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In this paper, two benchmarking exercises for advanced ceramic matrix composites (CMCs)-challenge problem #1 and
#2 of the Enhanced Physics-Based Prognosis and Inspection of CMC (EPPIC) program have been conducted to assess
the capability of the continuum damage mechanics (CDM)-based binary model (BM) for progressive damage prediction
in two SiC/SiC CMC systems: GEA SiC/SiC and S200H. The damage evolution laws of the equivalent matrix and
fiber tows in the BM are first calibrated using provided/existing experimental data, and the calibrated model is then
used to predict the damage onset and propagation in tension test specimens of GEA SiC/SiC and S200H. The overall
strengths and weaknesses of the current modeling approach are discussed through rigorous comparison between the
blind model predictions and the experimental validation data.
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1. INTRODUCTION

Ceramic matrix composites (CMCs) are an attractive matkiastructural component applications in gas turbine
engines primarily due to their low weight and high mechaneaformances at elevated temperatures. A growing
number of manufacturers are adopting CMC technology to avgthe performance of gas turbine engine compo-
nents (Zivic et al., 2021). Along with the advent of the neshteology, various finite element method (FEM)-based
numerical approaches to predict damage growth and tolerem€MCs also have been developed to support its
development (Miizel et al., 2021). Progressive damage nade well-developed for metal-based components, but
they are still in their infancy for CMCs. For this reason, theited States Air Force Research Laboratory (AFRL)
has been interested in understanding and assessing Staeart damage analysis models for CMCs. Against such
a background, AFRL launched and recently completed the fadgthPhysics-Based Prognosis and Inspection of
CMC (EPPIC) program (Jefferson et al., 2021)—a benchmgrgitogram to pursue the above objective. As one
of the modeling team members, Teledyne Scientific CompaBy{Tparticipated in this program to benchmark the
capability of the TSC damage model for progressive damaggigiron in CMCs through a series of calibration and
validation tests, including blind predictions.

The TSC progressive damage model, implemented in a finiteeglemethod framework, was devised based on
the binary model (BM) for textile composites (Cox et al., 49%u et al., 1995; McGlockton et al., 2003). In the
binary model, each tow of a weave architecture is modeledstiing of 1D elements representative of the tow’s axial
stiffness. The equivalent matrix, the so-called effectivedium, surrounding the tows is modeled as 3D elements
representative of matrix-dominated composite properietuding transverse stiffness, shear stiffness, ansdeois
ratio. To accurately predict the onset and propagation ofadpe in CMCs, the TSC damage model allows for two
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modeling approaches that can be used separately or comhitteelBM framework: (i) a continuum damage model
based on continuum damage mechanics (CDM) and (ii) a descraick model based on fracture mechanics. The
continuum damage model is appropriate for describingidiged microcracking damage, while the discrete crack
model is suitable for modeling one or more dominant cracks@ret al., 2017). In this paper, the CDM-based BM
combined with an element deletion method is employed to gonoenchmark exercises.

In the benchmark study, two different SiC/SiC (silicon gdefibers and silicon carbide matrices) CMC systems
are investigated: the first CMC system consists of Preprpg Biicon Melt Infiltrated Hi-Nicalofi'-S/BN/SigN4/SiC
in a unidirectional fiber architecture with a [0/30/60/90@yup, called GEA SiC/SiC from GE Aviation; and the
second consists of Hi-Nicalohfibers with a BN/SjN4 coating in an 8HSW (eight-harness satin weave) architectur
with a [0/90}, layup, called S200H from COI Ceramics, Inc. The model is fiedibrated using a set of calibration
data to successfully assess the ability of the CDM-based @ré¢dict damage evolution in the SiC/SiC CMCs.
Once the model calibration has been completed, a seriesnaf ptedictions is performed for challenge problems.
These predictions are then compared to experimental nmeasuts, i.e., validation data [for more details about the
validation tests, we shall refer the reader to Pierce eR@R1)]. Based on the prediction results of the validatiiste
for the challenge problems, the overall strengths and wesdas of the CDM-based BM approach are discussed in
this paper.

