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Debonding analyses in anisotropic materials with strain-
gradient effects

Brian Nyvang Legarth!

(1) Department of Mechanical Engineering, Technical University of Denmark, Kgs. Lyngby,
2800, Denmark

Summary. A unit cell approach is adopted to numerically analyze the effect of plastic anisotropy
on damage evolution in a micro-reinforced composite. The matrix material exhibit size effects and a
visco-plastic anisotropic strain gradient plasticity model accounting for such size effects is adopted. A
conventional cohesive law is extended such that both the average as well as the jump in plastic strain
across the fiber-matrix interface are accounted for. Results are shown for both conventional isotropic
and anisotropic materials as well as for higher order isotropic and anisotropic materials with and without
debonding. Generally, the strain gradient enhanced material exhibits higher load carry capacity compared
to the corresponding conventional material. A sudden stress drop occurs in the macroscopic stress-strain
response curve due to fiber-matrix debonding and the results show that a change in yield stress, which
is caused by plastic anisotropy, affects the overall composite failure strain.
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Introduction
For a composite reinforced at the micron scale, two competing mechanisms affect the overall

behavior: (I) interfacial failure reduces the strength and (II) strain-gradient effects enhance the
strength. When analyzing such composites in general a full 3D analysis is required in order
to fully represent the geometry, the loading and the boundary conditions. Such analyses are
complicated and the computations become very time consuming when anisotropic plasticity
and progressive debonding is to be accounted for. Thus, assuming a periodical distribution of
the reinforcement allows for greatly simplified approaches. Here, a composite material having a
periodical distribution of reinforcement is analyzed using a plane strain unit cell approach. Thus,
the results presented in this study approximate a composite of rather long, almost aligned, stiff
reinforcement which is subjected to a fixed stress state that is acting mainly in the transverse
direction of the reinforcement. Fig. 1(a) shows the distribution of fibers and Fig. 1(b) shows the
unit cell adopted here. The orthonormal basis, n;, of the principal axes of plastic anisotropy, Z;, is
defined by the angle 8, from from the global Cartesian coordinate system, x;. The displacements
A1 and As are prescribed such that ratio, k, of the average stress at the cell edges remains
constant. Fig. 1(c) shows an example of the finite element mesh adopted. The element type is
8-node elements.

Material models
Higher order elasto-plastic constitutive model

The fibers are assumed to be purely elastic with a stiffness much larger than the elasto-plastic
matrix material, which is assumed to obey the strain gradient model proposed by Fleck and
Hutchinson [1]. In addition, plastic anisotropy is accounted for using the anisotropic version of
the Fleck and Hutchinson model suggested by Legarth [2]. Thus, the effective plastic strain, EP,
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Figure 1. The plane strain cell model for the composite. (a) Periodically distributed fibers. (b) The cell
used for modeling with initial dimensions, loads, supports and coordinate systems. (¢) Example of finite
element mesh using adopted, ‘Z—f‘ = Z—Z =

is enriched by the gradients of the conventional effective plastic strain, €7, and a material length
scale parameter, [,, as
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The work-conjugate effective stress is denoted o, and is given in table 1. Plastic anisotropy
is accounted for by the classical anisotropic Hill yield surface. For the case of plane strain
conditions with 13 = o293 = 0 the yield surface is

I'= \/m [F(@'QQ — 5’33)2 + G(&gg — 611)24- H(é’ll — 5’22)2 + 2N(3’%2] (2)

where the Cauchy stresses, 6;;, refer to the principal axes of plastic anisotropy. For ' = G =
H=1and N =L =M = 3, Eq. (2) equals the isotropic Mises yield surface, 0. A higher-order
stress measure is also introduced as p;.

Conventional materials Higher order materials
(ls =0,p; = 0) (I« #0,p; #0)
Isotropic pii =20 Pii = q — O¢
(T =o0e) oc = 0c oo = \/(ae + pii)% + L2 pipi
Anisotropic pii =0 pii=q—T
o.=T o = \/(F-Fpm)? + 15 2pipi

Table 1. Summary of the effective stress, o, for different materials.

