Aerospace Technology Congress, 8-9 October 2019, Stockholm, Sveden
Swedish Society of Aeronautics and Astronautics (FTF)

Failure Induced by Instability in Structural Composites under
Longitudinal Compression

Alfredo R. de Faria, Ragnar Larsson*

Department of Mechanical Engineering, Instituto Tecnoldgico de Aeronautica, Sdo José dos Campos, SP/Brazil
E-mail: arfaria@ita.br, ragnar.larsson@chalmers.se
*Department of Industrial and Materials Science, Chalmers University of Technology, Géteborg, Sweden

Abstract

The objective of this work is to develop a damage propagation model applicable to the study of
failure mechanism in composites induced by longitudinal compression. The damage
propagation model shall be based on an energy principle, quantified by the critical energy
release rate associated to matrix cracking, and on the study of the kinematics of the equilibrium
of a representative volume of a ply material within the damaged region of the laminate. It is
expected that the model proposed will be implemented within the context of the finite element
technology in order to expand its usefulness to realistic situations where multiple ply laminates
are used. The model to be proposed shall capture the onset of formation of kink-bands and
subsequently its propagation. It is formulated within the context of an energy based approach
that considers the critical energy release rate of the matrix in the failed elements of the mesh. A
damage parameter that ranges from 0 (intact) to 1 (fully damaged) is used that relates relative
shear strains in the matrix induced by loss of stability of a representative volume. The damage
models developed will be useful to realistically predict failure due to kink-band formation and
propagation mechanism. The results obtained will serve as the starting point for larger
collaborative projects involving strain rate effects and damage tolerant composites.
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. equation of a fiber is imposed on its displaced configuration.
1 Introduction Following that line of reasoning, Gutkin et al. [7] proposed a
The most prominent failure mode in fiber reinforced failure criterion to determine the onset of kink-band
composites subject to longitudinal compressive loadings isformation. All these earlier models, however, neglect
kink-band formation. Rosen [1] was the first researcher todamage propagation and lack therefore the ability to predict
propose a model to describe this type of failure in fiber ulimate failure loads [8]. Moreover, they do not rely on or
reinforced composites. However, Rosen's model, and &Propose specially formulated finite elements that possess the
series of subsequent models based on his model, predictegfpabilities to describe damage propagation in ways similar
unrealistic high strengths. It was only a few years later thatlO those observed for instance in decohesive type elements.
Argon [2] proposed an improved model that substantially More recently, a number of published works included
reconciled experimental and theoretical values of d@mage propagation modeling in longitudinal crushing of
longitudinal compressive strengths. The great contributionCOmMposites [9-10], but they do not explicitly consider
from Argon was the consideration of initial local fiber Microbuckling as the main damage mechanism. This work
misalignment that facilitated initialization of fiber instability Proposes to unite a microbuckling explicit model with
followed by matrix shearing. Although Argon's model did Matrix crack damage propagation resulting in a new
not consider additional fiber rotation due to the initial alternative way to investigate failure under longitudinal
misalignment it paved the way for other researchers toCOMPression.
propose more accurate models [3, 4].

Failure by kink-band formation is today recognized to be a2 Rep_rwentatlvevolume and matrix shear
consequence of microbuckling and kinking, which are strain

induced by matrix yielding or cracking because of initial The fibers are assumed to be cylindrical with diamgtetn
misalignment of fibers in the laminate manufactured [5-6]. 3 3p situation fibers are arranged in hexagonal packing with
The most successful models up to date are based on thg fiper volume fractionv;. Figure 1 presents the 3D and 2D
investigation of the stability of representative volumes configurations. The total areof the hexagon in Fig. 1 i
where initial misalignments are present and the equilibrium_ 3V3(t, + @)%2 and the area covered by fibersAg=
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314, Hence, the fiber volume fractionvis= A /A leading
to the conclusion that

tm:@{\/;;f—l} 1)
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Figure 1: representative volumes Figure 2: kink-band region: (a) unloaded and (b) loaded