The benchmark exercises to predict the creep and fatigusvhimetof these two materials were also performed
using newly developed BM-based modeling approaches witrernban empirical nature. However, we will not
discuss the capability of these modeling approaches Hetewill be addressed in a future publication.

The remainder of this paper is organized as follows: thelehgé problems for GEA SiC/SiC with a unique
layup and S200H with two staggered holes are stated in $e2tithe CDM-based BM approach and the model
calibration procedure for tension tests are briefly desedriim Section 3; Section 4 provides the model parameters
and material properties; Section 5 provides computatiengironments used in finite element analysis (FEA); the
calibrated models are presented in Section 6; the blindgifeds for the challenge problems are shown and compared
to validation data in Section 7; and finally, Section 8 preg@& summary, concluding remarks, and potential future
work.

2. DESCRIPTION OF CHALLENGE PROBLEMS
2.1 Challenge Problem #1: Tensile Behavior of GEA SiC/SiC with a Unique Layup

The first benchmark exercise is to perform blind predictiohstress-versus-strain behavior for a tension test spec-
imen of GEA SiC/SiC with the unique layup at 23°C, 816°C, aBd@°C. The blind predictions for tensile stress-
versus-strain behavior and the tensile properties of musglgroportional limit, ultimate tensile strength, andstr

to failure will be compared to experimental validation dathe specific configurations and features of the tensile test
specimen are as follows:

e Length =150 mm; width = 12 mm; gauge length = 28 mm; gauge widdhmm; radius = 317 mm; thickness =
1.6 mm

e Layup: [0/30/60/90]
e Unidirectional weave

e Fiber volume fraction: 25%—-28%

2.2 Challenge Problem #2: Tensile Behavior of S200H with Unique Features

The second benchmark exercise is to perform blind predisiid net section stress versus extensometer displacement
behavior for a tension test specimen of S200H with a uniqa&ufe (two staggered holes) at 23°C, 982°C, and
1200°C. The blind predictions for tensile net section stresrsus extensometer displacement traces and the tensile
properties (using net section stress) of modulus, propaatilimit, ultimate tensile strength, and axial extenstane
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displacement to failure will be compared to experimentéibhedion data. Here, the net section is defined as going
through one of the holes. The specific configurations andifeatof the tensile test specimen are as follows:

e Length = 150 mm; width = 14 mm; gauge length = 28 mm; gauge widi) mm; radius = 317 mm; thick-
ness = 2.3 mm

Two holes: 2 mm in diameter; spaced 3 mm apart; centered 3.5rammthe edge of the specimen

Layup: [0/90},

Eight-harness satin weave (8HSW)
Ends per inch (EPI): 22 x 22

3. MODELING APPROACH AND CALIBRATION

In this study, the binary model (BM) was used to simulate thelinear mechanical behavior of targeted composite
materials. The BM was first devised by Cox et al. (1994) to yaeabiverse forms of textile composites such as 3D
weaves and braids, integral structures, stitched compsemd knitted fabrics. It then turned out that this modglin
approach was computationally efficient for large strudtooaponents and highly adaptable to a finite element (FE)
model. In general, as illustrated in Fig. 1, the BM consisténm components: (i) an equivalent matrix (a.k.a. an
effective medium) and (ii) fiber tows embedded within theieglent matrix, each of which is constructed by 3D
solid (continuum) elements and 1D line elements in an FE inodspectively. The equivalent matrix represents
matrix-dominated composite properties such as longialftransverse stiffness and Poisson’s ratio, while the fibe
tows represent 2D/3D weave architectures. The above tvapemtient components interact with each other in a single
system (i.e., the BM framework) to effectively account foe tmechanical behavior of textile structural composites.
For instance, in an FE model, the nodal degrees of freedagm (Esplacement and temperature) of the fiber tow
element (embedded element) are constrained to the intdgpblalues of the corresponding nodal degrees of freedom
of the equivalent matrix element (host element).

