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Abstract

A progressive failure model including dynamic effects and thermal residual stresses able
to simulate the failure and damage development of hybrid unidirectional polymer com-
posites under fibre tensile loading is presented. The model is used to study the influence
dynamic effects and thermal residual stresses have on the development of clusters of fi-
bre breaks and the failure process of different hybrid composites. The results obtained
show that while the dynamic effects change cluster formation, nonetheless they do not
significantly alter the final failure of the material. Overall, the influence is greater for the
more brittle materials. Although the thermal residual stresses do not affect the formation
of clusters, they can delay damage initiation and final failure by inducing compressive

stresses into the fibres.

Keywords: Dynamic effects, Thermal residual stresses, Hybrid, Micro-mechanics

1. Introduction

Fibre hybridization, obtained by mixing a Low Elongation (LE) fibre with a High
Elongation (HE) fibre in a single matrix, is a promising strategy that can overcome the
inherent quasi-brittle behaviour and low toughness of Fibre Reinforced Polymers (FRP)
that leads to fibre tensile failure with hardly any prior damage symptoms [1-5]. With a
certain hybridization, the failure process of the material can be altered, leading to hybrid
effects and an increase in ductility [3, 4, 6-16]. At present, changes in failure devel-
opment, thermal residual stresses and dynamic effects are the main explanations for the

so-called effects [6, 17-19].
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The tensile strength of brittle fibres is not deterministic and can be characterized with
a statistical distribution. When a fibre breaks, the fibre loses its load carrying capacity
over a distance known as ineffective length. Along this length, the neighbouring intact
fibres are subjected to stress concentrations. Intrinsically, this stress redistribution is dy-
namic. When a fibre fails, the strain energy sustained by the fibre is released in the form
of a stress wave which dampens after some time. During this period, dynamic stress
concentrations, which exceed the static, appear in intact fibres around the broken fibre
[18, 20-24]. Currently, it has been reported that the dynamic stress concentration can be
between 10% to 110% higher than the static depending on the configuration of the ma-
terial [24]. As the load is increased, clusters of broken fibres start to form, which will
eventually lead to final failure. It is, however, unclear if final failure is triggered due to
the accumulation of damage or the unstable propagation of a large critical cluster [1]. In a
non-hybrid composite this failure process occurs quickly, leading to a catastrophic failure.
Nonetheless, in a hybrid composite, the formation of clusters can be altered thanks to the
difference between the elastic and geometrical properties of the two fibre populations in
the hybrid, leading to hybrid effects [3, 4, 7-9, 11, 15, 16].

Two main modelling approaches can be found in the literature to predict the fibre ten-
sile failure of composites. Global Load Sharing (GLS) [2, 10, 11, 25-28], which cannot
capture the formation of clusters, and Local Load Sharing (LLS) [3, 4, 8,9, 11, 12, 24, 29—
35] which are able to do so. In general, models can predict the failure strength within an
accuracy of around 20%, but overpredict the fibre break density at failure and underpre-
dict the formation of co-planar clusters. In addition, compared with experiments, most
models predict the formation of larger clusters too late. These issues have been mainly
attributed to the omission of the dynamic effects due to fibre failure [1, 3, 5, 36].

To study their importance, Bullegas [35], incorporated for the first time, the dynamic
effects in the tensile failure process of non-hybrid composites using a simplified approach.
A 10% decrease in strength was found. Moreover, the average distance between consec-
utive breaks decreased when using the dynamic model. Such findings should have made
the modelling results closer to the experiments. Unfortunately, they did not provide a
direct measure of the number of co-planar clusters. Recently, Tavares et al. [24], incorpo-

rated the dynamic effects in a spring element model using a random distribution of fibres.
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The dynamic Stress Concentration Factor (SCF) with a plastic matrix in a non-hybrid
composite was on average 43.2% higher, whereas it was 83.2% higher with an elastic
matrix. Even though the dynamic effects caused an earlier formation of larger clusters,
the number of co-planar clusters and the fibre break density did not significantly improve
compared to the static model when an elasto-plastic matrix was considered. However, the
authors did not study the influence the dynamic effects have on the hybrid composites.
Therefore, the role of the dynamic phenomenon on the fibre tensile failure and cluster
development of hybrid composites remains unexplored. Moreover, if the dynamic SCF is
smaller in hybrid composites than in non-hybrids, hybrid effects may occur [18], but the
importance of this has not yet been clarified.

Another common assumption in models is to neglect the thermal residual stresses
resulting from the manufacturing process, which appear because of the different thermal
expansion coefficient of the constituents. Different authors have demonstrated that the
thermal residual stresses are secondary, since they can only account for up to 10% of the
hybrid effects [17, 37, 38]. Nonetheless, their influence on cluster development has yet to
be studied.

In this work, a progressive failure model [3, 4, 36], including thermal residual stresses
and dynamic effects, is formulated. Their influence on the tensile failure process of hy-
brid composite materials is then investigated. The paper is organized as follows: firstly,
the progressive failure model, including dynamic effects and thermal residual stresses, is
presented. After that, some hybrid materials are simulated under fibre tensile loading to

assess their influence and finally some conclusions are drawn.

2. Modelling approach

In this section the modelling strategy of this work is presented. Firstly, an analytical
equation to determine thermal residual stresses for each fibre population derived from
the manufacturing process is developed. Secondly, a progressive failure model [3, 4]
is reviewed and modified by including thermal residual stresses and dynamic effects. To
take the dynamic effects into account, a simple approach is considered based on Bullegas’
work [35]. After a fibre fails, a dynamic iteration is performed in which the static SCF

caused by the new failures is increased by a given dynamic factor. If at the end of the
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iteration no new failures occur, then the SCF values are reverted into the static conditions.

