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Abstract: To characterize the nonlinear, anisotropic, and large-deformation behavior of three-
dimensional angle-interlock preforms during forming over complex surfaces, a multi-mode
decoupled hyperelastic constitutive model is established. Based on structural tensors and physical
invariants associated with different deformation modes, strain energy density functions are
formulated for warp/weft tension, thickness compression, in-plane shear, and out-of-plane shear,
and the corresponding material parameters are identified through mechanical characterization tests.
The model is implemented in ABAQUS via a VUMAT user material subroutine, and its predictive
capability for complex-surface forming is validated by hemispherical forming experiments. The
results show that the established model can reasonably predict the load—displacement response, the
in-plane shear angle distribution on the convex side, and the boundary draw-in behavior during
forming. The relative errors in the peak load and the peak shear angle along the 45° path on the
convex side are 15.2% and 6.3%, respectively. During forming, in-plane shear is the dominant
deformation mode, with a maximum shear angle of 37.4°, mainly located in the curvature transition
region between the hemispherical punch-contact region and the flange region on the concave side.
The sectional out-of-plane shear angle remains relatively low overall, with elevated values mainly
concentrated in the bending transition zones of the sections. Different initial yarn orientations
primarily alter the spatial distribution of high-shear regions and the boundary contour evolution,
while exerting limited influence on the maximum shear angle. These results provide a reference for
the forming simulation and process optimization of three-dimensional woven preforms over

complex surfaces.
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1 Introduction

Angle-interlock preforms are representative three-dimensional woven reinforcements with
strong potential for aerospace, marine, and defense applications owing to their spatially interlocked
yarn architecture, excellent through-thickness reinforcement, and high specific strength [1-7].
Compared with conventional two-dimensional laminated structures, angle-interlock preforms
exhibit superior resistance to delamination, improved structural integrity, and better formability, as
well as enhanced through-thickness stability during subsequent resin impregnation and curing.
However, during forming over complex surfaces, a planar preform must conform to a three-
dimensional geometry, accompanied by significant changes in yarn trajectories, interlacing angles,
and local deformation states. As a result, the preform exhibits pronounced nonlinear, anisotropic,
and coupled deformation behavior.

To characterize the complex deformation behavior of textile reinforcements, extensive
numerical modeling approaches have been developed at different scales [8—13]. In simulations of
composite preform forming, early kinematic models, such as the Chebyshev net method [14], offer
high computational efficiency but do not explicitly account for the intrinsic mechanical response of
textile reinforcements, which limits their ability to predict forming defects under complex
processing conditions. To elucidate mesoscopic deformation mechanisms, discrete models have
been proposed in which yarns are represented by beam or spring elements [15—18]. Although these
models can effectively capture yarn—yarn interactions, their application to large-scale industrial
components is often limited by high computational cost. By contrast, macroscopic constitutive
models based on continuum mechanics regard the preform as an equivalent continuum and describe
its overall mechanical response at the component scale. Owing to their favorable balance between
predictive accuracy and computational efficiency, these models have become an important tool for
fabric forming simulations.

Within the framework of continuum mechanics, various constitutive models have been
proposed to describe the macroscopic mechanical behavior of textile reinforcements. Among them,
non-orthogonal constitutive models track fiber orientations by introducing a non-orthogonal
coordinate system that evolves with material deformation, and are capable of describing large-angle
shear deformation during forming [19-21]. Hypoelastic models are formulated in a stress-rate form
and are convenient for numerical implementation; however, their dependence on the selected
objective stress rate may lead to non-physical responses and numerical stability issues [22].
Hyperelastic constitutive models are constructed based on strain energy density functions and
satisfy the requirement of thermodynamic consistency. They are therefore suitable for describing
the mechanical response of textile reinforcements under large-deformation and anisotropic
conditions, and have received considerable attention in fabric forming simulations in recent years
[23-29]. The characteristic formulations and key features of these commonly used macroscopic
modeling approaches are schematically summarized in Fig. 1.

In terms of the construction of strain energy functions, existing studies have generally focused
on decomposing the dominant deformation modes of textile reinforcements and developing
hyperelastic constitutive models in different forms. Peng et al. [25] decomposed the total strain
energy density function of two-dimensional woven fabrics into tensile and shear strain energy
components at the macroscopic scale, and determined the corresponding energy functions based on
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uniaxial tensile and picture-frame shear tests. Following this framework, Yin et al. [26] applied the
model to the draping simulation of two-dimensional woven fabrics over double-curvature molds,
achieving effective prediction of the fabric forming process. For more complex fabric architectures,
Charmetant et al. [27] developed a hyperelastic constitutive framework for large-deformation
analyses of three-dimensional interlock composite preforms, providing an important theoretical
basis for the forming simulation of three-dimensional woven preforms.
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Fig. 1 Schematic illustration of macroscopic constitutive models: non-orthogonal elastic model, hypoelastic
model, and hyperelastic model

Based on continuum mechanics, a multi-mode decoupled anisotropic hyperelastic constitutive
framework is established in this study to simulate the forming behavior of a 1/3 twill three-
dimensional angle-interlock preform. The material parameters are identified through mechanical
characterization tests, including tension, compression, and shear tests, and the constitutive model is
implemented in ABAQUS via a user-defined VUMAT subroutine. The predictive accuracy of the
model is validated against hemispherical forming experiments in terms of the load—displacement
response, in-plane shear angle distribution, and boundary draw-in after forming. The local three-
dimensional out-of-plane shear deformation mechanism is then further analyzed. Finally, the effects
of initial yarn orientation on the overall shear field and boundary contour evolution are investigated.