Since the BM was initially developed on the basis of contmuiamage mechanics (CDM) (Murakami, 2012),
the mechanical behavior of the equivalent matrix and fibeistof the BM is governed by a continuum damage
constitutive law, as given below:

o= (1-d)E% €))

(@) (b)

FIG. 1: (a) Equivalent matrix (3D solid element) and (b) fiber towd (lhe element) in binary model for an FE analysis
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where ¢ denotes the elastic straii® denotes the elastic modulus of the undamaged materialyaaddamage
variable (0< d < 1), is defined as a function of the residual stiffnésef the damaged material:

d=1-(E/E°) (2)

In accordance with the CDM theory, the material stiffnesshi@a BM is gradually degraded with increasing
displacement/strain due to the progressive loss of matetegrity induced by microcrack initiation and growth.
Thus, the damage evolution laws of the BM with respect to tpavalent matrix and fiber tows can be defined
in terms of the elastic modulus and the strain. In particults® damage behavior for the elastic modulus of the
equivalent matrix and fiber towd€(,, andE ;) can be estimated through the model calibration processentezative
FE simulations are carried out until the best fit between ttpeemental and simulated stress—strain response is
found. In the calibration, the initiak’,,, is calculated using the initial tangent stiffness of the posite stress—strain
curve and the fiber volume fractidry. Based on the tensile damage process in CMCs, as illusirakgd. 2, beyond
the elastic regime, th&,, is first degraded to match the modulus of the composite. Wihei't, reaches a certain
lower threshold (varied on a case-by-case basis), we astwahé ; starts to degrade. Then, the calibration for
E; is pursued until failure occurs. The model calibration muestconducted in advance to determine the damage
evolution laws ofE,, and E; of the standard composite material. The calibraliggd and £ will be used for the
blind predictions of the targeted composite.

Additionally, the fiber tow failure conditions are definedtire model calibration to capture tow rupture events.
To this end, the current BM used in this benchmarking studyptsian element deletion method. Fiber tow elements
satisfying the failure conditions are removed during \attsimulations. Since the element deletion method has a
strong dependence of the crack path on the background meslarsi refinement due to localized quantities (e.g.,
displacement, strain, and stress), a small enough meshuged to improve solution accuracy and computational
convergence (Crété et al., 2014). The reasonable sizeeaiesh for simulations can be estimated through mesh
sensitivity analysis. However, the global damage progwasdirection is the same regardless of the mesh size when
using this modeling approach. This mesh sensitivity issitle finite element solutions can be mitigated by using a
nonlocal damage approach (Geo et al., 2018).

Gii)Further matrix fracture, i Fib
crack deflection at (iii fl er
fiber-matrix interface racture
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FIG. 2: Three major elements of the damage process in continuougéiirdorced CMCs under axial tension: (i) matrix cracking

(ii) fiber-matrix interfacial failure, and (iii) fiber fraotre (reprinted from DiCarlo and Dutta with permission frohe tPurdue
Research Foundation, Copyright 1995)
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4. MODEL PARAMETERS AND MATERIAL PROPERTIES

According to Section 3, the damage variatbfer the equivalent matrix and the fiber tows can be definegges/ely,
as

dy =1~ (En/EL); df =1— (Ef/E9) 3)

Here, depending upon the value of the local strajp &nde¢), the piecewise linear damage evolution function
for the elastic modulusK,,, andEy) is determined through the model calibration process, i.e.

En = f(em); Ef= f(ef) (4)

The mechanical behavior of the equivalent matrix and fibgsts governed by the following damage constitutive
laws:

Om = (1—dn)Esem; of=(1—ds)E%e; (5)

The material properties for the equivalent matrix and filmevst of two SiC/SiC CMCs, GEA SiC/SiC, and
S200H, are presented in Tables 1 and 2, respectively. Thgcetaodulus of the equivalent matrix and fiber tovis,(
andE) are not specified in the tables because each modulus wiktegrdined by the model calibration at different
temperatures. The coefficient of thermal expansion (CTEach SiC/SiC composite shown in Fig. 3 is considered
as that of its corresponding matrix and fiber tows in this hemarking study.

5. COMPUTATIONAL ENVIRONMENTS

For the FE analysis of the calibration and blind predictitie, equivalent matrix and fiber tows were constructed by
using approximately 39,000 linear brick elements and ZBtAfkss elements, respectively. Computational simulation

were carried out with version 6.17 of commercial softwareadiis via a user material subroutine (UMAT) on a

workstation with Dual Intel Xeon Gold @ 3.4 GHz processos@B physical memory, and 12 CPU cores. The total

computational time (wall-clock time) required to complatsingle simulation in parallel on 10 CPU cores was about
420 s. About 20 simulations were required in each model k&lin to determine the damage evolution laws and the
tow rupture conditions.

