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ABSTRACT

A novel analytical model is proposed for the in-plane shear response of unidirectional composites
on account of fiber-matrix interface. The fiber-matrix interface influences the stiffness and induces
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nonlinear phenomena, playing a fundamental role in the damage onset and propagation. The

interface consists of three zones: fiber-transition, core, and matrix-transition. The transition zones
are assumed to have zero thicknesses, while the core zone is a layer with finite thickness. Fiber-
transition zone is characterized by a nonlinear damage behavior. The analytical model is verified
by comparing with finite element simulations and experimental data, indicating adequate descrip-

tion of the complex phenomena under study.

1. Introduction

The design of composite materials is challenging due to
many variables and scales involved [1,2], as well as the sto-
chastic issues related to the manufacturing processes [3].
The World-Wide Failure Exercise summarizes the state of
the art of macromechanical studies considering failure crite-
ria [4-6].

Most of the recent advances considering composite non-
linear response are obtained numerically [7-9]. Nevertheless,
micromechanical analytical models have the advantage of
low computational cost [10], which is useful for multiscale
analysis [11] and optimization procedures [12]. One of the
major challenges of composite design is to evaluate damage
mechanisms [13-15]. Some recent experimental advances
are reported considering damage tracking using digital
image correlation [16,17] and thermography [18-20].

The micromechanics of composite materials usually esti-
mates the effective elastic properties [21-23] and strengths
[24,25] based on the essential assumption of a perfectly brit-
tle failure of the unidirectional composites. On this basis, a
linear elastic response is assumed until the rupture. This
assumption is too strong for in-plane shear loads [26-28]
and therefore, it is important to incorporate the fiber-matrix
interface nonlinear behavior to properly describe composite
behavior.

Kolanu et al. [29] showed that the composite nonlinear
shear behavior may significantly affect the response of
notched specimens. Chen et al. [30] pointed out that the
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nonlinearity induced by shear also influences the longitu-
dinal compressive failure of unidirectional laminae. These
studies highlight the importance to consider the in-plane
shear nonlinear response for different applications. Hence,
an analytical investigation relating micromechanical interface
damage with macromechanical composite nonlinearity con-
sidering in-plane shear load is desirable to improve the
damage understanding.

Andrianov et al. [31] evaluated the interface between
fiber and matrix using the asymptotic homogenization tech-
nique. Zhang & Waas [32] and Patel et al. [33] used analyt-
ical concentric cylinder model to evaluate interface effects.
Wiirkner et al. [34] assumed that imperfect interface can be
modeled as an elastic element. An interesting comparative
discussion about different methodologies to evaluate imper-
fect bonding including interface can be found in Sevostianov
et al. [35]. Nevertheless, these approaches are not able to
evaluate the mechanism responsible for interface debonding
damage, being only able to compute the effective in-plane
shear modulus of unidirectional laminae with an interface
(perfect or imperfect).

Riano et al. [36] pointed out that fiber-matrix interface
has mechanical properties different from matrix bulk mater-
ial, which are difficult to be measured or estimated.
Subramanian et al. [37] and Koyanagi et al. [38] reported
the influence of fiber surface treatment on the interface
strength and on the composite failure.

The fiber-matrix interface has a finite dimension, being
characterized by a core zone and two transition zones, one
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Figure 1. Unit cell with square symmetry showing interface split into three zones: fiber-transition, core and matrix-transition.

close to the fiber (fiber-transition) and the other one close
to the matrix (matrix-transition). Literature presents differ-
ent terms to characterize this interface and sometimes
employs interface for the transition zone and interphase for
its core region.

The present paper develops an analytical micromechani-
cal model to estimate the in-plane shear behavior of
unidirectional laminae taking into account the influence of
fiber-matrix interface in the composite nonlinear behavior.
A novel model is proposed accounting for the fiber-matrix
interface composed by three zones: fiber-transition, core,
and matrix-transition. The transition zones are assumed to
have zero thicknesses, while the core zone is a layer with
finite thickness. Fiber-transition zone is characterized by a
nonlinear damage behavior while the matrix-transition is
perfectly bonded. This assumption is commonly adopted
due to the abrupt variation of mechanical properties [39].
The derivation of the analytical model is presented, being
followed by a model based on finite element (FE) method.
Verification and discussion are presented in the sequel con-
sidering experimental data. Properties estimated by the ana-
lytical model are used as an input for the FE simulations,
which shows the capabilities of the novel approach.
Afterward, a sensitivity analysis is performed to discuss the
influence of the parameters introduced in the analytical
formulation.