2 Hyperelastic Constitutive Framework

2.1 Fundamental Relations of Finite-Deformation Hyperelasticity

Three-dimensional woven preforms typically undergo large deformation and exhibit
anisotropic and nonlinear mechanical responses during forming. To describe such behavior, a
macroscopic constitutive framework based on hyperelastic theory is established in this study, in
which the mechanical response of the material is represented by a strain energy density function
[23-25].



In finite-deformation theory, the motion of a material point from the reference configuration to
the current configuration is described by the deformation gradient tensor F. To satisfy the
requirement of material objectivity, the right Cauchy—Green deformation tensor C is commonly
adopted as the deformation measure, which is defined as:

C=F'F 1)

Based on this deformation measure, the strain energy density function y can be expressed as a
scalar function of the right Cauchy—Green deformation tensor C:

y =y (C) @)

According to hyperelastic theory, the second Piola—Kirchhoff stress tensor S, which is work-
conjugate to the right Cauchy—Green deformation tensor C, is obtained by differentiating the strain
energy density function with respect to C:

0
g=2%¥
oC

To express the stress response in the current configuration, the Cauchy stress tensor ¢ can be

3)

calculated through the push-forward operation using the deformation gradient tensor F, together
with the Jacobian determinant J = det(F), which characterizes the volume change:

o= 1 FSF' (4)
J
2.2 Definition of Structural Tensors and Mixed Invariants
To describe the anisotropic behavior of three-dimensional woven preforms, a local orthogonal
material coordinate system is defined in the reference configuration. Three mutually orthogonal unit
vectors, ai, a; and a3 are introduced to represent the initial warp, weft, and thickness directions,
respectively [27-29]. Based on these material direction vectors, the structural tensors associated
with the principal material directions are defined as:

A=a ®a,i=1,23 (%)

Furthermore, a set of mixed invariants can be constructed from the right Cauchy—Green
deformation tensor C and the material direction vectors to characterize the deformation along the
principal material directions and the directional coupling between them:

I,=a,-(Ca) I =a, (Ca,)) Iy=a,-(Ca,)

(6)
ls=a,-(Ca)) I;,=a -(Cay) I =a, (Ca,)

Here, 14, Is and I3 describe the deformation along the warp, weft, and thickness directions,
respectively, whereas lss, Iss and Iss characterize the coupling deformation between different
material directions. These mixed invariants provide the basis for constructing physical invariants
associated with tension, thickness compression, in-plane shear, and out-of-plane shear.

2.3 Multi-Mode Decoupled Strain Energy Function and Stress Formulation

The macroscopic deformation of three-dimensional angle-interlock preforms can be
decomposed into four fundamental modes: warp/weft tension, through-thickness compression, in-
plane shear, and out-of-plane shear [25,27-29]. Warp/weft tension represents the axial load-
bearing response of yarns along the principal material directions, while through-thickness
compression characterizes the compaction of the preform in the thickness direction. In-plane shear
describes the relative rotation between warp and weft yarns at the interlacing points, whereas out-
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of-plane shear reflects the through-thickness deflection of the warp and weft yarn systems.

Based on this decoupling strategy, the total strain energy density function can be expressed as
the sum of the energy contributions associated with the fundamental deformation modes. For a
three-dimensional woven preform with three orthogonal material principal directions, the mixed
invariants constructed from C and the material direction vectors are transformed into physical
invariants corresponding to specific deformation modes. The total strain energy density function
can then be written as a scalar function of these physical invariants:

thick (

l//(C) = l//elong ([elongl) + l//elong (IelongZ) + l//comp Icomp) + l//sl}[::;lrane (Icp) + l//so}:::lane ([ctl) + l/js‘;:let::lane (Ith) (7)

in-plane

where Welong, Weomp, W™ | and wP™ denote the strain energy density components
associated with tension, thickness compression, in-plane shear, and out-of-plane shear, respectively.
The corresponding physical invariants are defined as:

Ielongl = hl \/E Ielongz = hl \/z

det(C) 1 .
I, =In( ) I =—2—=sin(y ®)
p [4[6 P 1416 ( )
1 I
Ly=—F= :Sin(74,8) L, =—F= :Sin(%,s)
1,1 NIPE

Here, letong1 and Leiong2 are the logarithmic elongation variables in the warp and weft directions,
respectively; lcomp 1S the compaction-related invariant in the thickness direction; I, represents the
sine of the in-plane shear angle; /.1 and I are the invariants associated with out-of-plane shear;
and det(C) is the determinant of the right Cauchy—Green deformation tensor C.