TABLE 1: Material properties for equivalent matrix

Properties GEA SiC/SiC S200H
Young’s modulusF,,, (GPa) To be calibrated To be calibrated
Poisson ratioy 0.18 0.12
Coefficient thermal expansion,,, (°C™1) «,, See Fig. 3(a) See Fig. 3(b)

TABLE 2: Material properties for fiber tows

Properties GEA SiC/SiC S200H
Young's modulusE'y (GPa) To be calibrated To be calibrated
Tow ared Ay (mn¥) 0.057 0.077
Coefficient thermal expansion; (°C™1) See Fig. 3(a) See Fig. 3(b)

TAccording to theComposite Materials Handbook, No. MIL-HDBK-17 (Department of Defense, 2002), a singlerigenerally
consists of hundreds/thousands of filaments bundled tegethd the cross-sectional area of the tow contains onlguhei-
lative sum of the cross-sectional areas of all individuahfients within the bundle. The space between filaments isouoted
in its cross-sectional area. Therefore, the tow crosseswdtareas of GEA SiC/SiC and S200H in this study were eséicha
using Hi-Nicalor" Type-S and Hi-Nicalon ceramic fiber tow properties, respectively (e.g., the totahber of filaments per
tow and filament diameter), provided by COI Ceramics, Inc.
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FIG. 3: CTE (coefficient of thermal expansion) of the (a) GEA SiC/ai@ (b) S200H as a function of temperature (Jefferson et
al., 2021)

6. CALIBRATION OF MODEL
6.1 Model Calibration for Challenge Problem #1

The stress—strain experimental data for the panel withwgplay[0/90}, (provided from GE Aviation) was chosen for
the model calibration for GEA SiC/SiC material. Based ongiven geometric information for the tensile specimen of
GEA SiC/SiC, the 3D virtual specimen for the model calitatis generated with the Teledyne composite framework
(see Appendix A).

e Length = 6 in; width = 0.5 in; gauge length = 1.1 in; gauge widtl.4 in; radius = 14.5 in; thickness =
0.063in

e Layup: [0/90},
e Unidirectional weave
e Fiber volume fraction: 25%—-28%

The GEA SIiC/SiC tension specimen, virtually constructadiie@ model calibration, is displayed in Fig. &,,
andE; of the GEA SiC/SiC material are determined through the modgbration, as explained in Section 3. The
resulting E,,, and E'; are plotted as a function of strain in Figs. 5(a) and 5(b)peesvely. Using the BM with
the calibrated damage evolution laws for the equivalentimand fiber tows, the stress—strain respohges the
composite are simulated and plotted with a set of calibmadiata in Fig. 6, which shows that the simulation results
agree well with the calibration data. The failure condifi@f the fiber tows, determined in the model calibration at
each temperature of 23°C, 816°C, and 1316°C, are presaeniedtlie 3.

TFor the composite stress—strain curve in this study, unkEswise mentioned, the stress was calculated by usitige(§imulated
force applied to the composite specimen and (ii) the crestiemal area (gauge width x thickness), and the strain vessored
with the virtual strain gauge attached to the surface of peeisnen.
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I

FIG. 4: The 3D virtual GEA SiC/SiC specimen with [0/3Q]and a unidirectional weave used in BM calibration
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FIG. 5: Calibrated damage evolution laws for (a) the equivalentimdt,, and (b) the fiber tow# ;. Here, the superscript “0” of
E., andE; denotes the undamaged elastic modulus.
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FIG. 6: Experimental measurements (black lines) versus BM priedist{symbols) for the tensile test of GEA SiC/SiC
6.2 Model Calibration for Challenge Problem #2
Similarly, the stress—strain experimental data for theepaith a layup [0/90}, was chosen for the model calibration
for S200H material. The 3D virtual specimen for the modelbration is prepared by using the Teledyne composite

framework (see Appendix A). The geometric configurations fatures of the tensile specimen of S200H are listed
below:
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TABLE 3: Fiber tow rupture conditions, determined in model calilrator GEA SiC/SiC

