, X t, =12.7 X 12.7 x 0.1 mm.
Simulation showed that substantial gains in the tensile properties of a
PPMC can be achieved by introducing platelet alignment in the loading
direction. The results of the in-silico tensile testing of all coupons are
summarized in Fig. 14, where effective stiffness and strength of PPMC
coupons are plotted vs the global (all-coupon) degree of alignment. The
coupons with a greater degree of platelets alignment have a greater
fraction of finite elements with damage variable d; # 0 and a smaller
fraction of elements with d; = 0, identifying the increased probability of
local delamination appearance. The increased tensile properties of
coupons with a greater degree of platelets alignment with the loading
direction is explained by the increased local off-axis strength of platelet
material. Fig. 14 also reports the experimentally measured stiffness and
strength versus the CT-measured degree of global platelet alignment. A
reasonable correlation between the simulated (in-silico) and experi-
mental results stems from the results presented in Fig. 14.
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4.3. Effects of platelet geometry on the properties of a stochastic PPMC

The goal of this section is to analyze how the variation of platelet
length (L;,) and thickness (t,) affect the distributions of stochastic PPMC
tensile properties. When a platelet length-to-thickness ratio, L,/t;, is
increased, the meso-scale stress transfer between platelets becomes
more efficient and composite macroscopic/effective properties are im-
proved. Changed platelet dimensions in a fixed volume of a PPMC
coupon alter the platelet count, which has a strong effect on the local
variability of composite meso-morphology. Increased platelet length in
the same size coupon with stochastic meso-morphology decreases the
platelet count and provides for enhanced statistical dissimilarity be-
tween individual coupons, which translates into more scattered com-
posite macro-properties. Decreased platelet thickness in the same size
coupon increases the platelets count and, consequently, favors the mi-
tigation of meso-morphology dissimilarity between individual sto-
chastic PPMC coupons, which implies reduced variability of composite
properties.

4.3.1. Understanding the effect of improved stress sharing between platelets
on the effective properties of a PPMC

In the previous work [47], it was systematically shown for a system
of aligned platelets that an increased platelet slenderness (length-to-
thickness ratio, L,/t,) suppresses delaminations between the platelets
and allows platelets to acquire more in-plane stress before system
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Fig. 15. Effect of platelet length-to-thickness (L,,/t;,) ratio on the effective tensile properties of a stochastic PPMC. Five coupons (##1-5) with stochastically generated
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ultimate failure, thus promoting a more efficient stress transfer within a
system. The mechanisms for stress transfer from platelet to platelet are
similar in a PPMC system with multiple platelet orientations. It was
possible to consider the same arrangement of aligned platelets when the
platelet length and thickness were varied independently but yield the
same Lp/t,-ratio, to draw a conclusion that it is a platelet length-to-
thickness ratio controls the stress transfer efficiency. It is though not
possible to change the platelet length in a stochastic (multi-directional)
PPMC and preserve the platelets arrangement, but it is possible to
change the platelet thickness and preserve the meso-structure archi-
tecture (morphology).

Five full-size virtual PPMC coupons with stochastically generated
meso-morphology were tested in-silico for the tensile stiffness and
strength. Stochastic orientation state was sampled from a uniform ODF.
Each meso-morphology within a coupon was reproduced for the three
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platelet thicknesses, t;,, of 50, 100, and 200 ym, while the orientations
and geometrical arrangement of platelets were exactly the same. This
was achieved by keeping the random seed constant when exercising the
pseudo-random number generation algorithm to construct a given
stochastic meso-morphology. The platelet length (L;) and width (wp)
were 12.7 and 3.175 mm, respectively. In other words, a given meso-
morphology was “swelled” (scaled in the coupon thickness, x3-direc-
tion) as the platelet thickness was increased, as shown in Fig. 15(a). By
considering the replications of the fixed stochastically generated meso-
morphology with the platelets of various Lp/t,-ratios, we isolate the
effects of morphology from the effect of platelet geometry on the ef-
fective PPMC properties.