2.1. Analytical determination of thermal residual stresses

To determine the thermal residual stresses in a hybrid composite, two main hypothesis
are applied following the approach in Prussak et al. [39]. Firstly, the force equilibrium in
the fibre direction should lead to the summary of the force of all constituents (each fibre

population and matrix) equal to zero, thus leading to
VfIO'?l + szO'rfz + VmO'fn =0 (1)

Secondly, both fibre populations and matrix should have the same strain (including me-

chanical and thermal), thus

Ir I I

0y (T=T) =22 4 an(T-T) = I 4 (T = T)) 2)
Ep Er E

m

where Vi, Vi, Vi, are the volume fractions (Vy; + Vi + Viy = 1), o7y,, 07, 07, are the
longitudinal residual stresses, Ef, Ep and E,, are the Young’s modulus whilst, a¢, ap
and «,, are the coeflicient of thermal expansion, where sub-indices f1, f2 and m refer to
fibre populations 1 and 2, and the matrix, respectively, whereas T is the test temperature
and T, is the stress-free reference temperature (usually the cure temperature). By mixing

Eq. (1) and (2), the residual stresses become

Vo E — + VL E —
0_;1 - By nEp (ap — ag) mEm (m — ) (T - T,
EqVi + EpVp + E,V,
Vi Es (a1 — ap) + VinEn (@m — ag)

I — F T-T, 3
Tr2 & EunVy + EnVep + E,V, ( 0 ©)

Vo E —ay) + VpEr —
o = E, nEs (ap — am) + VpEp (ap — « )(T—Tr)
EuVy + EnVe + E, V),

while the residual strains can be determined with &, = oy, /Ey, &, = 0p,/Ep and &) =

o./En. Note that for a non-hybrid composite the same equations can be applied by
simply setting the quantities of one of the fibre populations equal to zero and thus leading

to the same equations shown elsewhere as [40, 41].

2.2. Progressive Failure Model
The Progressive Failure Model (PFM) [3, 4, 36] is based on the chain of bundles
approach and consists of a Representative Volume Element (RVE) of width a, height b

and length L which contains a random distribution of fibres of a given radius. The fibres
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are divided into elements of length / along their longitudinal direction. For each element a
different strength is assigned according to a statistical distribution. This leads to a domain
of parallel tensile springs divided into planes in series. Each fibre is denoted with the
sub-index g € [1, v Nq], which determines the position along the X and Y axes, while
each plane is denoted with the sub-index p € [1, - Np], which determines the position
along the Z axis, where N, and N,, are the number of fibres and planes respectively, see
Fig. 1. When an element fails, the stress redistribution around the break is simulated by
applying damage along the ineffective length of the broken fibre and stress concentration
onto the neighbouring intact fibre elements. This approach allows fibre clustering and the
stiffness loss of composite materials to be captured in a more computationally efficient

way than other more sophisticated models [4, 36].

2.2.1. Constitutive equation
The constitutive equation which relates the element stress, o, and the strain, &,,

taking into account the residual strain now becomes

SCF

Tpg = Q—p""’Eq (1-D,g)(p + &) (4)

where SCF, , is the stress concentration factor (SCF) of element p, g, E, is the Young’s
modulus of fibre g, D, , is the damage state variable which is equal to 1 for broken ele-
ments, equal to O for intact elements and in between for elements in any stress recovery,
g, is the mechanical strain of the plane (which is assumed to be the same for all elements
of plane p), s; is the fibre’s thermal residual strain determined with Eq. (3) and Q, is a
stress ratio which enforces load equilibrium at each plane.

Calculating Q, and &, depends on a load equilibrium condition, whereas calculating
D,, and SCF,, depends solely on an analytical model that is entered into the PFM. In
theory, any model can be applied to predict both of them. Nonetheless, the models used
should be consistent between them to obtain reliable results [36].

To take into account the dynamic effects, it is assumed here that the dynamic effects
act by increasing the static SCF by a magnification factor, as has been proposed in other
work [35]. Thus, after a fibre element fails, a dynamic iteration is performed and the
static SCF's caused by the new failures are increased by a given factor. If at the end

of the iteration no new failures occur, then the SCF's are reverted into the static values.



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

Therefore the dynamic effects are included in the calculation of the SCF. In the following,

the remaining modelling equations and model process are explained.

2.2.2. Load equilibrium

Because the amount of damage may be different at each plane, each plane has its own
mechanical strain, g,. Thus, g, is evaluated according to the stiffness of the RVE, the
current strain applied at infinity, £°, and the residual strains. To do so, first the stiffness of

each element, k, ;, is calculated by Hooke’s law with

kpg =E,(1-D,y) % (5)

where A, is the fibre’s cross-sectional area. The stiffness of each plane, k,, and the stiff-
ness of each plane for fibre populations 1 and 2 (f1 and f2), are then computed by assum-

ing all elements and the matrix in the plane work in parallel

N‘{ N‘i
kp, = Z kpq kp, = Z kpq kp = kp, + kp, + ki (6)
qefl qef2

where k,, is the matrix stiffness, k, = EnAn/l, Ey, is the matrix Young’s modulus and
A, the matrix’s cross-sectional area, A, = a b — Z;Vj] A,. Next, the total stiffness of the

system is computed by assuming all planes work in series
N -1
K = — 7
(Z kp] (M
p=1

Finally, &, can be obtained by load equilibrium, as the total mechanical and thermal

force of each plane, F, = k,&,l + k, &1 + kj,&,l + knep,l, must be equal to the force

applied, F = K&'L, leading to
KL ky &y +kp,ep, + kel

k, 1 k

P P

®)