Temperature (°C) Fiber tow strain (mm/mm)
23 4.35x 103
816 3.25x10°3
1316 2.0x10°3

e Length = 178.04 mm; width = 15 mm; gauge length = 28 mm; gaugiéhsm 8 mm; radius = 50 mm;
thickness = 2.24 mm

e Layup: [0/90},
e Eight-harness satin weave (8HSW)
e Ends perinch (EPI): 22 x 22

The virtually generated S200H tension specimen for the fraadibration is illustrated in Fig. 7. The calibration
outcomes for the damage behaviorlgf, and E; and the failure conditions are presented in Fig. 8 and Table-4

spectively. The resulting stress—strain responses oftimposite are in good agreement with experimental calitmati
data, as shown in Fig. 9.

LT

FIG. 7: The 3D virtual S200H specimen with [0/9Q]and 8HSW used in model calibration
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FIG. 8: Calibrated damage evolution laws for (a) the equivalentimdt,, and (b) the fiber tow# ;. Here, the superscript “0” of
E., andE; denotes the undamaged elastic modulus.

TABLE 4: Fiber tow rupture conditions, determined in model calilorafor S200H

Temperature (°C) Fiber tow strain (mm/mm)
23 6.0 x 1073
982 5.6x 103
1200 4.8x10°3
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FIG. 9: Experimental measurements (black lines) versus BM priedisi{symbols) for the tensile test of S200H

7. BLIND PREDICTIONS
7.1 Blind Predictions for Challenge Problem #1

To conduct blind predictions for a tensile test of GEA Si@/Svith a unique layup, a 3D virtual specimen was
first prepared using the Teledyne composite framework basdte specific features of the test specimen, given in
Section 2. The resulting virtual specimen for the tensieh ¢ GEA SiC/SiC is visualized in Fig. 10.

Using the BM with the calibrated damage evolution laws By, and E;, FE simulations were carried out to
predict the stress—strain responses in GEA SiC/SIC tetests at temperatures of 23°C, 816°C, and 1316°C. The
simulated stress—strain curves are plotted in Fig. 11. Timeenically predicted and experimentally measured tensile
properties of GEA SiC/SiC are summarized in Tables 5 andspeawtively, for comparison purposes. Here, note that
the maximum stress point in the simulated stress—straiveanas chosen as the ultimate fracture point. According
to the blind prediction results, Young’s modulus at eachgerature is predicted within about 10% of the validation
data, whileop, (proportional limit stress)pyrs (ultimate tensile strength) ang- (strain to failure) are somewhat
underpredicted overall. The stress—strain curves seem todoe comparable at elevated temperatures.

The fiber tows of the BM approach, simplified by 1D line elensantFE modeling, characterize only the axial
stiffness of the tows. Due to the nature of the 1D fiber tow elets, they undergo translation and rotation (rigid
body motion) under the shear deformation of compositeschviieans shear stress is not taken into account. Due
to this shortcoming, the fiber tows with the 30° and 60° odéinhs on GEA SiC/SiC do not accurately represent
the actual mechanical behavior of the composite underléeltsiding. After all, the failure of the fiber tows with
0° orientation, which is dominant in the tension test, yiellde early failure of GEA SiC/SiC in simulations when
compared to validation data.

Finally, Fig. 12 captures the instantaneous local strajron the equivalent matrix [Fig. 12(a)] and the fiber tows
[Fig. 12(b)] of the GEA SiC/SiC specimen at 23°C, just beffaiture. The antisymmetric strain distribution pattern
is observed in the specimen mainly due to the unique unbatblagyup of the composite. Here, the severe damage
region coincides with the high strain concentration. Saimdehavior is also observed at temperatures of 816°C and
1316°C (but not shown).