2. Analytical formulation

A novel analytical model to deal with in-plane shear load is
proposed based on the VSPKc model developed by Vignoli
et al. [23] to estimate the effective elastic properties of uni-
directional composites. The novel approach includes a finite
dimension interface composed of three zones: core zone and
two transition zones, fiber-transition and matrix-transition.
The fiber-transition zone is subjected to damage, which sig-
nificantly affects the composite behavior. On the other hand,
matrix-transition zone is perfectly bonded.

Figure 1 shows the unit cell considered for the analytical
model. The fiber distribution is assumed with square

symmetry, resulting in a square unit cell with length L along
the directions x, and x3. Additionally, the fiber has diameter
d, interface has a finite dimension in such a way that the
transition zones are assumed to be zero-thickness while the
core zone has internal and external diameters d and D,
respectively. Despite some authors proposed a simplified
approach modeling fibers with square [40] and octagonal
[41] cross-sections, the fiber geometry has a significant
influence on the composite response [42]. Either Cartesian
coordinates x, — x3 or polar coordinates r — 0 can be used,
and the more convenient one is employed for the
calculations.

The model is derived in two steps. First, the elastic
regime is evaluated, where fiber-transition and matrix-tran-
sition zones are assumed to be perfectly bonded. Under this
assumption, the elastic response of the composite interface
is only related to the core zone, which means that the tran-
sition zones do not have any influence. Hammerand et al.
[43] pointed out that the solid interface influences the effect-
ive elastic properties of the composites. Afterward, the
inelastic regime is of concern and the maximum load trans-
ferred between fiber and interface is due to interface shear
strength, Si.

2.1. Elastic regime - core zone influence

This section discusses a linear elastic composite subjected to
in-plane shear considering the interface influence that is due
to the core zone. Based on the unit cell presented in Figure
1, the composite volume is given by a sum of fiber, interface
and matrix volume fractions, Vs + V; + V,,, = 1, where fiber
volume fraction is V; = nd”/4L* and interface volume frac-
tion is V; = n(D? — d?)/4L%. Therefore, the matrix volume
fraction is V,, = 1 — (zD*/4L?). The following geometrical
relations are helpful for the analytical derivation discussed
next: d/L = 2,/Vy/m and D/L = 2,/(Vi + Vy)/m.

By assuming a symmetric unit cell, the analysis can be
restricted to 0 < x3 < L/2. The unit cell is also split into
three parts: 0 < x3 < d/2, part (1); d/2 <x; < D/2, part
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Figure 2. Load distribution on the unit cell and parts (1, 2) and (3); the orange thick lines represent the infinitesimal element in an angles 0" and 0? for parts (1)

and (2), respectively, and the vertical position x; for part (3).

(2); and D/2 < x3 < L/2, part (3). Note that, using polar
coordinates, r!) is defined at the interface inner radius
(fiber-transition) and r? at the interface outer radius
(matrix-transition). On this basis, the equilibrium and geo-
metrical compatibility requirements of the unit cell are
established, as represented in Figure 2, by the following
equations:

/2 D/2 L/2
2
(012) =1 J Uglz)dxs + J ngz)dxa + J Ugi)dxs (1)
0 /2 D/2
(o) = ey =&y = &) ")

where the (012) and (g1,) are the effective shear stress and

strain on the unit cell, respectively, and 6(112>, 6522), aﬁ), eg),

6522) and 8%32) are the shear stresses and strains in parts (1, 2)
and (3).

By considering the first integral of Eq. (1), the infinitesi-
mal element showed in Figure 2 for part (1) illustrates that
there are three phases in series for this load: fiber, interface
and matrix. The transition zones are negligible since it is
assumed a perfectly bonded condition and therefore, the
interface is represented by the core zone. The equilibrium
requirement, the geometrical compatibility and the constitu-
tive elastic relations are expressed by

1 Lm Li 1,
0'52> = ‘752 ) = ‘752 ) = Gizf) (3)
D = VO VR D

oiy”) = 2G],e1," (5)
o) = 26y = 2267y (6)
0_(112,m) = 2Gms§12’ m) (7)