Ep

where £° is the applied strain and &t

t1» €p and g} are the residual strains of fibre populations

1 and 2, and the matrix, respectively, determined with Eq. (3).
To maintain local load equilibrium, the aggregation of the loads of the fibres and the

matrix at each plane, p, must be equal to the load of the plane F,. This condition allows
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the stress ratio Q,, to be obtained with

Ny

F,=

(S, 1Dy ) e+ L)
q=1 ’

€))

o _ S SCF By (1 - Dpy) (2, + £) A,

p
I I
(kpgp +Kp &y + kp & — kmsp)l

2.2.3. Ineffective length and damage

The ineffective length of broken fibres depends mainly on the matrix behaviour, which
can be elastic or plastic, as debonding is omitted here [4, 36]. The matrix behaviour
is a key factor in the modelling predictions as it changes the ineffective length and the
magnitude of the SCF over the intact fibres [4, 12, 36, 42].

For a plastic matrix, the model is modified as to include the residual strain. There-
fore, the ineffective length corresponds to a modified Kelly-Tyson shear-lag model [43].
The ineffective length includes a scaling factor, H, which scales the ineffective length ac-
cording to the cluster size [44]. This cluster is calculated assuming that two broken fibre
elements belong to the same cluster (c), if the distance between the centres of both fibres
is below four times the smallest fibre radius and both elements are on the same plane p
[4, 36]. Each cluster of plane p is represented with the sub-index p, ¢, with ¢ € [1, . Nl‘;]
where N is the total number of clusters on plane p. Thus, the ineffective length of a
broken fibre element in cluster p, ¢ is

R,E

2
pin = Nala g (8 N 8r)_ . TR E,
g o7 Pe\“P q) —
q

s (&) + ) (10)
where 7, is the matrix shear yield stress, R, is the fibre radius, C,. = 4s+/n,., and
where n, . is the number of broken fibres on cluster p, ¢ and s is the overall mean distance
between fibre centres, s = [(Ry Vi + RnVi) / Vil Vr/V;, where Ry and Ry, are the fibre
radius of fibre populations 1 and 2 respectively and Vi is the overall fibre volume fraction,
Vi = Vi + Vi, The damage of element p, g due to each break in the fibre ¢ at each plane
i is computed following the ineffective length curve as

max(M) Vi: (Dig=1)U(li-pll<Li)

- L
Dp,q - Lq

(In

0 otherwise.

If an elastic matrix is assumed, then the ineffective length is based on Cox’s shear-lag
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model [45, 46]. For this scenario, the ineffective length depends neither on the residual

strain nor on the mechanical strain [36], and is given by [4]

. E.R Ra Vi + Rp Ve 1
LY =Hyy|[m|5-2 I 12
pg = b, \/2Gm (s 7 nz 7 (12)

where G, 1s the matrix shear modulus. It is worth mentioning that this length corresponds

to a recovery of ¢ percent of the nominal fibre stress (in this work { = 99.9% of the

nominal fibre stress [4, 36]). The damage is then computed with

max | exp —ile 2Gm Vi : (Di,q = 1) u (li—P” < L:nq) (13)

- H,. Ry Vi + RpV
D,,= 2 EqRq(s—Z fl flV 2 fz)
f

0 otherwise.
Nonetheless, as was demonstrated in Guerrero et al. [4], the use of an elastic ma-
trix may lead to inaccurate results when modelling hybrid composites. Consequently, in
this work the matrix is assumed to be plastic and the ineffective length and damage are

calculated with Egs. (10) and (11).

2.2.4. Stress concentration factor and dynamic effects

To predict the static SCF around breaks, different models can be found in the literature
[5, 44, 47, 48]. In this work, the proposed model, which has been used in previous studies
and is based on the work of St-Pierre er al. [44], is applied [4]. The model is very powerful
as it can predict the static SCF around a cluster i, ¢ of broken fibres located on the same
plane, taking into account the cluster size, RVE size, volume fractions, fibre radius and
elastic properties of each fibre population. Furthermore, it can be calibrated to take into
account different effects not present in the model [4].

The complex dynamic effects are simulated in this work in a simple and efficient way
by adapting the approach proposed in Bullegas [35]. When a new element fails, a dynamic
iteration is started. The static increment of SCF produced by the cluster i, ¢, to which the
broken element belongs to, is multiplied by a factor larger than 1, M,. This factor is only
applied to the SCF produced by clusters i, c with new breaks, while it is equal to 1 for
all other clusters i, ¢ with no new broken elements. If no new elements fail at the end
of the dynamic iteration, then all factors are set equal to 1 and the model reverts to static

conditions. However, if new elements fail, then a new dynamic iteration is started. Hence,
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the static SCF caused by any cluster i, ¢ with new broken fibres is multiplied by M.

It should be noted that the proposed approach does not allow the entire dynamic pro-
cess to be captured, as unlike other models [24], the time variable is omitted. Within this
approach, only the instant of time at which the maximum dynamic effect is produced is
considered. Notwithstanding, that is the only time instant of interest as any new failures
will occur when the SCF is maximum. Therefore, this method allows for a more efficient
simulation process. In addition, it is assumed that the behaviour is quasi-static, since dy-
namic effects only occur as a result of new breaks and not to the applied load. Further to
this, it is considered that the dynamic factor, My, is independent of the number of simul-
taneous breaks that occur in the cluster i, ¢, in accordance with the results of Tavares et
al. [24].