In finite element calculations, the stress response in the current configuration is usually
represented by the Cauchy stress tensor 6. According to Eq. (4), 6 can be obtained from the second
Piola—Kirchhoff stress tensor §. Based on Eqgs. (3), (7), and (8), S can be expanded using the chain

rule as

hick in-plane out-plane
S — 2 (22: a '//elongi al elongi + 8 l/léomp al comp + a l//shegr alcp + 22: a Wshetafl al cti ) (9)
= ol oc o, ocC o, oCc ‘I al, oC

elongi comp cp

In Eq. (9), the derivatives of the energy functions are obtained from the specific forms of the
strain energy density functions for the corresponding deformation modes, whereas the derivatives
of the physical invariants with respect to the right Cauchy—Green deformation tensor C can be
derived from their definitions.

3 Mechanical Characterization and Constitutive Parameter Identification

The investigated material was a three-dimensional angle-interlock preform manufactured from
TG800HX-12K carbon fiber yarns. The constituent carbon fiber yarns were supplied by Shanxi
Gangke Carbon Materials Co., Ltd., and the preform was fabricated by the Institute of Composite
Materials, Tiangong University. The basic properties of the TG800HX-12K carbon fiber yarns are
summarized in Table 1.

Table 1 Properties of TG800HX-12K carbon fiber yarns

Fiber tvpe Tensile modulus Linear density Bulk density Elongation ratio
P (GPa) (g-km!) (g-em) (%)
TG800HX-12K 294 445 1.8 1.9
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The preform thickness, yarn specifications, yarn densities, and corresponding experimental

items are listed in Table 2.

Table 2 Structural parameters of the three-dimensional angle-interlock preform

Fabric thickness . . Yarn density
Yarn type Yarn specification (ends or Experimental items
(mm) icks-cm™!
picks-cm™)
Warp yarn TG800HX-12K X2 5+0.2 Uniaxial tension,
45 transV.erse
Weft yarn TG800HX-12K X2 3+0.2 compression, and
in-plane shear
Warp yarn TG800HX-12K X2 5+0.2
90 Weftyam  TGSOOHX-12K X2 3402 Out-of-plane shear

Fig. 2 shows a schematic representation of the architecture of the three-dimensional angle-
interlock preform. The preform consists of warp and weft yarn systems, in which the warp yarns
follow undulated paths along the thickness direction and interlace with adjacent weft yarn layers,
forming a continuous through-thickness angle-interlock architecture. Owing to differences in
warp/weft yarn densities and spatial interlacing paths, the preform exhibits pronounced anisotropic
mechanical responses under tensile, compressive, and shear loading. Therefore, its mechanical
behavior was characterized through uniaxial tension, transverse compression, in-plane shear, and
out-of-plane shear tests in this section. The corresponding loading configurations are shown in Fig.
3. Three valid datasets were obtained for each test and then averaged. Based on the experimental
curves, the parameters of the strain energy density functions in the hyperelastic constitutive model

were identified.

(b)Top view (x-y plane)

(a)3D view R Projection to

x-y plane

ay -
: 3, <
Projection to a,
al x-z plane

Fig. 2 Schematic architecture of the three-dimensional angle-interlock preform: (a) three-dimensional view; (b) top

view in the x—y plane; (c) side view in the x—z plane
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Fig. 3 Experimental setups and loading configurations for the basic mechanical tests of the three-dimensional
angle-interlock preform: (a) uniaxial tension; (b) transverse compression; (c) bias-extension; (d) out-of-plane shear
3.1 Uniaxial Tension Test

Uniaxial tension tests of the three-dimensional angle-interlock preform were conducted using
a universal testing machine. Specimens were cut along the warp and weft yarn directions, with
dimensions of 200 mm x 25 mm. The gauge region was 100 mm x 25 mm. To prevent slippage
during loading, the clamping regions at both ends of each specimen were impregnated with resin
and cured, with a cured length of 50 mm at each end. The loading rate was set to 2 mm/min.

Fig. 5(a) and (b) show the load—displacement curves of the three-dimensional angle-interlock
preform under warp- and weft-direction uniaxial tension, respectively. Pronounced nonlinear tensile
responses are observed in both directions. In the initial loading stage, the load increases slowly with
displacement, indicating a low-stiffness response. This is mainly attributed to the gradual
straightening of the initially crimped yarns and local relative sliding between yarns. As the tensile
displacement further increases, the yarns are progressively straightened, and the tensile load is
mainly borne by the carbon fiber yarn bundles. Consequently, the load increases continuously with
displacement, exhibiting nonlinear stiffening.

3.2 Transverse Compression Test

Transverse compression behavior of the three-dimensional angle-interlock preform was
characterized using a universal testing machine. Square specimens measuring 50 mm x 50 mm were
subjected to thickness compression with a rigid circular platen of 200 mm in diameter. A relatively
large platen was selected to minimize the effect of local contact irregularities and ensure a more
uniform loading condition. Tests were conducted at a displacement rate of 1 mm/min, with the
compression displacement limited to 2 mm.