Fig. 15(b) shows that the increased platelet L,/t,-ratio improves the
effective stiffness and strength in each PPMC coupon with stochastically
generated meso-morphology. A coupon with thinner platelets has a
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greater number of finite elements with d; = 0 and a smaller number of
finite elements with d; = 0.95 compared to the case of a thicker pla-
telet, i.e. thinner platelets cause less delaminations. The reduced sta-
tistics of the “delamination” damage variable and the increased effec-
tive strength allow to suggest that a greater platelet L,/t,-ratio is
responsible for the improved stress transfer within a PPMC with sto-
chastic meso-morphology.
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4.3.2. Probabilistic effect of platelet length on composite stochastic tensile
stiffness and strength (coupons of constant thickness)

The present section investigates how the platelet length (L) prob-
abilistically defines the macroscopic tensile properties of a stochastic
PPMC. The digital coupons had fixed dimensions of length (L), width
(w), and thickness () of 152.4 mm, 25.4 mm, 2.52 mm, respectively,
and were made of the platelets having three different lengths,
L, =127, 25.4, and 50.8 mm while the platelet thickness was set to
0.1 mm. The platelet length-to-width ratio, L,/w},, was equal to four.
The stochastic orientation state of meso-morphology was generated



S.G. Kravchenko, et al.

Table 5

Composites Part A 124 (2019) 105507

Statistical analysis of variation of PPMC tensile properties with platelet length for a given coupon thickness, obtained in-silico. Platelet thickness, t, = 0.1 mm;
coupon thickness, t = 2.5 mm; stochastic morphology generated after requested uniform ODF.

Platelet length Sample size Tensile Stiffness (In-Silico)

Tensile Strength (In-Silico)

(mm)
Avg. St. Dev. COV(%) p-value Avg. (MPa) St. Dev. COV(%) p-value
(GPa) (GPa) (MPa)
A-D test t-test K-S test A-D test t-test K-S test
12.7 20 38.72 1.00 2.59 0.810 238.45 13.28 5.57 0.123
25.4 20 42.49 1.99 4.68 0.013 4.4 (10" 4.7 (Q107°% 256.77 18.23 7.10 0.384 1.5010°% 7.3(10°%
50.8 20 49.38 4.13 8.36 0.274 1.4 (107% 1.5(107°% 299.96 28.75 9.58 0.286 1.6 (1077) 1.5(10°%

after the uniform ODF by nominally requesting the 2D-random aj;.
Twenty virtual coupons were tested in-silico for tensile stiffness and
strength for each platelet length. Fig. 16 (a) provides the representative
view on the coupons, while Fig. 16(b) summarizes the simulated dis-
tributions of effective tensile properties. With the platelet length in-
creased, the average stiffness and strength also increase, but so does the
variability. All data samples showed no significant departure from
normality at the 5% SL, as the p-values of the Anderson-Darling nor-
mality tests are greater than 0.05 (Table 5). The p-values associated
with the two-sample t- and K-S tests indicate that the mean values and
the distributions of PPMC stiffness and strength for the considered
platelet lengths are significantly different at the 5% SL (Table 5).
Therefore, it can be concluded that the platelet length has a statistically
significant effect on tensile properties of a stochastic PPMC.

The improved effective properties for the coupons with longer pla-
telets are explained by the enhanced stress sharing between platelets
with greater L,/t,-ratio. With longer platelets, the fraction of finite
elements with d; = 0 is increased and the fraction of finite elements
with d3 = 0.95 is reduced in coupons as compared to the case of shorter
platelets, indicating the reduced probability of local delaminations
appearance. The reduced inter-platelet damage provides for increased
composite tensile properties. The increased variability is explained by
the interference of scales between a platelet and a coupon, meaning
that a longer platelet implies a smaller number of platelets in a coupon,
compare 1285, 504, and 234 platelets/coupon on average for the pla-
telet lengths of 12.7, 25.4, and 50.8 mm, respectively. Therefore, the
meso-morphologies of individual coupons with longer platelets are
statistically “more different” from one another, with less uniformity of
local orientation states. Even though the internal redundancy of the
meso-structure with longer platelets is reduced by the reduced platelet
count, the superior stress transfer allows it to achieve greater effective
tensile properties.