The static increment of SCF for an intact element p, g due to cluster i, ¢ is given by
ASCF = 6-4, where 6 and A are two functions [4]. The function ¢ is related to the in-plane
distance (rq_c) between the geometrical centre of coordinates of cluster i,c and intact
element p, g, while A is related to the plane position along the ineffective length. Because
an intact element can receive SCF from broken fibres from the same or other population,

and each cluster can contain broken fibres of each population, four combinations for 6

a a
Sy =1y, R by = Iy [ D
1 1((]*(‘) | l[f r 22(‘1,5) - 22i.c r

occur

S e S e (14)
S =1y (R by = Iy R
12(q—c) - 12,',(; r 21(q—c) - 21,',0 7

q—c q—c

Similarly, each cluster i, ¢ has two ineffective lengths, the ineffective length of broken
elements of type 1, L“:C, and that of broken elements of type 2, L‘2n Therefore, two

combinations for A occur

Ly —1li—pl .
]T V(i c): Ili—pl <L}  Plastic matrix
Lic
Al(k‘) =
ot | — p|IC;. 2GR . . . . .
_|l Pl . fl Y(i,c): lli-p|l < L} Elastic matrix
2mn; Ry Ri1 Vit + Rpp Vi e
Eqls-2——mMm—
Lin 1 | . | Vf (15)
The=p )
e W(,e):lli-pl <L Plastic matrix
2ic
A@f):
. i~ plIC;. 2GR < N
exp| -2 e V(i) : Ili- pl < L'  Elastic matrix
27n; Ry, £ (s 2Rfl Vit + szsz) e
o |5 - T ARTR
Vi
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where 61y, and 62, correspond to the static increment of SCF that an intact el-
ement from fibre populations 1 and 2, respectively, receives due to broken fibres of
its own type in cluster i,c, while 615, , and 6y, , are the static increments of SCF
that an element of fibre populations 1 and 2, respectively, receives due to broken fi-
bres of a different type in cluster i,c. 4y, is the evolution of 6y;,_, and 6y, along
Llln while 4y, , 18 the evolution of 6y, and 6y, along len R;. 1s the equivalent

radius of the cluster, an.ZC = n;.S 2.8 ic 1s the average fibre spacing of the cluster,

¢’
Sic = I:(nli,chl + nzi,chz) /n,-,c] Vr/Vt, ny,, and n,,, are the number of broken fibres in
populations 1 and 2, respectively, in cluster i, ¢, and n;. = ny,, + ny,.. The exponent a is
an input parameter which governs the maximum value of SCF' and the shape of the curve.
Its value can be adopted as @ = 2 for a plastic matrix or @ = 3.8 for an elastic matrix

[4, 36, 44]. As this work assumes a plastic matrix, @ = 2 will be used.

The terms /I are constants which differ for each cluster i, ¢ and are given by

n,. R*R>
Lie 711762 fora =2
, 2R? In(Ry/R;.) (R Vio + R, Vi)
Hie = ny, RERGR;E (@ = 2) .
: otherwise,
2R — R) (R, Vio + R, Vi)
Eqn,. R*
il ¥ fora =2
. 2EnR? In(R/Ri.) (R Ve + R, Vi)
Pie = Enmy, RiR Y (@ -2) .
. otherwise,

2Ep (R%" - RZ°) (R3 Vi + R, Vi)

16
nZLcR%lR%Z fi 2 ( )

- ora =
2R In(Ry/R;.) (R Vo + RL Vi)

fo = no, RERLR," (o = 2) |

: : otherwise,
2R — R) (R, Vio + R, Vi)
Efznzi‘CR?Q fora =2

2EqR2 In (R /R;.) (RY Vi + R, Vi)
i Ele’lzi‘cR?zRi_’g (a - 2)

2Eq (R — R) (R Ve + RL Vi)

otherwise,

where R, is the RVE equivalent radius, R, = V(a - b) /.
To take into account the interaction between different clusters, a superposition rule is
considered. The total SCF for an intact fibre element is obtained by the linear superposi-

tion of the SCF it receives from all clusters i, c. Nonetheless, to achieve stress continuity

10
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between elements inside any ineffective length (elements where 0 < D, , < 1) that are not
affected by the SCF, and subsequent intact elements (D, , = 0), which can be overloaded
by the SCF, the SCF of an element is limited according to shear-lag transfer [3, 4, 36].

Thus, the total SCF of an intact element p, g is

min (SCF0

p-q’

SCFy,) ¥p.q: Dpy=0

SCF,, = (17)

1 otherwise,

where SCP?,, ; 18 the SCF predicted by the linear superposition of the contribution of all

clusters, taking into account the dynamic effect using the previous ¢ and A functions with
Ny N
SCF(;,q =1+ Z Z Ml,-,céll(qfc)/ll(p,i) + M2i£612(q76)/12(p7i) Vi,C N > 0 & q € f1
i=1 c=1
N, N (18)
SCFO, =1+ > " My, 6n, Ao, , + My 621, A, , Yiscine>0 & qef2

i=1 c=1
where f1 and f2 are fibre populations 1 and 2, respectively, while M;,, and M, are the
dynamic factors caused by new breaks in populations 1 and 2, respectively, in cluster i, c.
As detailed at the beginning of this subsection, these factors are equal to 1 for any cluster
i, ¢ in which no new breaks occurred. Nevertheless, if any new broken elements of type
1 appear in cluster i,c, then M,,, = My. Similarly, if new broken elements of type 2
appear then M, = M,. Therefore, many different combinations may occur because, an
intact element may receive dynamic SCF from the two populations in the cluster or from
only one of them, or it may receive dynamic SCF from one cluster and static SCF from
another different cluster. Finally, SCF II;’ 7 is the SCF limitation for broken fibre ¢, and it is
calculated as in previous work [3, 4, 36]:
1

in
Lq

SCF}, = min( li - pl 1] Vi: Dig=1 (19)