Fig. 5(c) shows the load—displacement curve of the three-dimensional angle-interlock preform
under transverse compression, which exhibits a pronounced nonlinear increase. In the initial
compression stage, the platen comes into contact with the preform surface, and the load increases
slowly with displacement. As the dry preform consists of spatially interlaced warp and weft yarns,
numerous inter-yarn voids exist between yarn bundles and in the interlacing regions. The
deformation in this stage is mainly governed by the closure of these structural voids, slight relative
movement between yarns, and weak contact friction [30-33]. Meanwhile, the external load has not
yet induced significant transverse compaction of the fiber bundles themselves; therefore, the
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material exhibits relatively low initial stiffness.

With increasing compression displacement, the inter-yarn voids are gradually closed. The
dominant deformation mechanism shifts from structural compaction between yarn bundles to
transverse rearrangement and mutual compaction of fibers within the yarn bundles. The inter-fiber
voids are progressively eliminated, and the fiber volume fraction continuously increases, leading to
a pronounced nonlinear increase in compressive stiffness.

3.3 In-Plane Shear Test

The in-plane shear behavior of the three-dimensional angle-interlock preform was
characterized using bias-extension tests [34—39], which were conducted on a universal testing
machine. Specimens measuring 200 mm x 50 mm were prepared such that the warp and weft yarns
were oriented at £45° relative to the loading direction. The gauge region was 100 mm X% 50 mm, and
the clamping length at each end was 50 mm. The loading rate was 3 mm/min.

The bias-extension test provides the axial load—displacement response of the specimen rather than
the in-plane shear response directly. Therefore, before analyzing the shear behavior, the original
load—displacement data were normalized and converted into a shear force—shear angle relationship
associated with in-plane shear deformation. In this study, the kinematic model shown in Fig. 4 was
adopted, in which the deformation region of the bias-extension specimen was divided into an
undeformed end region (region A), a half-shear region (region B), and a pure shear region (region
C). Region C is located away from the clamping ends and is less affected by boundary constraints,
thereby providing a more representative shear deformation state. Therefore, the shear angle in region
C was selected to characterize the in-plane shear deformation. Based on the principle of virtual work,
the experimental data were normalized to obtain the shear force—shear angle relationship [35,36,40].
According to the geometric relationship shown in Fig. 4, the relationship between the shear angle

in region C and the tensile displacement can be expressed as follows:
Ly+o

2L,

¥ =90°—260=90°—-2cos™ (10)

H L,

hid
2

Fig. 4 Division of deformation regions in the bias-extension test and the kinematic theoretical model
Based on the principle of virtual work, the external work done by the axial tensile force (F) is
related to the shear strain energy stored in the deforming regions of the specimen. Considering the
initial gauge length (H), specimen width (), and the areas of the different deformation regions, the
normalized shear force in the pure shear region can be obtained by substituting the shear angle
calculated from Eq. (10):

v A(H_ Y _in? |- 7 eosZ
FSh(}/)_(ZH—SW)cosy[KW IJDF[(COSz smzj WDFsh(chosz} (11)



where y is the shear angle in the pure shear region C, W is the specimen width, H is the

specimen gauge length, ¢ is the crosshead displacement, F' is the tensile load of the specimen, and
Fq 1s the shear force in the pure shear region C.

After the shear force Fa(y) is obtained from Eq. (11), it is converted into the unit torque Cs in

the initial unit-volume region according to the normalization relationship of the bias-extension test:

C = FE,(y)-cos(y) 12)

The in-plane shear strain energy density function can then be obtained by integrating the unit

torque Cs with respect to the shear angle y and dividing it by the specimen thickness ¢:

vin=[ (Z dy (13)

During the bias-extension test, the central region of the specimen undergoes pronounced
transverse contraction. Under tensile loading, the initially orthogonal warp and weft yarns rotate
relative to each other, and the yarn angle continuously decreases, resulting in a skewed rhombic
deformation pattern, as shown in Fig. 3(c). Compared with the clamped regions at both ends, the
pure shear region C is less affected by constraints imposed by the clamps, leading to more
representative yarn rotation and more pronounced in-plane shear deformation.

Fig. 5(d) shows the load—displacement curve obtained from the bias-extension test. The curve
reflects the staged nonlinear response associated with the in-plane shear deformation of the preform.
In the initial stage, the deformation is dominated by relative yarn rotation around the interlacing
points, and the shear stiffness remains relatively low. As the displacement increases, the yarn angle
further decreases, and transverse contact and compaction between yarns become more pronounced.
This restricts relative yarn rotation and leads to a rapid increase in shear resistance [41,42]. With
further displacement, the preform exhibits a tendency toward shear locking, accompanied by local
yarn wrinkling or nonuniform deformation [43,44], which results in changes in the curve slope and

increased data scatter.
3.4 Out-of-Plane Shear Test
Out-of-plane shear tests of the three-dimensional angle-interlock preform were conducted

using a Shimadzu material testing machine (AGS-J, 1 kN). Specimens with dimensions of 50 mm
x 50 mm and a thickness of 9.0 mm were used, and the corresponding structural parameters are
listed in Table 2. The test fixture is shown in Fig. 3(d). During the test, the upper and lower surfaces
of the specimen were bonded to the fixed and moving plates respectively, using thin double-sided
adhesive tape. Out-of-plane shear deformation was imposed by the relative translation between the
two plates. The loading rate was 3 mm/min. The experimental data were normalized and processed
based on a variational formulation for the identification of out-of-plane shear parameters.