FIG. 10: The 3D virtual GEA SiC/SiC specimen with an unbalanced sytrimiyup of [0/30/60/90] and a unidirectional weave
for a tensile test
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FIG. 11: BM-predicted stress—strain responses for the tensil@f&3EA SiC/SiC at three different temperatures of (a) 23°¢, (b
816°C, and (c) 1316°C

TABLE 5: Tensile properties from blind predictions
Temperature (°C) | E (GPa) | op. 0.005% (MPa) | oyts (MPa) | er (%)

23 244.2 172.1 273.7 0.42
816 236.2 156.7 259.7 0.32
1316 216.3 92.5 184.8 0.18

TABLE 6: Tensile properties from validation data (averaged)
Temperature (°C) | E (GPa) | op. 0.005% (MPa) | oyts (MPa) | er (%)

23 2495 200.7 349.1 11
816 236.8 192.5 296.3 0.98
1316 189.4 149.8 198.1 0.86
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FIG. 12: The BM-predicted local strain distributian,, on the GEA SiC/SiC tensile specimen at 23°C, subjected td laxding
just before failure. (a) equivalent matri, ; (b) fiber towsE .

7.2 Blind Predictions for Challenge Problem #2

Based on the information described in Section 2 about theléstest specimen of S200H with two staggered holes,
a 3D virtual specimen is generated with the Teledyne conpdsimework. The virtual S200H specimen for the
tensile test is displayed in Fig. 13.

The BM with the calibratedv,, and E; is used to predict the nonlinear mechanical behavior of @08
specimen at temperatures of 23°C, 982°C, and 1200°C und#itemsile loading. The resulting stress-displacement
curves are plotted in Fig. 14. Here, the net width of 8 mm wasia&d in calculation of the tensile stress of this
composite. The maximum stress point in the simulated ststrs8n curve was considered to be the ultimate fracture
point, as in the blind prediction for challenge problem #1.

The numerically predicted and experimentally measuresilteproperties of the S200H with two holes are sum-
marized in Tables 7 and 8, respectively, for comparison gegp. According to the results, the predictions of the
present damage model have about 10% margin of error and showeaall underprediction compared to the valida-
tion data. The stress-displacement curves, as shown in&jgeem to be more comparable at elevated temperatures.

FIG. 13: The 3D virtual S200H specimen with a [0/90]ayup and an eight-harness satin weave (8HSW) for a teresite t
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FIG. 14: BM-predicted stress-displacement responses for theléarst of S200H at three different temperatures of (a) 235, (
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TABLE 7: Tensile properties from blind predictions

Temperature (°C) | E (GPa) | op. 0.005% (MPa) | oyts (MPa) | Dg (mm)
23 1415 82.14 323.9 0.066
982 120.0 76.05 279.2 0.063
1200 126.4 76.7 250.5 0.055

opL is proportional limit stressyyrs is ultimate tensile strengtlly » is displacement to failure.

TABLE 8: Tensile properties from validation data (averaged)

Temperature (°C) | E (GPa) | op. 0.005% (MPa) | oyts (MPa) | Dg (mm)
23 145.0 106.6 368.0 0.063
982 131.8 93.5 298.0 0.055
1200 140.0 83.4 256.7 0.048
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As mentioned in Section 7.1, 1D fiber tow elements have a rearsfomponent due to the nature of a 1D line
FE element. Therefore, the 1D fiber tow elements across #uirig direction do not accurately represent the actual
mechanical behavior of composites in tension. Unlike GEB/SIC with a unique layup of [0/30/60/99]S200H
consists of only 0° and 90° fiber tow orientations. Also, tiefiber tows along the axial loading direction (0°) are
dominant in the tension test. Therefore, the material faiforediction of S200H is more comparable to validation
data than that of GEA SiC/SiC.

The predicted damage evolution and failure path for theidartest of S200H with two staggered holes at 23°C
are illustrated in Fig. 15. The instantaneous local steaindistribution on the equivalent matrix and the fiber tows
is captured before [Fig. 15(a)] and after failure [Fig. D%(nce the high strain/damage concentration occurs at the
periphery of the circular holes, perpendicular to the logdiirection, the high-damage area initially forms between
two open holes and then expands toward the edges of the spg@smshown in Figs. 15(a) and 15(b). A similar trend
was also observed in validation experiments at each termyper@out not shown here).