) (L

where ag’m , Op, ) and O'(lé’f) (.5

are the shear stresses, ¢;,”’,

.s(l; 7 and 8%”1) are the shear strains, V]EU, Vi(l) and V! are

the volume fractions of the phases in an arbitrary infinitesimal
element in part (1); G{z, G’ and G™ are the phase shear mod-
uli. Due to uncertainties about the interface properties, it is
usual to assume G' = AG™ [44], where / is the ratio of inter-
face and matrix shear moduli. Note that the constituent vol-
ume fractions inside part (1) are me = (d/L) cos O, Vi(1> =
[(D—d)/L] cos 8 and Vi =1- Vf(l) - Vim; alternatively,

it is possible to use the geometrical relations previously

defined, me =24/ Vy/mcos oW, Vi(l) =2[/(Vi+ Vy)/m —
V/Vy/m) cos 0 and ViV =1-2/(Vi+ Vi) /mcos 0.

Manipulating Eq. (3-7), the strain-stress relation of the
infinitesimal element is

1) 4 m 1 1),
o vi'iGm + viVGl, + i 16y, | ol ©
12 = N 7 2

AG"GY,

Replacing the volume fractions in Eq. (8), the following
equation is obtained

(1) m 1 (1)
PR Yo L [—— 9)
2 (1 + ag) cos 9<1)> 2



where aty =2{[(1/2) —1)\/(Vi+ V;)/a+[(G"/G},) —(1/4)]

V' Vr/m}-
On this basis, the effective shear modulus of the arbitrary
infinitesimal element of part (1) is the following,

W)y _ cm 1
G, 0 =G0"————-
2 <1 + ag) cos 0<1>>

Therefore, the first integral of Eq. (1) with x; =
(d/2)sin 0V and dx; = (d/2) cos 0d0"Y, and considering
the compatibility relation in Eq. (2), furnishes

(10)

/2 /2
J 0(112>dx3 = J 2G(112)8(112)dX3
0 0
n/2
d o)
=2G"(e12) = J + a0V (11)
2 0 \1+ay; cos oW

A symbolic integration is carried out using MATLAB,
furnishing the following general form:

cos 0
I(a,0) = | (————
(a.0) J (1 + acos 9) d0

—sinf+ K if a=0
N g - - —;2_1 In (“* C"Sf:g:g‘flv “2’1) + K otherwise
(12)

where K is a generic integral constant. Note that for any
a, I(a,0) =0+ K.
Replacing Eq. (12) into Eq. (11),
df2
d
J odxs = 26" (e S [1(al), /2) — 1083, 0)]
0

(13)

The second integral of Eq. (1) is now of concern, adopt-
ing the same procedure. The equilibrium and compatibility
equations are given by

ol = ol = ot (14
o = VDR 4 v 09

Since part (2) does not include the fiber, V}2> + Vi(z) =1.

Additionally, Vi(z) = (D/L)cos 0 =2[,/(V; + Vy)/m] cos 0
and VP =1— Vi(z) =1-2,/(Vi+ Vf)/ncose(z). Manipulating
these equations and assuming a linear elastic constitutive
relation, the following expression is obtained

@) _ e
P Yo ) puua—
2 (V,.(2> +zv£,f>>

Replacing the interface and matrix volume fraction, the
effective shear modulus of an infinitesimal element in part (2) is

@ gy — gm 1
G0 =G"—F—=
2 <1 + a(lzz) cos (9(2))

where a\?) = 2[(1/2) — 1,/(V; + V) /x.

e (16)

(17)
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Using relations between Cartesian and polar coordinates,
x3 = (D/2)sin 0 and dx; = (D/2) cos 0Pd0®?, the second
integral of Eq. (1) is the following

D/2 D 7'[/2 0(2)
(7<2)dX3 = 2Gm <812> - 4COS d0(2) (18)
12 2 2 2
ih ) 1+ a5 cos0

where 0; = asin (d/D) = asin[\/V;/(V; + Vj)].
Note that the integral in Eq. (18) is equivalent to Eq. (12)
and hence,

D)2
D

J o = 26"{en) 2 (13 m/2) ~ 1(a2,0)]  (19)

2

Finally, part (3) is of concern and, since it is restricted to
matrix, the integral is solved directly as follows,