The relevant geometric and kinematic information are
displayed in Fig. 2. After loading the misalignment angle
increases tod + . It is assumed that the fibers are
5 ¢ incompressible such that, initially, two neighboring fibers
Vi = +t &) are separated by a distarigeoss, and, after loading, this
@ *hm distance drops ta,cos@ + &). Moreover, the lengtlix is

The representative volume of the composite ply in the kink-fixeéd. The shear deformation in the matrix is given by

whereas a 2D model implies

band region is shown in Fig. 2, where the unloaded and aL o
loaded configurations are sketched. The initial geometric Vo =—+—=1 ?3)
configuration of the representative volume is completely y X

described by its lengtlx, the initial fiber misalignment

heredu,, and v, ding to Fig. 2 b d
angle & and the width of the matrix layers between filtgrs WIETeAn andd/m according 1o Fig. <, an be expressed as

&y, =¢, [sing+6,)-sing]
&, =3(sing+8,)-sing]

(4)

(a) unloader configuratiot

The value ofdy can be computed as shown in Fig.&g:=
tncosth. Substitution oy and Eq. (4) into Eq. (3) yields

_ ¢ [sing+8,)-sing)] +5<[sin6+90)—sin90] _
- t,,CO%), & - (5)

(1+t :;9 J[sin6+90)—sin90]

m 0

m

Since the initial misalignment angig is usually small (D<
&< 4°) a good approximation for Eq. (5) is

j7a r{lﬂ?jsin@ (6)

m

It is possible to go even further assuming #hist small and,
considering Eq. (2), write

<148 =0 7
ym [1+t ]9 1_Vf2D ()

m

This approach linearizes the problem in the varighMhat
can sometimes be useful and may provide insight into the
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constitutive relations involved. For a 2D model the shear

> P
modulus of the matrix is 3
S
G
GP=_—n ®)
m 1—V?D

Thus, provided the deformation regime within the matrix
remains elastic and angfremains small, one can write

[, =G = AVIGD 0 =G @)
v

3 Equilibrium equation in the loaded Figure 4: Free body diagram of fiber in the loaded
configuration configuration

When it comes to kink-band formation the relevant
homogenized stresses acting on the representative volum
are g, and 1y, which are depicted in Fig. 3. The fiber is P& sing+, 1+ Skcos@+6,) =1,.¢, X (23)
subject to normal stress. Assuming that the fiber is much

stiffer than the matrix, the classical theory of Substitution of Eq. (2) and (12) in (13) leads to
micromechanics states that

The force equilibrium is clearly satisfied. Imposition of
moment equilibrium yields

9,

0 sing+6, }+1,,c0s€+8) =1, (14)
f

0% =0,(q 1) (10)

The classical theory of micromechanics also indicates that
the shear stress is the same throughout the representatiyijlure of the fiber is assumed to happen abruptly when the
volume. Hence, the shear stress in the fipes equal to the  fiher stressa; in Eq. (12) reaches the fiber compressive
homogenized shear stregsi.e., strengthX. Before reaching¢ it is assumed that the fibers
behave linearly.
I, =1, (11) y

Equation (14) describes the buckling of an initially
-~ displaced rigid bar under the action of compressive and
shear forces as shown in Fig. 5. If the applied foReS
and the spring constakfare given by

T2 /

D o T 2D
o0 p=—"i | §=12 k=" (15)
-— Lv;® L L
H <—
N -— the moment equilibrium equation matches exactly Eq. (14),
— -~ provided 7, is given by Eqg. (9). Even if Eq. (9) is not
o — ) applicable, the original relation, = G}, can still be used
t— and the spring constakimay be assumed to vary wiéh
—_—
—_—>
—_—
—_—>
—> N ____

Figure 3: Homogenized stresses applied to the
representative volume

The free body diagram of a single fiber in the loaded
configuration is shown in Fig. 4. The fiber orientation in the
unloaded configuration is also shown with the initial
misalignment angled,. Force P is the net effect of the
normal stresses in the fiberand forceSis the net effect of
the shear stresses in the fibersuch that, with the aid of
Egs. (10) and (11),