2.2.5. Numerical implementation

A uniaxial strain controlled simulation is performed along the fibre longitudinal di-
rection by slowly increasing the applied strain, £°. In this way, a progressive and stable
damage process can be simulated. A step-by-step implementation of the model is shown
in Algorithm 1. Before starting the simulation, the strength of each element is generated
following a given statistical distribution, and if they are to be considered the thermal resid-

ual stresses are estimated, as given in lines 1-2 of the algorithm. After that, a new loading

11
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step is started by applying a uniaxial strain, see line 3. At each new iteration, y, of the
model, the objective is to compute the stress of each element by following the procedure
shown in lines 5-11 of the algorithm. Next, the stresses are compared with the strengths,
as given in line 12. At this point two possibilities may arise: 1) new elements fail and,
consequently, lines 13-16 of the algorithm are applied, or 2) no new elements fail, and
thus lines 18-20 are employed. If no new elements fail, then the algorithm applies static
conditions, i.e. M;,. = 1 and M,, = 1 for all clusters p,c. Then a new static step, is
started by increasing the applied strain. However, if new elements fail, a damage factor
equal to 1 is assigned to all new broken elements. Then, all clusters p, ¢ are determined.
For the clusters p, ¢ with new breaks of type 1, M;, = My. Similarly for the clusters p, ¢
with new breaks of type 2, M, . = My is assigned. For all clusters with no new breaks
M,,. = 1and M,, = 1. The algorithm then starts a dynamic iteration by repeating the
whole process. The process shown continues until either all elements in a plane are bro-
ken, or the average fibre stress of the HE fibre population has decreased in a single step,
t, by a pre-defined percentage of the maximum load value. A small decrease of 10%, is
enough to capture the final failure of the material and also allows computational time to

be reduced.

3. Methodology

To study the influence both thermal residual stresses and dynamic phenomenon have
on the tensile failure of hybrid composites, different materials are simulated using the
PFM. To quantify their importance separately, the tensile behaviour is simulated three
times: a) under static conditions (i.e. My = 1) and without thermal residual stresses, b)
under static conditions with thermal residual stresses, and c¢) under dynamic conditions
(i.e. My # 1) and without thermal residual stresses. For the dynamic cases, the value of
My is varied between 1.25, 1.43, 1.6 and 2. These values are taken from the literature:
1.43 corresponds to the average result given in Tavares et al. [24] using a plastic matrix,
while 1.6 corresponds to the result of Hedgepeth [20] and 2 is a theoretical maximum
factor for a spring-mass system without damping [35]. Likewise for the thermal residual
stresses, two extreme values (a lower bound and an upper bound) for the coefficient of

thermal expansion of both LE and HE fibres in the materials are used to observe their
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impact. To calculate them, the test temperature is assumed to be T = 25°C, whereas the
stress-free temperature is 7, = 150°C.

To observe the impact of the dynamic phenomenon and thermal residual stresses with
diverse material properties, different intrayarn hybrid unidirectional composites are simu-
lated by combining various carbon and glass fibres. These hybrids correspond to X5-T300
(Carbon-Carbon), T300-Eglass (Carbon-Glass) and X5-Eglass (Carbon-Glass). These
material combinations are interesting as, in all cases, the failure strain of both fibre pop-
ulations should be fairly well apart, and all LE fibres have a relatively small Weibull
modulus which is known to be positive for the hybrid effect [9-11]. In all cases, the ma-
trix is always Epoxy with properties E,, = 3760 MPa, 7, = 50 MPa and @, = 58 - 107°
°C~'[11, 49]. The corresponding properties of each fibre can be seen in Table 1.

A modified version of Melro’s random fibre generator [11, 50] is used to create an
RVE of width, thickness and length of (respectively) 75 X 75 X 300 times the largest
fibre radius on the RVE. The element length, /, is equal to the smallest fibre diameter in
the RVE. The overall volume fraction (V) is always 60%. However, because the hybrid
volume fraction (HVF) is known to have a considerable impact on the tensile response of
hybrid composites [4, 8, 10, 11, 51], each hybrid is simulated with an HVF of 10, 20, 30,
40, 50 and 75%. Here, the HVF is the percentage of LE fibre volume fraction (V_g) over
the total volume fraction (Vy), HVF = (V g/V;). In addition, a non-hybrid composite of
each fibre type is also simulated.

As in other work [3-5, 12, 36], the strength of each element in the RVE is given by a

Weibull distribution [52]. To generate them, a random number between 0 and 1 is assigned

u

for each element, P,,. The strength of the element, T

is then computed according to
the Weibull distribution function with P,, = 1 — exp (— (I/Ly) (0';‘,’[] /O’o)m), using the
corresponding Weibull properties, o, m, Ly of the fibre given in Table 1. Because of
the random nature of the fibre strength and the random position of the fibres, 8 runs are
performed for each case in study. For each run, a new RVE and new element strengths are
generated. However, the same RVEs and fibre strengths are used for the static, dynamic
and thermal residual stress cases to allow for a fair comparison between them.

To compare the results between simulations, different metrics are used [4]. Firstly, the

failure strength, o', which corresponds to the maximum stress reached by the material.
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Secondly, the failure strain, £, which corresponds to the strain at o, Thirdly, the yield
stress (oY), which is defined as the knee point at a strain of 0.1% where the stress-strain
curve deviates from the initial linear elastic region. And fourthly, the pseudo-ductile strain

It — gt/ Ey), where E, is the initial Young’s modulus of the composite given by

(el = &
the rule of mixtures.