L2
J O'g?d?@, =2G" <812> (%) (20)
D/2
Replacing Eq. (13), (18) and (20) in Eq. (1),
V.
(o12) = 2G™ (e13) (1 + z\/;[l(a?;, n/2)|
(21)

Vi+V,
+2 l+f

1(a,7/2) ~ (a2, 0,) - 1})

By analyzing Eq. (21), the composite in-plane shear modu-
lus is given by

.
G, = G” (1 +24 /?f[z(ag), 7/2)|
Vi+V,
+2 [ el m2) — 16, 0) - 1})

2.2. Damage onset and propagation - fiber-transition
zone influence

(22)

The damage of unidirectional laminae under in-plane shear
is complex since both matrix and interface may be damaged.
This investigation assumes that damage occurs in the inter-
face, being restricted to the fiber-transition zone.

By considering the geometrical compatibility presented in

Eq. 2), {en2) = sg), using the constitutive relations and the

definitions of G§12) presented in Eq. (10), the following
expression is reached

(1) m
1 _ Gy 1 G
g =—\0 =|—F—= || =10
12 G12 < 12> (1 T a§12> cos 9(1)> G12 < 12>

The interface damage needs to be evaluated from the

shear stresses in polar coordinates. Since the shear stress

0(1? is defined in Cartesian coordinates, the interface shear

stresses in polar coordinates are given by

(23)
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(1)

T = a1y cos OV (24)

(1)

T, = —0), sin o) (25)

where 1,, and 7,9 are the shear stresses along the fiber-tran-
sition interface.

It is adopted that just the radial component of the shear
stress induces damage, 1, = Si, where Si is the interface
shear strength [45,46]. In addition, it is assumed that
(612) = S}, on the damage onset, where S}, is the onset in-
plane shear strength. Manipulating Eq. (23) and (24), the
composite damage onset is reached when

$if = (14 ald) 22
Similar procedure can be applied to evaluate the damage
propagation, assuming that the load in part (1) must be sep-
arated into two parts: damaged and undamaged zones, as
represented in Figure 3. It is noticeable that damage region
is defined by a specific value of 0, 0, that defines the transi-
tion between damaged and undamaged interfaces, which is
defined by the condition t,,(04) = S..
On this basis, Eq. (1) needs to consider the damaged and
undamaged regions, being rewritten as follows

(26)

04 /2
Zcos 0 do

d
(012) (J 4 J 50(11; cos 0V ag
0 04

%12 5
D/2 L/2
J 012 dx; + J 0(132>dx3>

dj2 D/2

(27)

A considerable damage propagation occurs before com-
posite rupture, inducing a nonlinear behavior [4-6].
Moreover, according to ASTM D3518M-18, the in-plane
shear test must stop when there is a rupture or when if
2(e12) = 5%, indicating that damage is expected to propa-
gate in a stable way up to (e15) = 2.5%. Hence, a stable
propagation can be assumed. Additionally, by hypothesis, it
is assumed that the interface force remains constant around
the damaged region after damage onset. Based on these
assumptions, the first integral of Eq. (27) is

d .
= J _ S 4o ag) — sgéed
cos 2

04

md o g9
Jalz 2c050 do 712
0

0
(28)

The second integral is similar with the one presented in
Eq. (13), just changing the inferior limit,

/2
J ga(llz) cos 0V doH) = 2G'”<812>L2—1 [I(aglz), n/2) — I(ag), Gd)}
04
(29)
And the third and fourth integrals of Eq. (27) are the

same of those presented in Eqs. (19) and (20). Manipulating
these results, the following relation is reached,

undamaged area (7., <S;)

damaged area (z,, > S!) 7..(6,)=S5;

Figure 3. Transition between damaged and undamaged areas defined

by ‘CZ,(Hd) = S;
A% )
<O'12> =2 ?f@dS; + 2GE<812>

is the lamina in-plane shear tangent modulus

(30)

where GZ,
defined by

Gl =G" (1 + 2\/%[1(9152, 1/2) — I(aly, ed)}
2P /) - 160,60 - 1})

(31)

For any damaged angle 0° < 6; < 90°, the effective shear
strain and stress can be computed by considering that

1,(04) = S and (e1,) = &1}, obtaining

(1) = 1+ai12)c039d St
12/ cos 0, 2G™

Alternatively, for a strain-driven load, the damaged angle
for (1) > S}, /2Gyy is given by

Si
04 = acos —S()
2G™m <812> — a4y S’

3. Finite element model

(32)
(33)

An FE model is developed to analyze in-plane shear load
using the commercial software Ansys 2022 R1. Fiber, matrix
and core interface are modeled as linear elastic materials.
Fiber is assumed to be transversally isotropic while matrix is
isotropic. The interface shear modulus is defined by G' =
AG™ [36, 44]. Interface and matrix are perfectly bonded,
while the fiber-transition zone is modeled using cohesive
elements that are usually applied for interface failure in
micromechanical studies [47-49].