Figure 5: Initially displaced rigid bar

Notice that, if one assumes elastic regime and small angles,
P=0g =0(@+t,) . S=r,@ =14 (12)  then substitution of Eq. (9) into Eq. (14) will result in a

linear equation that can be solved tbrHence, under these

simplifying assumptions, the moment equilibrium equation
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can be explicitly solved for6. A simple stress based 5 |ncremental moded and thefinite e ement

criterion for fiber kinking can be subsequently proposed if  context

energy balance considerations during crack formation come

into play. This, however, is not the objective of this work. Two parameters are important to describe kink-band

Instead, a model that goes beyond the onset of failure shallormation: & that can be computed from Eq. (14) ahthat

be proposed. can be computed from Eg. (16). It is also assumed that the
fibers respond linearly up to catastrophic failure wisee

4 Thematrix cohesive mode X¢. Thus, the constitutive relations for both fiber and matrix

are
The proposed model behavior of the matrix in shear is

shown in Fig. 6. The damage parameter starts at zero and 0; =E& , 7, =Gy, , 0,=E&, , 7,=Gn (19)
reaches the maximum value 1 when the failure shear strain

)t is reached and, consequently, the matrix has no stiffnes/NereEr andG are assumed to be constant throughout. The
left, becoming completely degraded (see Fig.%)is a third equationg,, = E.&, may pose a problem since the

matrix property that determines the onset of matrix failure. Matrix elastic modulus€, is needed and it would clearly
vary depending on the degree of degradation of the matrix.

One possible way around this difficulty is to adopt a damage

propagation model for the matrix under

Sf------ traction/compression similar to the one proposed in Fig. 6

for the matrix under shear. This would result in one

additional damage parameter. Another option is to consider
e that, since kink-band formation is the relevant failure

Mt ~Wo O/ -~ Gy(l-d) Jn mechanism in this study, the matrix will be under

i o Yt compressive stresses just like the fibers. Hence, equation

' = En&n can be used up to the point wheggis equal to the

1

vs)

matrix strength under compressioy. In this study the
later option is considered.

The in-plane mechanical properties of a lamina can be
computed using the Halpin-Tsai rules of mixture as
Figure 6: Model behavior in shear

E =EV®+E,1-V?) (20)
Once the initiation ) and failure () shear strains are
available, the damage parameter can be expressed as V, =V Vo +u (1-VE0) (21)
d :me[l_ynoJ (16) £=1+4QvP)"° (22)
Vot =Yoo M
E /E )-1
Equation (16) is valid only for strain values that obgy * 2 :@ (23)
W0, Otherwised = 0. If the matrix becomes damaged tlien (E/E)+<S
> 0 andd never decreases, i.e., the model does not allow for 5
restoration of mechanical properties once the matrix is E, :Em1+5’75\'? (24)
damaged. Take for instance the loading @248 in Fig. 6. 1-nve°
If, after returning to poinO the material is again loaded, it
will follow path OB until it reaches poinB. If further G /1G,)-1
loading is applied beyond poi the original curve of the Te :m (25)
constitutive law is retaken until = 1, when total failure is fi=m
reached. e P (26)
Figure 6 shows that the inclination of t©8 path isG.,(1 - 27 =m 1-n7v>°
d). Hence, generally the stress strain relation can be
written as where 1 and v, are the fiber and matrix Poisson ratios,
respectively, assumed constant. The ply constitutive
I, =G,{1-d)), (17) equation is
which, in the incremental form reads o, . E vFE 0 &
Ar, =G, A-d)Ay,, -Gy, Ad (18) O, (= v.E B 0 & (@7)
o | | ol T 0 0 aovws
In Eq. (18) it is tacitly assumed that there is no plastic shear 12 1920 |2
strain. which, in the incremental form reads
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Ag E, wk 0 Ag 0 Ao, .
—= sin@+4, *Ar,,cosf+84,) +
Ao, :ﬁ v,E E 0 As, t+ 0 (28) V?D g+6, )+ Ar,,cos€+8,)
Az, H0 0 (1_V1y21)612 Ay, nhG, a, .
A@ﬁ cof+8,)-A0r,sinf+6) = (34)