Higher-order cohesive model

The bi-axial loading on the unit cell, Fig. 1, will tend to cause both normal and tangential
interfacial separation, u, and wu, respectively, at the fiber-matrix interface. The cohesive zone
model proposed by Tvergaard [3] takes both types of separation into account and therefore this
model may seem suitable for the present study. However, due to the existence of the higher order
stress, p; and corresponding higher order tractions, p;n; additional terms need to be included in
order to have a conventional as well as higher order stress-free surface after debonding failure.
Hence, a non-dimensional damage parameter is introduces as [4]

= () () e () (5




where < €P > is the average (subscript A) and [€P] is the half jump (subscript J) in plastic strain
across the interface, respectively, whereas [4 and [; are corresponding critical interfacial length
scale parameters. For A > 1 total separation have occurred. It is noted, that since the fiber is
taken to be purely elastic, < e >=[eP]. The corresponding tractions are
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with a = §,,/0; and F(\) = %Jmaw(l — 2\ 4 A?) for 0 < A < 1. The maximum interfacial stress

is denoted gy42.

Results
Fig. 2 shows results for a load case with x = Z—f = 0.5 corresponding to bi-axial plane
strain tension. The fiber volume fraction is Vy = TZ’: Zf , with ZT{ = 3¢ = 1. The initial

yield stress is o¢g/E = 0.003, where E is Young’s modulus. The coefficients of anisotropy
are F =0.7,G=3.33,H =1 and N = 9.6 with 8 = 0° and 0,42 = 300.
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Figure 2. Bi-axial tension results, x = 0.5. (a) Average stress-strain curves (b) Contours of effective
plastic strain for a conventional anisotropic material with debonding (c) Contours of effective plastic
strain for a higher order anisotropic material without debonding.

For both isotropic and anisotropic behavior the effect of the material length scale parameter,
li, is an increased load carrying capacity, Fig. 2(a). A sudden stress drop occurs due to
debonding, Fig. 2(a), and in Fig. 2(b) the corresponding void at the fiber-matrix interface is
shown. Fig. 2(c) illustrates, that at the fiber-matrix interface the plastic strain is suppressed
and the strain is smaller compared to the conventional case with severe plastic deformations at
the tip of the void, Fig. 2(b).

The failure strain is depicted in Fig. 3 as function of the new cohesive length scale parameter,
L, normalized against the matrix material length scale parameter, [.. Both isotropic results as
well as anisotropic results are shown. In addition to the yield function of Hill, Eq. (2), results
using the anisotropic yield function of Barlat et al. are shown [5]. The coefficients of anisotropy
in the two yield functions are choosen such that an identical 0° uniaxial stress strain curve in
the xi-directions is reproduced. It is seen that the cohesive length scale parameter, Ly, greatly
affect the failure strain as it becomes smaller and smaller. On the other hand, for increasing
larger L j-values the plastic behaviour of the cohesive law is supressed and conventional results
are obtained as shown by the asymptotic lines. For the Hill material the effect is very small,
as debonding failure occurs at a rather small plastic strain, see Fig. 2. Thus, the iunfluence of
plasticity in the cohesive law is limited.



0.05

"Barlatol ieeies
Isotropic ====s=x

005 |- Hillag —— |

0.04f o ]

0035 & 1

0.03f ;s ]

Y
0.025 - if g

Failure strain, e/
=+
',

o
o
[\
T
g,
‘

£
0015 § g
b3

0.01 ,

0.005

0 0.02 0.04 0.06 0.08 0.10
e/ = =17/,

Figure 3. The failure strain as function of the new cohesive length scale parameter, L ;, normalized
against the matrix material length scale parameter, .. Isotropic as well as anisotropic results are shown
for Kk =0.5.

Conclusion
In conclusion, this study analyzes numerically the combined effects of plastic anisotropy, size-

effects and debonding in a composite material. Debonding is seen as a sudden stress drop and
plastic anisotropy highly affects the failure strain, while the size-effect is observed as an increased
load carrying capacity. The material length scale of the cohesive law tends to reduce the failure
strain of the composite, but as the parameter becomes sufficient large conventional results are
predicted. This holds for both isotropic as well as anisotropic materials.
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