4.3.3. Probabilistic effect of platelet thickness on composite stochastic
tensile stiffness and strength (coupons of constant thickness)

Herein, the fixed size virtual tensile coupons have the same di-
mensions as in the preceding section. The coupons are generated after
the 2D-random aj;. The virtual coupons of the same thickness are made
of platelets with length L, = 50.8 mm (2in) for the three values of
platelet thicknesses, t,, namely 50, 100, and 250 um, as shown in
Fig. 17(a). Five digital coupons for each platelet thickness were tested
in-silico to collect the PPMC macroscopic tensile stiffness and strength
data, which are summarized in Fig. 17(b). Improved mean values of
properties with reduced variability for coupons with thinner platelets
are seen from the in-silico data. This is due to the increased platelet (L,/
ty)-ratio and increased platelets count in the coupons with platelet
thickness decreased. Increased platelet aspect ratio improves stress
transfer between platelets. A greater number of platelets allows for (i) a
more uniform local orientation state (reduced variability of local mor-
phology) for the reduced variability in effective properties and (ii) en-
hanced internal redundancy to benefit the strength properties.
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4.4. Discussion: meso-structure descriptors and macroscopic tensile
properties of a stochastic PPMC

Complex meso-scale structural interactions take place during tensile
deformation of a stochastic PPMC, leading to extensive redistributions
of loads during the formation of the spread out damage patterns. As this
behavior results from interactions between the platelets as an ensemble,
it is helpful to summarize the links between the effective composite
properties and the descriptors of the composite meso-structure.
Emergence of the effective PPMC properties from the underlying meso-
structure is nontrivial, and some of the trends investigated in the
foregoing sections are schematically summarized in Fig. 18 and further
discussed in more detail. Platelet count, geometrical arrangement and
geometrical parameters of platelets, and the orientation state within a
composite lay foundation to effective performance of a PPMC.

The geometrical arrangement and parameters of platelets define the
efficiency of stress transfer within a composite, meaning the ability of
platelets to acquire more stress in the fiber direction and suppressing
the interlaminar stresses thus contributing more into the macroscopic
composite properties. During the macroscopic tensile deformation of a
PPMC, the stochastic semi-laminated meso-structure develops gradients
in the platelet-level in-plane stresses (011, 022, 072) caused by the mis-
match of the local stiffness properties in the bonded adjacent platelets.
Platelets (made of unidirectional prepreg tape) in different layers have
different extensional stiffness in the global (x;x2x3) coordinate system
due to their fiber orientation. In-plane stress gradients produce the out-
of-plane, or “interlaminar”, stresses (033, 013, 033) in the overlaps be-
tween platelets. The details of the three-dimensional stress transfer
between platelets in a PPMC depend on the characteristics of the
composite meso-structure. The in-plane strength properties of the pla-
telet material are typically greater than the out-of-plane strength
properties. Therefore, the stress transfer between platelets is deemed
more efficient when out-of-plane stresses are reduced, mitigating pre-
mature disbonding between platelets and maintaining the integrity of
the meso-structure to a greater applied load, thus allowing the platelets
to build more in-plane stress and the composite to achieve a greater
strength. In the previous work for the PPMC systems with layered
morphology and deterministic orientation state [47,45], authors de-
monstrated that the platelet length-to-thickness ratio (L,/t,) and the
geometrical arrangement of platelets are the parameters controlling the
efficiency of stress transfer between the platelets. The present work
demonstrates the relevance of this principle for the stochastic PPMC as
well. Specifically, an increased platelet slenderness (length-to-thick-
ness) ratio tends to improve the stress transfer efficiency (reduce de-
laminations between platelets) and helps increasing the composite ef-
fective properties.

The number of platelets in the system (platelet count) is linked to
the concepts of internal redundancy and alternative load path [48,49].
Without redundancy, a structural system fails immediately under local
damage developed when the most highly stressed region reaches the
local strength. By contrast, the redundant structural system finds new
load paths, which enable redistribution of load previously carried by
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Fig. 17. Simulated effect of platelet thickness on tensile properties of coupons with stochastic morphology. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

now damaged/failed portions. Redundancy can arrest damage propa-
gation and delay the ultimate failure of the system. When a structural
system has enough redundancy and there are many alternative load
paths, the system failure happens progressively. Increased platelet
count leads to the increased internal redundancy of a PPMC system, as
more platelets may collectively sustain more widespread damage such
that the entire system may hold on to more load before ultimate failure
takes place.