The fifth metric is the maximum cluster of broken fibres in the RVE, N°€, at failure. To
track these clusters along the simulation, it is assumed that two broken elements belong
to the same cluster if their distance between centres is smaller than 4 times the smallest
fibre radius and the distance between break planes is less than 10 times the smallest fibre
radius [4, 5, 9, 12, 36]. A cluster is assumed to be co-planar if the axial distance between
all brake planes in the cluster is smaller than or equal to one element length, otherwise it
1s a diffuse cluster [5, 12]. It should be noted that, the maximum cluster size shown in the
results is different from the cluster definition that was used in section 2.2.3 to calculate the
SCFs and ineffective length. This was done to allow the damage evolution to be measured
in the same way as it has been done in the literature.

It is worth mentioning that the RVE volumes used in this study, which are as small as
0.26 x 0.26 x 1.05 mm and as large as 0.6 X 0.6 X 2.4 mm, and contain as few as 1100
fibres and as many as 4500 fibres, are small compared to a real material specimen. Due

to the size effects present in composite materials, the strengths obtained, o™

, may not be
representative of real composites. Moreover, the Weibull distribution used to calculate the
fibre strengths is extrapolated to the element length, /, which is very small. This is known
to cause an overprediction of the strength. Further discussion related to size effects and

Weibull distribution issues can be found elsewhere [36, 42].

4. Results

In this section the influence both thermal residual stresses and dynamic effects have
on the failure process and cluster development of broken fibres for the different hybrids

simulated is analysed. All results correspond to the average of 8 runs.

4.1. Dynamic effects
Overall, the maximum cluster size, shown in Fig. 2 a)-c), increases with the dynamic

factor. In general, this increase seems to be larger for the composites that are less damage
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tolerance, i.e. the non-hybrid composites and the hybrids with larger HVF. Nevertheless,
the formation of co-planar clusters shown in Fig. 2 d)-f) presents a negligible variation
for the dynamic factor.

The influence of the dynamic effects on the failure strain and ductile strain is shown
in Fig. 3. Overall, there is a minor decrease in the failure strain when the dynamic factor
is increased. For both the X5-Eglass and X5-T300 composites, shown in Fig. 3 b) and
c), the decrease in failure strain is larger for the non-hybrid composites than it is for the
hybrids. However, this does not occur with the T300-Eglass composite shown in Fig.
3 a), which presents a larger decrease of failure strain for the hybrid composites with
HVF =10% and HVF = 20% than it does for the non-hybrids when My = 2. Regarding
the ductile strain, similar trends are highlighted. In general, there is a minor decrease in
the ductile strain when the dynamic factor is increased. This decrease is seen to be larger
for the T300-Eglass hybrid composites with HVF = 10% and HVF = 20%.

The failure stress and yield stress of the simulated composites is shown in Fig. 4. As
with the failure strain, the failure strength also presents a small decrease when increasing
the dynamic factor, although the decrease is mostly negligible. In regards to the yield
stress, no changes at all are observed for the hybrid composites.

The tensile behaviour predicted for each composite is seen to be very different and to
be heavily dependent on the HVF, as illustrated in Fig. 5. A large pseudo-ductile strain of
0.6-0.8% is predicted with the X5-T300 hybrid for an HVF of between 10-50%, whilst at
larger HVF, brittle behaviours are obtained. An even larger pseudo-ductile strain of 1.25-
1.5% can be observed for the X5-Eglass composite for an HVF of between 10-30%. For
the last hybrid studied, T300-Eglass, a ductile strain of 0.6-0.8% for an HVF of between
10-20% 1is found. As has been discussed, the dynamic effects lead to a slightly earlier

failure, but do not significantly change the tensile behaviour.

4.2. Thermal residual stresses

The influence thermal residual stresses have on the formation of clusters is shown in
Fig. 6. Overall the thermal residual stresses do not have a significant impact on cluster
formation. The maximum variation in cluster size can be seen for the X5-Eglass hybrid

composite for HVF = 30%, showing a change of 10 fibres compared to the case without
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thermal residual stresses. For the co-planar clusters, the variation is less than 1% for all
composites.

The influence of thermal residual stresses on the failure and ductile strains is shown in
Fig. 7. In some composites a minor variation of these two strains is seen when the residual
stresses are considered. For the X5-T300 composite, the failure strain and ductile strain
present a minor increase when apg = 7 - 107 °C™' and ayg = =7 - 107 °C~! and a
small decrease for the opposite combination. For the other two combinations of ayg and
ayg, the results lie somewhere in between. The same trend is seen for the X5-Eglass and
T300-Eglass composites. The ductile composites, corresponding to HVF = 10 — 30%,
experience an increase in failure strain and ductile strain when aj g = 7 - 107 °C~! and
age =5-107%°C™!, and a decrease when g = —7-107°°C~' and ayg = 10- 107 °C~'.

In regards to the failure stress and yield stress shown in Fig. 8, a minor variation
can also be observed with the thermal residual stresses. For the X5-T300 composite, the
strength and yield stress are the largest when a g = =7 - 10°°C!and ayg = 7-107°
°C~!, while they are the smallest when aq g = 7 - 107 °C~! and g = -7 - 1076 °C1.
Similarly, for the X5-Eglass and T300-Eglass the maximum occurs when a;g = =7 - 107°
°C~! and ayg = 10 - 107® °C~! and the minimum for the opposite combination. For the
other combinations of coefficient of thermal expansion, the results lie between these.

The tensile behaviour obtained is not shown since it is qualitatively the same as that

illustrated in Fig. 5.