Cohesive elements employ the separation-distance model to
evaluate the contact debonding, where perfectly bonded behav-
ior is assumed if the interface shear traction, 7, is smaller than
S and the relation between interface shear traction and the
tangential relative displacement, J, is defined by

o .
= 1 —— !
< 5C>SS

(34)
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Figure 4. Boundary conditions of the FE model.

where J, is the critical tangential displacement when interface
is completely damaged. When 6 > J, the interface stiffness is
zero. For a detailed discussion about cohesive elements, see
Zhang et al. [50] and Fernandes & Campilho [51].

Solid quadratic elements, SOLID186, are employed together
with contact pairs, CONTA174 and TARGE170. Displacement-
driven simulations are carried out assuming boundary condi-
tions to satisfy the periodicity of the unit cell, as presented in

Figure 4 [52]: ux+ = ux; = uy: = uy, = {free 0 0}’, Uy =
{600} andux, = {0 0 0}".

4, Verification and Discussion

The verification of the novel analytical model is carried out
in two steps. Initially, the model estimations are compared
with experimental data, where the interface properties are
calibrated (V;, 4 and S'). This first step is fundamental since
interface properties cannot be measured directly. Next, the
analytical results are compared with the FE simulations. The
same calibrated interface properties are used as input to the
numerical approach to demonstrate the consistency of
mechanical modeling. Analytical results are evaluated con-
sidering a strain-driven monotonic load and the shear stress
is computed using equations presented in the Section 2. On
the other hand, FE simulations adopts a displacement-driven
monotonic load where shear strain is computed by geomet-
rical relation and stress is computed by force reaction.
Experimental results are based on Kaddour et al. [53]
that considers an IM7 carbon fiber together with an 8552
epoxy matrix. IM7 carbon fiber is transversally isotropic
with the following properties: longitudinal elastic modulus

E{ = 276GPa, transversal elastic modulus E’; = 19GPa, in-

plane shear modulus, G{Z = 27GPa, out-of-plane shear

modulus GJ;3 = 7GPa and in-plane Poisson’s ratio le =0.2.
The 8552 epoxy matrix is isotropic with shear modulus
G™ =1.478Pa and Poisson’s ratio ™ = 0.38. Based on
Riano et al. [36] and Wang et al. [44], the core interface
shear modulus is G' = /G™ and v/ = ™ = 0.38 [53]. Fiber
diameter is d = 4.5um, and volume fraction is Vi =0.6.
Matzenmiller & Gerlach [54] highlighted that the inter-
face properties cannot be obtained testing the bulk matrix
due to the influence of manufacturing process in composite
materials and therefore, an inverse problem is employed. In
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Figure 5. Influence of interface volume fraction, V;, and the ratio between core
interface and matrix shear moduli, /, on the in-plane shear modulus, G;.

14 - - : :
O Si=75MPa,error=1.1%

12

10 1

error [%]

0

50 60 70 80 90
S¢ [MPa]

Figure 6. Absolute error on the in-plane shear stress-strain curve according to
the interface shear strength, S;.

100

order to evaluate the influence of interface volume fraction,
Vi, and the ratio between core interface and matrix shear
moduli, 4, Figure 5 shows the ratio between analytical esti-
mations and experimental value of the in-plane shear modu-
lus, Gy,° = 5.6GPa, for 0.05 < V; < 0.18 and 0.5 < 4 < 5.
As expected, due to the analytical model consistence, when
Vi =10 or 2 =1 the analytical estimation has the same value:
G12/Gpy? = 0.855. These conditions imply that the interface
has zero-thickness when V; = 0 or that the interface has the
same properties as the matrix if A = 1. These conditions are
equivalent to the composite without interface effect and the
developed analytical model is equivalent to the proposed by
Vignoli et al. [23].