8. CONCLUSION

A simulation tool plays a key role in the design process ofadpct, as it can optimize the design for better perfor-
mance. In that sense, ensuring the accuracy and reliabilaynumerical modeling tool for the prediction of damage
growth and tolerance in CMCs is undoubtedly important in degelopment of CMC turbine engine components
(Johnson et al., 1998). The strengths and weaknesses obDthel@sed BM approach for progressive damage pre-
diction in CMCs under tension have been identified and dsmilis this paper. Newly devised BM-based modeling
approaches for creep and fatigue analyses in CMCs are noessddl here and will be discussed in detail in a future
publication.

To successfully quantify the strengths and limitationshef CDM-based BM approach, benchmarking exercises
have been performed for static analysis for two SiC/SiC CM&esms, namely the GEA SiC/SiC and S200H, using
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FIG. 15: The BM-predicted local strain distributian.,. for the S200H tensile test at 23°C under axial loading (a) feedod (b)
after failure. (a-1) and (b-1): equivalent matrix; (a-2§db-2): fiber tows.

Volume 19, Issue 5, 2021



14 Jung & dos Santos e Lucato

the presented modeling approach. The model calibrationepitre was established based on the tensile damage
mechanisms for CMC materials under tension. The damagetémollaws for theFE,, and E; of the CMCs were
determined through the model calibration. The blind preais were then conducted using the calibrafeg and
E;. Overall, the blind test results for the challenge probleimswved that the current BM approach can capture the
failure onset and subsequent damage progression welltdi,dbe predicted stiffness and ultimate strength déter
from the validation test by 10% on average, while the proportional limit stress, | and strain/displacement to
failure (er/Dr) were overall underpredicted in simulations. The fact tatfiber tow elements do not incorporate
shear stress due to the nature of a 1D truss FE element hih@eascurate prediction of the damage in composites.
In this study, a series of calibration and blind predictiasese conducted to benchmark the capability of the TSC
damage models (BM-based damage models) for progressivaeggapnediction in CMCs. A key point in this process
is to set up the model calibration process correctly ancegyatically, considering the feature of the current modglin
approaches so that the damage model can accurately rejitesantual damage progression of composite materials.
In addition, the use of beam elements for fiber tows in the Batework will help overcome the shortcomings of
truss elements that carry only axial stiffness. Unlikesrelements, beam elements can account for shear and bending
stiffness of the tows, despite consisting of 1D line eleraehowever, particular kinematic constraints would be
required to impose the compatibility of rotational degreEseedom between the matrix elements and the embedded
tow elements. The development of the embedded elementiteehfor coupling 1D beam elements to solid 3D
elements will lead to the improved predictive capabilittdghe current BM-based damage modeling approach for
CMCs.
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APPENDIX A. TELEDYNE COMPOSITE FRAMEWORK

All virtual specimens used in this numerical study were gatesl using a custom modeling tool named the Teledyne
composite framework. An example for the procedure of gdaimgrdhe virtual specimen with the composite frame-
work is presented in Fig. Al. The composite framework cdagiseveral individual modules performing their own
independent tasks. Users can freely connect each modutedtecheir own desired virtual specimens. The specific
fabric configuration of the targeted composites is fed imdn@ut of each module, and the virtual specimen is finally
cut out from the virtually fabricated composite panel.

" 2Dweave (1) Composite Lay-up (2) Sample Cutting (3)
MOdUIe' Weave '—Iweave /‘I Weave

Plate CutWeave
Geometry
I n pl.lt: Properties Properties Properties
Tow packing 0.1 Weave 2829c300.towfile Weave 19ed7a00.towfile
Fabric type ub ~ R e 2 Sample Tension 2
. 18 Ply sequence: 0,90,0,90,90,090,0
Warp epi X Edge Refinement(faster to slower) Nodes on_edges “
Fill epi 18 Ply orientation(U=Up/D=Down): UuUuuDbDOD
il epi -
P ] Nesting (Inactive) NG o Output Geometry PointsPolygons >
Warp-to-Fill tension 0
Ply offset (random between +/- 10 mm) 0
Length [mm] 200
Length [mm] 200
i 200!
Sdiin] Width [mm] 200
Thickness [mm] 02 Thickness [mm) 16

Output:

FIG. Al: Example for the generation of a virtual specimen with a lagfif9/90],s by using Teledyne composite framework
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