As shown in Fig. 5(e) and (f), the preform exhibits similar load—displacement responses under
out-of-plane shear in the warp and weft directions. The load increases rapidly in the initial loading
stage, followed by a gradual decrease in tangent stiffness with increasing displacement until the
response approaches a plateau. This behavior is mainly attributed to the geometric constraint and
static friction of the warp—weft interlacing network against relative interlayer movement during the
initial shear stage. As the displacement increases, local rearrangement and structural relaxation
occur within the yarn network, leading to a gradual reduction in the incremental shear resistance.

Although the overall response trends are similar, the shear load in the weft direction is higher
than that in the warp direction under the same shear displacement. This difference mainly results
from the asymmetric warp/weft yarn densities and the different spatial interlacing paths within the

preform. When relative interlayer movement occurs in the weft direction, yarn sliding is more
9



strongly constrained by the interlacing points because the warp yarn density is higher than the weft
yarn density. Consequently, higher internal frictional resistance is generated.

@ (b) 1ot
af o &
e Average Load . Average Load
T Sundard Deviation T Standard Deviation
3.5 2.5
3
2
25
2 z
% 2 T L5p
z 2
1.5
1k
kb
0.5
0.5
0 i s L 0 s
] 03 1 L5 2 25 3 15 [ 1 2 3 4 5
Displacement (mm) Displacement (mm)
€ ¢ (d)
Average Load Average Load
12 @ Standad Deviation 1 60F B Swundard Deviation
| 50 F
[ 40
z 08 z
E E
Sos S
04 20k
02 10F
0 [ s L s L
0 5 0 5 10 15 20 25 30
Displacement (mm) Displacement (mm)
(e) )
12
. Average Load e Average Load
T Standard Deviation 16F 3 Suandard Deviation
14f
12
z Ziof
= =
g L
) ]
6 F
4F
2
( L L " 0 " L
0 5 10 15 0 5 10 15
Displacement (mm) Displacement (mm)

Fig. 5 Load—displacement responses under different fundamental deformation modes: (a) warp-direction tension;
(b) weft-direction tension; (c) transverse compression; (d) in-plane shear; (¢) warp-direction out-of-plane shear; (f)
weft-direction out-of-plane shear

3.5 Identification of Hyperelastic Constitutive Parameters

Based on the results of the uniaxial tension, transverse compression, bias-extension, and out-
of-plane shear tests, the macroscopic load—displacement data were converted into strain energy
densities associated with different deformation modes through geometric normalization and energy-
equivalence formulations. The relationships between the strain energy densities and the
corresponding physical invariants were then obtained. To balance the capability of the constitutive
model to describe nonlinear mechanical responses and the numerical stability of finite element
calculations, polynomial functions were adopted to fit the energy responses. The specific forms of
the strain energy density functions are defined as follows:

5
!//elong (Ielonga ) = Z Aai (Ielonga )l (a = 1’ 2) (14)
i=1
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where A4 Bi, C; and

l//ctg:rcll;(]comp) = ZBi(Icomp)ZI (15)
i=1
3
Vi (L) = 2 C (1) (16)
i=l
3
sc;:::lane (]cta) = ZDai ([cta)l (a = 1’ 2) (17)
i=1

Dg; are the material fitting parameters to be identified for the

corresponding deformation modes.
The truncation orders of the polynomial strain energy density functions were determined

according to the mechanical response characteristics of each deformation mode. The tensile

response exhibits pronounced nonlinear stiffening in the large-deformation stage; therefore, a fifth-
order polynomial was adopted to improve the fitting capability for the later-stage mechanical

response. The transverse compression response was described using an even-order polynomial to

ensure the continuity and numerical stability of the compression strain energy within the

investigated compression range. By contrast, the nonlinearities of the in-plane and out-of-plane

shear responses are relatively weak, and low-order polynomial

characterize these responses.

functions are sufficient to
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Fig. 6 Fitting results of the strain energy density functions with respect to the physical invariants under different
decoupled deformation modes: (a) warp-direction tension; (b) weft-direction tension; (c) transverse compression;
(d) in-plane shear; (¢) warp-direction out-of-plane shear; (f) weft-direction out-of-plane shear

Fig. 6 shows the fitting results of the strain energy density functions for different deformation
modes. The fitted curves agree well with the experimental data and effectively capture the nonlinear
response characteristics of the corresponding deformation modes. Based on these fitting results, the
identified material parameters are summarized in Table 3 and used as input parameters for the
subsequent ABAQUS/VUMAT finite element implementation and forming simulations.