There are many combinations of V; and A that result in
G, = Gj," for the selected lamina. Maligno et al. [55]
reported 0.45 < 4 < 2.22 and V; = 0.0257; Chang et al. [56]
considered 1 < 4 < 3 and 0.04 < V; < 0.3; and Wang et al.
[57] assumed 1< A< 6 and 0.01 < V; < 0.1. The best
option is to use micrography to measure the interface vol-
ume fraction and use the proposed analytical formulation
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Figure 7. Influence of interface shear strength, SQ, on the in-plane shear stress-
strain curve; comparison with experimental data from Kaddour et al. [53].

just to obtain A. However, the litereture presents very few
information about V; and there is a lack of solid knlowdge
about the interface. On this basis, since there is not informa-
tion related to these parameters, it is adopted V; = 0.1 and
/A =2.134, a combination represented by the red circle in
Figure 5.

The interface influence on the shear strength is evaluated by
considering all the points of the experimental in-plane shear
stress-strain curve reported by Kaddour et al. [53]. By assum-
ing a strain-driven load, the analytical stresses are compared
with the experimental data keeping V; = 0.1 and A = 2.134.
Figure 6 presents the average absolute error comparing the
analytical estimations and the experimental stress data for
50MPa < S\ < 100MPa. The minimum error is 1.1% for S =
75MPa, which can be adopted as a good estimation.

Figure 7 presents a comparison of the in-plane shear
stress-strain curves obtained by the proposed analytical
model and experimental data from Kaddour et al. [53],
using V; = 0.1, A =2.134 and the following values for S :
50, 70, 75, 80, and 100 MPa. Note that S’ influences the
damage onset and its propagation. Results present a close
agreement for 70MPa < S\ < 80MPa, but S =75MPa
obtained the best fit comparing all the experimental data.

It should be pointed out that the properties V;, A and S
must be obtained comparing the analytical estimation with the
experimental data. This adjustment cannot be avoided since
the interface properties are not measured directly. By assuming
V;=0.1, 2=2.13 and S\ = 75MPa as input, FE simulations
are carried out considering the following values for . 0.1 pm,
1um, 1mm and 1m. These simulations aim to show that the
proposed analytical model is physically consistent.

A mesh with 31725 elements and 153596 nodes is
employed after a convergence analysis, as illustrated in
Figure 8. Results are presented in Figure 9, indicating an
excellent agreement among the analytical model, FE simula-
tion, and experimental data. For . = 0.1um there is an
abrupt stiffness variation around 2(e;;) = 1.5%, indicating
an unstable propagation of interface damage. For 6. = 1um,
0, = lmm, and 0, = 1ma similar behavior is observed, even
with a difference of 10° in the critical tangential

X3

Figure 8. Converged mesh of the FE model.

100
80
& 6ol
s s \/SPKC
A vV FEM(3=1m)
o 407 A FEM(3.=1mm)
> FEM(.=1um)
20t > FEM(3,=0.1um) | 1
O Experimental
e; : - - :
0 1 2 3 4 5

2<E1 o> [o/o]

Figure 9. Comparison between analytical and numerical models with experi-
mental data from Kaddour et al. [53].

displacement, indicating a stable damage propagation up to
2{e12) = 5%, as expected for most composites according to
the ASTM D3518M-18 [58]. It is important to highlight that
the interface damage is assumed just in the fiber-transition
zone in the analytical and FE models. Although it is not
assured that the matrix damage or plasticity is absent, results
indicate that its effect can be neglected since analytical and
numerical results based on this assumption show good
agreement with experimental data. It is important to high-
light that this simplification, i.e. disregarding the matrix
plasticity effect, results in a much simpler modeling
approach from the analytical point of view.