5. Discussion

5.1. Influence of dynamic effects

As proved in Fig. 2, the maximum cluster size increases as the dynamic factor does.
This can be easily understood. Since increasing the dynamic factor leads to higher SCF,
the probability of creating larger clusters is also greater. These findings imply that the
dynamic effects change the damage development of the materials, leading to an earlier
formation of larger clusters in the dynamic model than in the static model. This empha-
sizes the importance of including dynamic effects. Considering them should, in theory,

lead to a more realistic formation of clusters compared to experiments. Nevertheless, the
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formation of co-planar clusters is seen to be unaffected by the dynamic effects. Thus, in-
creasing the dynamic factor does not increase the formation of co-planar clusters, as was
supposed in the literature [5, 42]. This corresponds well to the recent findings of Tavares
et al. [24]. Such outcomes suggest that, the underprediction of co-planar clusters seen in
most of the models in the literature may not be related to the omission of dynamic effects.
It should be noted that the formation of clusters depends on the specific RVE and fibre
strengths of each run. In other words, owing to the variability of the results, some of the
curves in Fig. 2 may intersect.

As evidenced in Fig. 3, a minor decrease in the failure strain and ductile strain occurs
when considering dynamic effects. In some hybrid composites such as the X5-Eglass and
X5-T300, the decrease in failure strain is larger for the non-hybrid composites than for
the hybrids, which suggests the presence of a small positive hybrid effect caused by the
dynamic effects. However, this does not occur with the T300-Eglass composite which
presents a larger decrease of failure strain for the hybrid composites comprising a low
HVF. These results suggest that, although the dynamic effects change the formation of
clusters, they do not have any significant influence on the final failure or on the ductility
of the composite. This is something that corresponds well to the findings of Tavares et al.
[24] in non-hybrid composites using an elasto-plastic matrix.

A minor decrease in strength is also seen when considering the dynamic effects as
illustrated in Fig. 4. The yield stress presents no changes at all due to the dynamic effects.
This is because the yield stress depends mainly on the initiation of damage when the
number of breaks is still small. At that point, the dynamic effects are not important.

The tensile behaviour predicted for each composite, shown in Fig. 5, proves that a
ductile failure process can be achieved via fibre hybridization. A very large ductile strain
between 1.25-1.5% is obtained with the X5-Eglass composite for an HVF between 10-
30%. That large pseudo-ductile strain is possible thanks to the fact that the failure strain
of the two fibres in the hybrid is well apart, and the failure process is continuous. In any
case, it can be seen that the dynamic effects lead to a slightly earlier failure, but do not
significantly change the tensile behaviour.

The results obtained show that the dynamic phenomenon has an effect on the forma-

tion of clusters, leading to larger clusters at smaller strains compared to the static model.
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Nonetheless, final failure is not significantly altered, as the failure strain and strength are
marginally smaller in the dynamic model. The tensile behaviour is also seen to be unaf-
fected. This contradicts the general belief in the literature that the dynamic effects consid-
erably influence final failure [5, 42]. Additionally, if the dynamic factor is smaller in the
hybrid composites than that of the baseline non-hybrid composites, as the work of Xing
et al. [18] suggests, hybrid effects should occur due to the dynamic phenomenon. How-
ever, the results presented by varying the dynamic factor, My, show a very reduced effect.
Therefore, the contribution the dynamic phenomenon makes to the hybrid effect seems
to be very small. These results have been obtained by using a plastic matrix approach.
Using an elastic matrix should lead to the dynamic effects having a greater influence on
final failure, as pointed in Tavares et al. [24]. Nonetheless, a plastic matrix should be a
more realistic representation of the failure process [4]. Adding the dynamic effects should
allow a more accurate formation of clusters and, consequently, should be a step forward

in modelling predictions.

5.2. Influence of thermal residual stresses

As evidenced in Fig. 6, the thermal residual stresses do not change damage progres-
sion. However, as shown in Fig. 7, they can have a minor influence on the failure and
ductile strains. In some material combinations, the failure strain and ductile strain increase
when the thermal residual stresses are considered. These changes can be understood as
being due to the magnitude of the thermal residual stresses. For the X5-T300 hybrid com-
posites, when a1z = 7107 °C~! and ayg = =7 - 107° °C~!, the HE fibre residual stress
is either compressive, or it is tensile albeit smaller than in the other combinations. This,
in turn, causes a delay in the initiation of damage for the HE fibre compared to the other
scenarios, thus leading to an increase in the failure strain and ductile strain. However,
since the magnitude of the thermal stresses is small, the variation in the final failure is
very reduced. A similar effect occurs with the X5-Eglass and T300-Eglass composites.
When a1 = 7-107%°C~! and ag = 5-107° °C~!, smaller residual stresses in the HE fibre
are again induced compared to the other combinations when the HVF is low. Therefore,
either inducing compressive stresses or smaller tensile stresses into the HE fibre should
delay the initiation of damage in the HE fibre, leading to an increase in failure strain and

ductile strain.
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A similar effect is seen with the failure strength and yield stress. This is again con-
trolled by the magnitude of the thermal residual stresses. Introducing compressive stresses
into the LE fibre increases the yield stress and failure strength because the initiation of
damage in the LE fibre is delayed. This in itself should also increase the hybrid effect, as
pointed out in the literature [17, 37, 38].

The results obtained suggest that the thermal residual stresses have a negligible effect
on cluster formation and damage evolution. Nonetheless, they can have a minor effect on
final failure [6, 17, 38]. Inducing compressive residual stresses for the LE fibre increases
the failure strength and yield stress of the material. Likewise, introducing compressive
stresses into the HE fibre increases the failure and ductile strains. A combination of the

two cases should lead to the best overall behaviour.