Table 3 Parameter matrix of the hyperelastic constitutive model for the three-dimensional angle-interlock preform

Deformation mode Coefficient symbol i=1 i=2 i=3 i=4 i=5
Warp tension Avi 0 6.25x10? 5.25x103 —-1.89x107 2.14x108
Weft tension A2i 0 5.96x10? 1.11x10° —2.26x10° 1.46x107

Transverse B 6.28x10" 0 1.29x10" — —
compression
In-plane shear Ci 6.85x10°  4.52x10°  2.23x107? — —

Warp-direction out-
of-plane shear
Weft-direction out-
of-plane shear

Dii 4.64x10*  2.04x1073 8.09x10* — —

Doi 5.18x10*  3.56x107 1.72x1073 — —

4 Model Validation and Forming Mechanism Analysis of the Three-Dimensional
Angle-Interlock Preform

4.1 Hemispherical Forming Experiment and Deformation Characteristics

To validate the predictive capability of the established hyperelastic constitutive model for the
forming behavior of the three-dimensional angle-interlock preform over complex surfaces, hemispherical
forming was adopted as the validation benchmark in this study [45-51]. A square specimen with
dimensions of 300 mm x 300 mm was used, and a white grid pattern was marked on the specimen surface
to facilitate the measurement of the in-plane shear angle distribution after forming. As shown in Fig. 7(a),
the specimen was clamped between two transparent blank-holder plates with a central opening radius of
60 mm. The bolt pre-tightening torque was controlled at 0.5 N'm to provide a uniform blank-holding
constraint. A hemispherical punch with a radius of 50 mm was quasi-statically driven to a displacement
of 50 mm at a loading rate of 20 mm/min. The displacement-controlled forming test was performed using
a Shimadzu testing machine (AG-250kNE).

(@) (b)

Fig. 7 Hemispherical forming experiment and formed configuration: (a) experimental setup; (b) formed
configuration after hemispherical forming
Fig. 7(b) shows the formed configuration after hemispherical forming. During punch forming, the
preform deforms from its initial planar state into a hemispherical configuration with an evident double-
curvature feature. Owing to directional differences in warp/weft tensile stiffness, spatial yarn paths, and
in-plane shear deformability, the formed boundary does not exhibit uniform inward draw-in, but shows
12



direction-dependent edge draw-in. The punch-contact region conforms to the hemispherical punch
surface through overall bending, whereas the flange region remains approximately planar. The transition
region between these two regions is simultaneously affected by curvature variation, blank-holding
constraints, and yarn orientation, leading to more pronounced localized bending and yarn reorientation.
Therefore, this transition region is further examined in the subsequent analyses of shear deformation and
cross-sectional deformation.

Based on these experimental observations, the predictive capability of the established constitutive
model is further evaluated by comparing the finite element results with the experimental data in terms of
the macroscopic load response, in-plane shear angle distribution, boundary draw-in, and out-of-plane
shear characteristics.

4.2 Validation of Hemispherical Forming Response and Analysis of Deformation Mechanism

A finite element model corresponding to the hemispherical forming experiment was developed in
ABAQUS, as shown in Fig. 8. Considering the symmetry of the specimen geometry and boundary
conditions, a quarter-symmetric model was adopted to improve computational efficiency. The geometries
of the die and punch were defined according to the experimental setup. The preform was discretized
using C3D8R solid elements. The contact friction coefficient between the specimen and the punch/blank-
holder plates was set to 0.2. The established hyperelastic constitutive model was implemented in the

finite element analysis through an ABAQUS/VUMAT user material subroutine.

Holder(rigid)

- Punch(rigid)
Fabric

g Die(rigid)

Fig. 8 Finite element model for hemispherical forming
4.2.1 Macroscopic Load Response and Stiffness Evolution

Fig. 9 compares the experimental and simulated load—displacement curves during hemispherical
forming. The two curves exhibit similar nonlinear increasing responses and show good overall agreement,
with a relative error of approximately 15.2% in the peak load. In the initial stage of punch displacement,
the preform mainly undergoes localized bending and initial conformity with the punch surface in the
punch-contact region, whereas in-plane shear and boundary draw-in are not yet significant. Therefore,
the load increases slowly. As the punch displacement increases, in-plane shear in the curvature transition
region gradually intensifies, and the edge draw-in is restricted by blank-holding friction. Consequently,
the overall forming resistance increases, as reflected by the increased slope of the load—displacement
curve. The simulated load is slightly higher than the experimental value in the middle and later stages,
which is mainly attributed to the use of a constant friction coefficient in the finite element model. This
treatment does not fully account for the dynamic variation in contact pressure between the preform and

the forming tools during the actual forming process.
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Fig. 9 Comparison between experimental and simulated macroscopic load—displacement responses of the
preform during hemispherical forming
4.2.2 In-Plane Shear Angle Distribution and Pathwise Validation

Fig. 10 shows the finite element distributions of the in-plane shear angle of the preform after
hemispherical forming. Fig. 10(a) presents the shear angle distribution in the overall deformed
configuration, whereas Fig. 10(b) and (c) show the shear angle contours from the convex and concave
sides, respectively. Compared with the experimental formed configuration shown in Fig. 7(b), the
simulated results reasonably reproduce the overall conformation of the preform to the hemispherical
punch surface, and the hemispherical punch-contact region, flange region, and curvature transition region
are all well represented.