Results of the micromechanical in-plane shear stress, a1,
distributions for finite element simulations are presented in
Figure 10 for the following strain values 2(¢;;) : 0.1%, 1%,
3%, and 5%. For the finite element model, 6, = 1m is con-
sidered henceforward, since a stable damage propagation is
realized for this parameter and results of Figure 9 indicate
that this value reproduces the experimental results. Note



a) 2(¢,,)=0.1%,(0},) = 6.1IMPa

c) 2(e,) =3%,(0,,) =79.5MPa
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b) 2(e,,)=1%,(0),) = 53.6MPa

d) 2(e,,)=5%,(0,,) =90.9MPa

Figure 10. In-plane shear stress distributions for in-plane shear strains equal to: a) 0.1%; b) 1%; c) 3%; d) 5%.

that the macromechanical shear stress are represented by
(012) for each strain level, but the micromechanical stress
distribution in nonuniform due to stress concentration
inside the unit cell. These results indicate that the microme-
chanical shear stress levels are higher than usually required
for yielding epoxy matrices, in agreement with experimental
observations that report matrix micro-cracking during the
shear load [13]. Despite that possible inelastic behavior of
the matrix, results presented in Figure 9 evidence that it can
be disregarded for the sake of simplicity and the effective
behavior of the composite can be well reproduced consider-
ing the nonlinearity source only from the interface.

Figure 11 shows the distribution of the shear stress, 7.,
which is responsible for interface damage, along the fiber-
transition zone. First, for 2(g;) = 0.1%, an undemaged
interface is observed and the composite response is in an
elastic regime. The analytical computation is close to numer-
ical results, indicating that load distribution assumption is
effective. For the other strain levels, 2(¢;;) = 1%, 2(e;5) =
3%, and 2(e1,) = 5%, the traction distribution has a similar
trend, but the difference between damaged angles from ana-
lytical and numerical models increases according to the
strain level. Despite this difference, results indicate that
T, =S =75MPa is constant along the damaged regions
and overall, composite response is not sensitive to the

80
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e 2<€1p>=1%(VSPKC)
e 2<812>=3%(VSPKGC)
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> 2<c1p>=1%(FEM)

B 2<€1,>=3%(FEM)

V 2<g1,>=5%(FEM)

0

0 20

40 60 80
6171

Figure 11. Comparison between analytical (VSPKc) and numerical (FEM)
resultes of the shear traction, 7, along the interface for different strain levels.

damaged angle. This conclusion can be understood realizing
that the stress tends to be almost constant when the damage
propagates for high strain levels, even when the damage
angle is increasing.

5. Parametric analysis

Once the proposed modeling is validated against experimen-
tal data and numerical simulation, this Section aims to



8496 L. L. VIGNOLI ET AL.

100
80 r
E 60
=3
/v\g 40 | w— =1
9 —_— =2
— \=3
20 A=4
— \=5
0 " " & "
0 1 2 3 4 5

2<€4 o> [‘%)]

Figure 12. Influence of . = G'/G™ on the in-plane shear stress-strain curve.
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Figure 13. Influence of V; on the in-plane shear stress-strain curve.

present a parametric sensitive analysis relate to parameters
that cannot be directly measured by fibers and matrix tests:
. =G'/G", V; and S.

Figure 12 shows the in-plane shear stress-strain curves
for 1=1,2,3,4,5 considering the IM7 carbon fiber and
8552 epoxy matrix properties with V; = 0.6, V; =0.1 and
S! = 75MPa. Additionally, results presented in Figure 13 are
obtained for A =2.134 and with the following values for
V;: 0.00, 0.05, 0.10, 0.15, and 0.18. These results indicate
that the nonlinear behavior has low sensitivity with respect
to A and V;. Note that the influence of these parameters on
the elastic response is already discussed in Figure 5.

Figure 14 allows a more detailed analysis showing the
maximum shear stress (g;,) when 2(g;;) = 5%, which is
equivalent to the in-plane shear strength according to
ASTM D3518M-18 [58]. The experimental strength reported
by Kaddour et al. [53] is 90 MPa, which means that the ana-
Iytical estimations have a good agreement with experimental
data.

To evaluate the interface shear strength, V; =0.1 and
/.= 2.134 are assumed, evaluating results for S\ = 30MPa,
50MPa, 80MPa, 100MPa, 150MPa. Figure 15 highlights that
S' is the most important parameter for the in-plane shear

<012>(2<€15,>=5%) [MPa]

5
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4+
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3 L
< 90
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0 0.05 0.1 0.15
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Figure 14. Influence of 2 = G'/G™ and V; on the (ay,) for 2(1;) = 5%.
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Figure 15. Influence of Si on the in-plane shear stress-strain curve.

stress-strain curve since the region with material nonlinear
behavior is predominant.