6. Conclusions

In this work, a progressive failure model including dynamic effects and thermal resid-
ual stresses was developed. The model was used to study the effect the dynamic phe-
nomenon and thermal residual stresses have on the fibre tensile failure process and cluster
development of intrayarn hybrid unidirectional composite materials.

Different metrics were used to characterize the failure process of the materials studied:
ductile strain, failure strain, yield stress, failure stress, maximum cluster size and the per-
centage of co-planar clusters. The different hybrids simulated presented a different tensile
behaviour, exhibiting a ductile response at low LE hybrid volume fractions. Composites
with larger hybrid volume fractions were found to fail in a brittle manner.

The addition of thermal residual stresses had a negligible effect on cluster evolution
and damage development. However, they can have some effect on the final failure of
the material. Adding compressive residual stresses delays the damage initiation for the
LE fibre, leading to an increase in the failure strength and yield stress of the material.
That in itself leads to an hybrid effect. Likewise, adding compressive stresses to the HE
fibre delays the initiation of damage in the HE fibre, increasing both the failure strain
and ductile strain. Combining both scenarios in the right measure should lead to the best
overall behaviour.

The dynamic effects were found to have a considerable influence on cluster forma-
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tion and damage evolution compared to the static model. When the dynamic model was
employed, larger clusters were always obtained. Thus, the formation of larger clusters
occurred earlier in the dynamic model. This should lead to a more realistic formation of
clusters compared to experiments, as was pointed out by Swolfs et al. [5]. Nonetheless,
the influence on final failure was very minor, with a negligible decrease in failure strain
and strength being noted. Despite their minor effect on final failure, a remarkable fact
is that some hybrid composites experienced a smaller influence of the dynamic effects
compared to the baseline non-hybrid composites, which suggests a small positive hybrid
effect caused by the dynamic phenomenon. Therefore, the influence of the dynamic ef-
fects on final failure is very dependent on the material system. Although, the impact of
the dynamic effect on final failure was negligible, adding dynamic effects should allow a
more realistic prediction of cluster formation, thus closing the gap between models and
experiments. However, at this point it is impossible to further validate the results from
this work due to the lack of experimental data. The literature needs more experimental

results, especially with hybrid composites, to be able to improve the available models.
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Figure 1: Schema of the RVE employed in the PFM: a) isometric view, b) plane view.
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Figure 2: Effect of the dynamic factor on the formation of clusters. From a) to c), the maximum cluster
size, in number of broken fibres, is shown within the T300-Eglass, X5-Eglass and X5-T300 composites re-
spectively. From d) to f), the percentage of co-planar clusters are shown within the T300-Eglass, X5-Eglass
and X5-T300 composites respectively. The average of 8 runs is shown for each material configuration.
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Figure 7: Effect of the thermal residual stresses on the failure strain and ductile strain. From a) to c), the
failure strain is shown within the T300-Eglass, X5-Eglass and X5-T300 composites respectively. From d)
to f), the ductile strain is shown within the T300-Eglass, X5-Eglass and X5-T300 composites respectively.
The average of 8 runs is shown for each material configuration.
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Figure 8: Effect of the thermal residual stresses on the failure stress and yield stress. From a) to c), the
failure stress is shown within the T300-Eglass, X5-Eglass and X5-T300 composites respectively. From d)
to f), the yield stress is shown within the T300-Eglass, X5-Eglass and X5-T300 composites respectively.
The average of 8 runs is shown for each material configuration.
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Fibre properties Weibull parameters

. o —1
RS pgea) Refum) PO g MEL oo IMPal Lo [mm)
T300 232 3.5 -0.7-10° 0.7-10° 5.10 3170 25
X5 520 5.05 -0.7-10° 0.7-10° 6.1 2500 25
Eglass 72 8 5.10°° 10-10°° 13 2500 25

Table 1: Fibre properties.
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694

Algorithm 1 Progressive Failure Model algorithm

Input: RVE domain and model data (material properties, model options, etc.)
Output: Stress-strain curve, break density, cluster progression, etc.

A

Generate the strength of each element, U}‘Lq

Calculate thermal residual stresses with Eq. (3) if considered
Start new step ¢ + 1: increase &°

Start new iteration y + 1

Estimate k,,, k,,,kp,,k,, K, &, with Eqs. (5)—(8) using the latest known values of
damage, D, ,

6: if There are broken elements then

10:
11:
12:
13:
14:
15:

16:

17:
18:
19:
20:

21:
22:

Calculate Lgf s Dp.q Of broken fibres with Eqgs. (10) and (11) if the matrix is plastic,
or Egs. (12) and (13) if it is elastic
Calculate SCF with Egs. (14)—(19) using the latest known values of M, and
Mgp,c
Re-calculate &, ,
damage, D, ,

end if

Calculate Q, and o, , with Egs. (4) and (9)

if Any 0, > 0, , then
Set D, , = 1 to all new broken elements
Determine all clusters p, ¢
For all clusters p, ¢ in which new broken elements of type 1 appeared, M;,, = M.
For all clusters p, ¢ in which new broken elements of type 2 appeared, M,,, = M.
For all clusters with no new breaks, M, = 1 and M, =1
Start dynamic iteration: go to line 4 if end criteria is not met, otherwise go to line
22

else
Setall M;,, =Tand M, =1
Reset iteration counter: y = 0
Start new static iteration: go to line 3 if end criteria is not met, otherwise go to
line 22

end if

Output simulation data and stop

k

pP1>

k

P22

k,, K, e, with Egs. (5)—(8) using the updated values of
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