Notice that the matrix shear modul@g influences onlyG;,
in Eqg. (26). Hence, the term,AG;, must be accounted for @
in Eqg. (28). The other ply mechanical propertieg E,, vi,) G, (1_d)(l+t cod
are assumed to be independenGgf m 0

]A@COS€+ a)-

@ _ ][sin(9+ 8,)-sing]ad

m 0

In the finite element context the problem must be solved Gm(l+
incrementally. Initially consider that the equilibrium
problem in the weak form has been solved for time step

such that Therefore, given the stress and damage increméas (

A1, Ad), AGcan be computed and the fiber misalignment is
Ne TET G\ = Ne oy updated tad+ A6,
Z &]e eOclVe _Z d:le eVe (29)
ey, &Ly, 6 Numerical results

where summation extends over Bl elements in the mesh A 1 mx 1 mx 0.125 mm single layer specimen, with fibers
andf, is the vector of external loads applied to elen@nt oriented along thex axis is subject to compressive
Matrix B, is the discretization matrix that relates strains prescribed displacement also alongFigure 7 depicts the
within a given element to the element degrees of freedonmsijtuation. Only the center node is restricted to move along
stored inge: & = BeJe. At the subsequent time stapr 1 the  they direction in order to avoid rigid body mode. A £A.0

new equilibrium equation in the weak form reads mesh of bilinear elements is used.

S TRT M S Tl (30) y

> [aBloray, =Y [alirdy, f

ely, ey, U —> <+ Ug
with 67" =6 +Ac]". Subtraction of Eq. (29) from Eqg. (30), - = ¥
and recognizing thabg. are arbitrary and geometrically N
admissible virtual displacements ﬁ -

— -

Ne

ZJ BiAog d\, =f o —fo =, (31) Figure 7: Single layer specimen under compression

ey,

The material properties used are reported in Table 1. Notice
where the combined effects of &llhave been grouped into that the initiation ) and failure () shear strains of the
fer. Solution to Eq. (31) must be found iteratively. All the fibers are unnecessary for the present model. The fiber
terms relating toas?™ in the left-hand side of Eq. (31) must volume fraction is assumed to be 60%.

be computed at the Gaussian stations used in the numerical

integration. Table 1: Material properties used
Equations (5) and (14) in the incremental forms read property —matrix  fiber
Ay, =|1+ @ fcosf+4,) (32)
{_cod), E»[GPa] 26 240
Ao, . Vio 0.38  0.22
—= sing+4, +Ar,,cos@+6,)+
v e ’ (33) Gi,[GPa] 0.94 98.36
Aﬁ% cosf+6,)-Adr,sin+6,) =Ar,, Yo 0002 -
f

Yot 0.005 -

Substitution of Egs. (5), (18) and (32) into (33) yields

The initial fiber misalignmentd, is defined (in degrees)
according to Eq. (35)

6, = 35 costr/L) (35)

wherelL is the edge length.(= 1 m) and-L/2< x< L/2.
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Figure 8 presents the result in terms of damage paratheter relates relative shear strains in the matrix induced by loss of
computed with Eqg. (16). Figure 8 is obtained for the stability of a representative volume.

ultimate displacement, = 6 mm as illustrated in Fig. 7. Today commercially available finite element packages (e.g.

Abaqus) possess damage modeling capabilites. However,

10 they are not well suited for predictions of failure under
"100 longitudinal compression since they dot not inherently
0.8 I 0.95 consider microbuckling and kink band formation, therefore
08 055 delivering poor results whenever crushing is involved. The
o7 o8 present model may be coupled with additional models for
' 0.70 damage propagation and failure predictions [11], and latter
o068 ge propag p
0.6 8?2 incorporated into a commercial FE code. An element
~05 0.50 deletion criterion would then be required in order to
' oo simulate more realistic composite structures.
0.4 0.35
930 The model is based on physical principles and requires only
03 0.20 two parameters whose extraction is not difficult: the
02 0.10 initiation (o) and failure f4s) shear strains of the matrix.
000 The numerical result present shows that the model is simple
01 to implement and captures the most essential behavior of
04 e W structural failure under compressive loadings.
.0 01 02 03 04 05 06 07 08 09 10
X
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