Orientation distribution of platelets is an important factor that
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influences the mechanical performance of a PPMC since orthotropic
mechanical properties of a platelet are a function of orientation.
Orientation state may depend on different factors. For instance, an in-
creased degree of alignment of a stochastic orientation state can be
achieved by the manufacturing process. Next, platelet count may in-
fluence a stochastic orientation state in a probabilistic fashion. Since
there is a limited number of platelets and orientations within a given
volume of a stochastic PPMC, fewer/more platelets imply having
fewer/more possible stochastic orientations. With fewer platelets/
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orientations, one may expect more orientation dissimilarity between
composite volumes and more local orientation dissimilarity within a
volume, while more platelets/orientations provide for the increased
probability of having more uniform orientation state both locally and
globally. By the same token, a larger number of platelets mitigates the
chances to obtain a local region with a low alignment of platelets with
loading direction. Therefore, as a rule-of-thumb, increased platelet
count reduces the local variability of meso-scale morphology in a
probabilistic sense, i.e. a stochastic PPMC with a greater platelet count
would tend to have increased internal redundancy and a smaller scatter
in improved mechanical properties.

As a stochastic PPMC is a complex system, the descriptors of the
PPMC meso-structure may interact and influence one another, meaning
a variation of one meso-structure descriptor may cause changes to some
other descriptors. A simple example of such interaction is the above-
mentioned influence of platelet count on the stochastic orientation
state, while the platelet count itself can be changed by the platelet size.
The platelet count can be directly increased by increasing the composite
volume V, > V; (e.g. by increasing the tensile coupon thickness), but it
can also be modified by the platelet size as there would be a greater
count of smaller platelets in the same size volume V;. Therefore, the
platelet size controls the effective properties of a stochastic PPMC by
controlling the stress transfer efficiency between the neighboring pla-
telets and by influencing the number of platelets in the composite
system, which correlates with the degree of structural redundancy and
number of orientations in the composite system.

5. Conclusions

The virtual tensile test series were performed to obtain the dis-
tributions of effective stiffness and strength from the digital PPMC
coupons with approximate stochastic 3D meso-structure as a function of
varying control parameters of the meso-structure. Meso-scale resolution
of progressive failure analysis was used to simulate a uniaxial tensile
test, for that individual platelets constituting a coupon meso-structure
were explicitly modeled as homogeneous orthotropic material with
mechanical properties of prepreg tape. The platelet material was as-
sumed to undergo coupled intra- and inter-platelet damage processes,
which were mathematically treated by continuum damage mechanics.

Experimental studies showed that improved effective tensile

Appendix Al. Mesh sensitivity study

properties in a stochastic PPMC can be achieved by increased composite
thickness and enhanced alignment of platelets with loading direction.

The variability of effective tensile properties caused by the varia-
bility of stochastic meso-morphology is demonstrated by simulation
results. The analysis of statistical significance of the difference between
the probabilistic distributions of properties obtained from the virtual
and physical test series allowed to validate the simulation framework.
The statistical significance methods were also used to compare the
property distributions for the modified control parameters of the
composite meso-structure.

The virtual testing environment allows to identify how the control
parameters of a stochastic PPMC meso-structure determine the effective
composite properties and their variability. Such approach aids in un-
derstanding the material structure—property relationship and potential
property limits. The computational analysis showed that:

(i) the strength of a stochastic PPMC increased with platelet length-to-
thickness ratio;

(ii) longer platelets provided for increased variability of effective
properties, while the thinner parent tape provided for reduced
variability and increased averages of stochastic PPMC effective
properties;

(iii) the increased thickness of a stochastic PPMC improves the average
tensile stiffness and strength;

(iv) the overall alignment of platelets with the loading direction in a
stochastic PPMC improves average tensile stiffness and strength.

The simulated results are in a reasonable agreement with the
available experimental measurements of effective tensile properties of a
stochastic PPMC.
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The accuracy of the PFA in a virtual coupon in response to the voxel mesh refinement is investigated. The five meshes were considered having
voxel in-plane (x;-x,) dimensions of 0.1 X 0.1, 0.2 X 0.2, 0.4 x 0.4, 0.7 X 0.7, and 1.0 x 1.0 mm. The voxel thickness was equal to the platelet
thickness. First, a virtual coupon discretized with the finest voxels was generated. The coupon in-plane dimensions were as in Section 3.4, the coupon
thickness was 2 mm, the platelet dimensions were L, X w, X t, = 12.7 x 12.7 X 0.1 mm and the 2D-random ODF was used. Next, the orientation
state was mapped onto the coarser meshes using the nearest neighbor algorithm to produce several FE discretizations of the same meso-scale
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Fig. Al. Mesh sensitivity study in the PFA of a virtually generated stochastic PPMC coupon: (a) effective stress-strain curves for variable voxel size; (b) view on the
coupons for several voxel sizes and corresponding post-mortem damage maps (at &; = 0.84%).