6. An approach to obtain the in-plane shear stress-
strain curve

This Section proposes an alternative way to obtain the in-
plane shear stress-strain curve using the previously derived
analytical formulation. A possible approach can be assume
Vi=0.1, computing A to get an analytical shear modulus
expressed by Eq. (22) equal to the experimental values.
Nevertheless, based on the parametric analysis discussed in
Section 5, 4 and V; do not have great influence for damage
onset and propagation, and the unidirectional laminae sub-
jected to in-plane shear have a nonlinear behavior in most
part of the stress-strain curve. Therefore, for the sake of
simplicity, 4 =2 and V; = 0.1 are assumed for all results in
this Section.

The required inputs of the analytical model are V;, G",

Gflz, and S.. Usually, V;, G", and G{Z are available from
datasheets or average values can be used from literature.
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Figure 16. Experimental [53] and VSPKc in-plane shear stress-strain curves assu
800/5260.

Alternatively, S is fitted using the rupture values for (o1,)
and (g12). To follow the standard recommendation, (g;) =
2.5% is selected if the rupture happens when 2(g;;) > 5%.
In addition, it is important to highlight that S! cannot be
obtained experimentally, but from solving an inverse
problem.

Figure 16 shows a comparison between experimental and
analytical curves for all the laminae from WWEFE3 [53]. The
interface shear strengths callibrated for IM7/8552, E-
glass/LY556,  AS4/3501-6, and  G40-800/5260  are
Si = 73.98MPa, S =67.02MPa, S. =97.20MPa, and S =
78.24MPa, respectively. It is noticeable a good agreement
especially for the nonlinear behavior that indicates the dam-
age propagation. Once again, the damage propagation mod-
eling hypothesis seems to be able to reproduce the
experimental results, indicating that interface damage is
more important than matrix plasticity. Concerning the linear
behavior, A =2 and V; = 0.1 are also demonstrated to be
good average values to represent unidirectional laminae.

Choi et al. [59] presented a discussion about different
experimental tests to evaluate the in-plane shear load. The

2<€10> [%]

(d)

ming 2 =2 and V; = 0.1 : (a) IM7/8552; (b) E-glass/LY556; (c) AS4/3501-6; (d) G40-

authors performed tests with + 45° layup specimen with ten-
sile load [58], which is the most usual procedure due to its
simple apparatus, losipescu test [60], and V-notched rail
shear tests [61]. A brief overview of the advantages and
drawbacks of different test apparatus can be found in ASTM
D4762-18 [62]. The focus of the present investigation is not
to discuss the experimental issues but it is rather to validate
the proposed modeling.

The laminae tested by Choi et al. [59] was made with
SKYFLEX-USN-150 carbon fiber and K51 epoxy matrix.
Despite that the authors did not precise the constituents’
properties, Vy = 0.6, G™ = 1.5GPa, and Gf12 = 15GPa are
assumed as typical values for CFRP. Additionally, the point
with 2(e;2) =5% is adopted considering the average
between the three experimental methods to obtain the inter-
face shear strengths, despite that the obtained maximum
shear strains is 2(g,) &~ 15%. The comparison between ana-
lytical and experimental shear stress-strain curves is in
Figure 17. Once again, it is noticeable a good analytical-
experimental agreement showing the capacity of the pro-
posed model.
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Figure 17. Experimental and VSPKc in-plane shear stress-strain curves using
the points with 2(¢1;) = 5% and assuming 2 =2 and V; = 0.1 for SKYFLEX-
USN-150/K51 lamina. Experimental data from Choi et al. [59].

7. Conclusions

This paper presents a novel analytical model for in-plane
shear response of unidirectional composite with a square
unit cell and a finite dimension fiber-matrix interface. The
interface is considered assuming three zones: core, fiber-
transition and matrix-transition. The effect of this interface
on the deformation of composite is analyzed. Elastic proper-
ties are evaluated by considering just the core zone interface,
changing the composite stiffness. The fiber-transition zone
is responsible for material nonlinearity due to interface dam-
age. The proposed approach is based on the VSPKc model
to evaluate the load share from micromechanical point of
view. Experimental verification is carried out showing the
capability of model to describe the phenomena under study.
Besides, a comparison with FE simulation shows the phys-
ical consistence of the proposed model. In general, the novel
analytical model is able to obtain estimations in close agree-
ment with experimental data, showing to be a powerful tool
for micromechanical analysis of linear and nonlinear behav-
ior of unidirectional laminae subjected to in-plane shear
load.
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