The in-plane shear angle exhibits an approximately centrosymmetric distribution. Regions with
elevated in-plane shear angles are mainly concentrated in the curvature transition region and extend along
the 45° bias directions. The high-shear regions on the convex side in Fig. 10(b) correspond to the regions
where pronounced deformation of the surface grid is observed in the experiment. Fig. 10(c) further shows
that the in-plane shear concentration in the transition region on the concave side is more pronounced than

that on the convex side, with a maximum in-plane shear angle of approximately 37.4°.
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Fig. 10 In-plane shear angle distribution after hemispherical forming: (a) overall view; (b) convex-side view; (c)
concave-side view

To quantitatively evaluate the predictive capability of the model for in-plane shear deformation, the
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45° diagonal direction on the convex side was selected as the shear angle extraction path, as shown in
Fig. 11. The finite element predictions are generally consistent with the experimental measurements in
terms of the overall variation trend. Along the 45° path on the convex side from the forming center toward
the boundary, the shear angle first increases gradually and reaches a peak at approximately 70-95 mm
from the center, with a predicted peak value of approximately 34° and an experimentally measured peak
value of approximately 32°. The shear angle then decreases continuously and approaches zero near the
boundary, showing an overall single-peak distribution. The peak region corresponds to the curvature
transition region. Under the combined effects of curvature variation and blank-holder constraint, relative
rotation between warp and weft yarns occurs to accommodate the deformation of the planar preform into
a double-curvature surface; therefore, shear deformation is more pronounced in this region. By contrast,
the edge region is constrained by the blank holder and contact friction, which restricts in-plane
deformation and results in a relatively small shear angle. These results indicate that the model can

reasonably predict the evolution of the shear angle along the 45° path on the convex side.
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Fig. 11 Comparison between simulated and experimental shear angle distributions along the 45° direction of the
preform

4.2.3 Boundary Draw-in and Contour Evolution

Fig. 12 compares the experimentally measured and numerically predicted boundary contours of the
preform after hemispherical forming. The dashed line denotes the initial specimen boundary, while the
solid line and discrete markers represent the simulated and experimental final contours, respectively. The
formed boundary exhibits clear directional dependence rather than uniform radial draw-in. More
pronounced edge draw-in occurs along the warp and weft directions, which can be attributed to the
relatively high axial tensile stiffness of the yarns in these directions. As yarn elongation is limited during
forming, the preform mainly accommodates the double-curvature deformation through in-plane
displacement of the edge region. By contrast, deformation along the 45° bias direction is more readily
accommodated by in-plane shear arising from the relative rotation between warp and weft yarns, resulting
in a smaller boundary shift in this direction. Overall, the simulated contour agrees well with the
experimental measurement, indicating that the proposed model can reasonably capture the boundary
evolution of the preform during hemispherical forming. The remaining local discrepancies may be related
to the simplified friction treatment, local yarn slippage, and nonuniform blank-holding constraints in the

experiment.
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Fig. 12 Comparison between experimentally measured and numerically predicted boundary draw-in contours after
hemispherical forming

4.2.4 Characteristics of Out-of-Plane Shear Deformation

To characterize the out-of-plane shear deformation behavior of the preform during hemispherical
forming, Fig. 13 presents the experimental cross-sectional profiles and the finite element distributions of
the out-of-plane shear angle on the x—z and y—z sections. In the finite element results, the out-of-plane
shear angle is derived from the physical invariants defined in Eq. (8) and used to quantitatively describe
the relative through-thickness deflection at a material point and its deviation from the initial orthogonal
state. The contours show that the out-of-plane shear angle distributions on the two sections are generally
consistent. Regions with relatively high out-of-plane shear angles are mainly concentrated in the
curvature transition region, whereas the out-of-plane shear angles in the flange region and the
hemispherical punch-contact region remain relatively low. The maximum out-of-plane shear angles on
the x—z and y-z sections are approximately 17.47° and 17.52°, respectively, indicating only a slight
difference between the two peak values. In the experimental cross-sectional profiles, the transition region
also exhibits more pronounced localized bending and through-thickness yarn deflection, which generally
coincides with the out-of-plane shear concentration regions predicted by the finite element contours.