Table Al
Computational time vs mesh refinement in a virtual coupon with a given meso-structure
Voxel size x; X X2 X x3 (mm) No. of degrees of freedom (nDOF) Load fraction/Applied strain No. of CPUs Wall clock time
1.0 x 1.0 x 0.1 250,617 1.0/1.2% 80 2h 25m
0.7 X 0.7 x 0.1 508,161 0.811/0.973% 80 4h 26m
0.4 X 0.4 x 0.1 1,536,195 1.0/1.2% 80 17h 56 m
0.2 X 0.2 x 0.1 6,088,764 0.712/0.854% 80 66h 35m
0.1 X 0.1 X 0.1 24,227,283 0.552/0.662% 80 241h 23m

morphology with different mesh densities. Two factors from mesh refinement are a better platelet shape and a more accurate stress analysis. Fig. A1
(a, on the left) shows the effective stress-strain curves &;; (§;;) obtained from the PFAs of all constructed meshes. Decreased in-plane dimensions of a
voxel provide for a better aspect ratio of a solid FE allowing a more accurate stress analysis. Smaller elements give an improved resolution of the local
stresses, which are primary factors that determine the failure initiation. The effective stiffness decreases and the stresses at local discontinuities
increase (which makes the effective strength to decrease) as the element size decreases, both are typical trends in the FEA. When mesh size is
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reduced, the energy dissipated through the progressive fracture of a specimen (calculated as area under the stress-strain curve) is also reduced. Fig.
Al shows that the location of the ultimate failure remains nearly the same at different voxel sizes, but the shape of the major failure site naturally is
more smeared (“blurry”) when mesh is coarsened. The ultimate strength tends to converge at the voxel size of 0.1 x 0.1 x 0.1 mm (24,227,283
degrees of freedom), as Fig. 8 (a, on the right) shows. Increased accuracy of the PFA on a very fine mesh comes at a price of significantly increased
computational time even when multiple CPUs are utilized, as Table Al shows, making such analysis impractical for probabilistic modeling.
Therefore, a deliberate choice in favor of a coarser mesh with voxel in-plane dimensions of 0.7 X 0.7 mm is made for the following work, as it
compromises an acceptable accuracy and computational cost.

Appendix A2. Effect of Thermal-Residual stress on tensile strength of a stochastic PPMC

A thermos-elastic analysis was developed to determine the thermal-residual stresses in a stochastic PPMC coupon. The model assumes that the
stress-free temperature is defined as glass transition temperature (Ty). It is assumed that a virtual specimen is subjected to a uniform temperature
differential of AT = —135°C for the thermal-residual stress analysis, for T, = 160 °C [45] and room temperature is 25°C. The PPMC coupon is
subsequently subjected to progressive failure analysis by applying the mechanical tensile strain. This allows quantification of the thermal-residual
stress effect on the ultimate tensile strength of a composite. The coupon and platelet dimensions are as described in Section 3.4. Fig. A2 compares the
macroscopic stress-strain curves from a virtual tensile test of the coupon with and without previously applied temperature differential. The pro-
gressive failure response of the stochastic PPMC coupon is somewhat affected by the account of the thermal-residual stresses. More macroscopic
progressive softening results from the thermal-residual stresses residing in a coupon. Nonetheless, the predicted ultimate strength of a coupon does
not seem to be substantially affected by the account of the thermal-residual stresses, being reduced from 224 MPa to 217 MPa (i.e. by 3%). Both
analyses showed similar distributions of local damage and identical location of the ultimate failure (macroscopic crack).

Total five stochastically generated coupons (same dimensions and same platelet size) were analyzed for the effect of thermal residual stress on the
tensile strength. The strength reduction caused by the thermal-residual stresses was found to be in the range of 3-6%.
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Fig. A2. Effect of thermal-residual stress on the effective tensile response of a stochastic PPMC coupon.
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