Fig. 14 further shows the local yarn deflection in the transition regions of the experimental sections.
The local yarn bundle deflection angle ranges from approximately 10° to 21° in the x—z section and from
11° to 23° in the y—z section. Both sections exhibit evident through-thickness yarn deflection in the
transition region, which is consistent with the finite element prediction of out-of-plane shear
concentration in this region. Therefore, during hemispherical forming, the transition region undergoes
not only overall bending but also relative interlayer deflection and through-thickness shear deformation,
serving as the main region where the preform accommodates local curvature variation. As an important
three-dimensional deformation mechanism in the complex-surface forming of three-dimensional woven
preforms, out-of-plane shear deformation enables the preform to accommodate local curvature variation

through relative through-thickness yarn deflection, thereby enhancing its conformation to the tool surface.
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Fig. 13 Experimental and simulated comparison of the out-of-plane shear angle during hemispherical forming: (a)

out-of-plane shear angle y,, on the x—z section; (b) out-of-plane shear angle ., on the y—z section

Fig. 14 Yarn deflection angles in the sectional transition region: (a) X—z section; (b) y—z section

4.3 Effect of Initial Yarn Orientation on Forming Behavior

The three-dimensional angle-interlock preform exhibits pronounced orthotropic characteristics, and
its forming behavior is jointly affected by the initial warp/weft yarn orientation, the geometric constraints
imposed by the forming tools, and boundary friction conditions. Changing the initial yarn orientation
modifies the relative alignment between the warp/weft yarn directions and the principal geometric axes
of the forming tools, thereby affecting the spatial distribution of in-plane shear deformation and the
overall forming pattern. To analyze the effect of initial yarn orientation on forming behavior, finite
element models with [£45°] and asymmetric [30°/—60°] yarn orientations were further developed for
comparison, while the tool dimensions, material parameters, and boundary conditions were kept
unchanged. The [0°/90°] orientation was used as the reference case. For the [30°/—60°] orientation, the
warp and weft yarn directions are no longer symmetric with respect to the geometric symmetry axes of
the model. Therefore, a full model was adopted to avoid the influence of symmetry boundary conditions
on the evolution of the boundary contour and the distribution of the shear field.

The preceding hemispherical forming validation shows that, under the [0°/90°] orientation, the shear
angle field exhibits an approximately centrosymmetric distribution, with regions of relatively high shear
angles mainly located in the curvature transition region. On this basis, the changes in the in-plane shear

angle distribution and formed contour induced by different initial yarn orientations were further analyzed.
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As shown in Fig. 15(a), when the yarn orientation is changed to [+45°], the warp and weft yarn
directions are rotated by 45° relative to the principal axes of the forming tools, leading to a corresponding
redistribution of the shear field. Compared with the [0°/90°] orientation, the high-shear regions are no
longer mainly located along the diagonal directions of the curvature transition region, but shift to
symmetric regions distributed along the principal axes of the forming tools. This result indicates that the
initial yarn orientation primarily affects the spatial distribution of the high-shear regions, while exerting
a relatively limited influence on the magnitude of the maximum shear angle.

For the asymmetric [30°/—60°] orientation, the shear angle distribution shown in Fig. 15(b) no
longer exhibits an evident centrosymmetric pattern but instead presents pronounced nonuniformity and
directional bias. The high-shear regions undergo a distinct spatial shift, and the formed contour also
exhibits a certain degree of twisting. This indicates that an asymmetric yarn orientation changes the
alignment between material anisotropy and the geometric constraints imposed by the forming tools, so
that the differences between the warp and weft directions are no longer distributed in a centrosymmetric
manner. Consequently, the shear field is redistributed, and deflection of the boundary contour is induced.

In summary, the initial yarn orientation significantly affects the evolution of the shear field during
hemispherical forming of the three-dimensional woven preform. This influence is reflected primarily not
by a substantial change in the maximum shear angle, but by the spatial redistribution of high-shear
regions, local deformation patterns, and boundary contour evolution. Therefore, optimization of the yarn
orientation can be used to regulate local deformation concentration, providing a basis for process design

and forming-quality improvement of three-dimensional woven preforms.
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Fig. 15 In-plane shear angle distributions under different initial yarn orientations during hemispherical forming: (a)

[+45°]; (b) [30°/~60°]
5 Conclusions

In this study, a 1/3 twill three-dimensional angle-interlock carbon fiber preform was investigated,
and a multi-mode decoupled hyperelastic constitutive model was established to describe its large-
deformation and anisotropic mechanical responses during forming over complex surfaces. The strain
energy density responses and material parameters associated with different deformation modes were
identified through mechanical characterization tests, and the model was implemented in
ABAQUS/Explicit via a VUMAT user material subroutine. Comparative validation with hemispherical
forming experiments shows that the established model can reasonably predict the macroscopic load
response, boundary draw-in behavior, and local shear deformation characteristics of the preform. The
forming mechanism analysis indicates that in-plane shear is the dominant deformation mode by which
the preform accommodates a double-curvature surface, whereas out-of-plane shear improves local
surface conformity in the curvature transition region through local through-thickness yarn deflection.
Further analysis of the forming behavior under different initial yarn orientations shows that the initial
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yarn orientation mainly changes the spatial distribution of high-shear regions, while exerting limited
influence on the magnitude of the maximum shear angle. These results provide a reference for complex-
surface forming simulation, yarn orientation design, and regulation of local deformation concentration
in three-dimensional woven preforms.

Since a multi-mode decoupled constitutive description was adopted in this study, the coupling
effects among different deformation modes were not fully considered. Future work will focus on
developing a coupled constitutive model that accounts for the interactions among tension, compression,
in-plane shear, and out-of-plane shear, so as to more accurately characterize the nonlinear mechanical

response of the material during complex-surface forming.
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