¢
4
E. V. Lomafkin et aliz, Frattura ed Integrita Strutturale, 62 (2022) 527-540; DOI: 10.3221/IGF-ESIS.62.36

Influence of manufacturing shrinkage and microstructural features
on the strength properties of carbon fibers/PEEK composite material

E.V. Lomakin, B.N. Fedulov

Department of Mechanics and Mathematics, 1omonosov Moscow State University, Russia
evlomakin@yandex.ru, http:/ [ orcid.org/ 0000-0002-8716-5363

Jedulov.b@mail.ru, hitp:/ [ orcid.org/ 0000-0002-1894-5964

A.N. Fedorenko
Center for Materials Technologies, Skolkovo Institute of Science and Technology, Russia
alexcey.n.fedorenko@gmail.com, https:/ [ orcid.org/ 0000-0002-3260-7531

ABSTRACT. This research discusses the micromechanical modelling for . . ] ——
thermoplastic composite material. Elastoplastic and damage model for PEEK ‘
matrix composite with the dependency of properties to stress state iS  icton: Lomakin, E. V.. Feduloy, B. N.,
presented. Plasticity initiation conditions and failure criterion are analyzed. Fedorenko, A, N, .Influence  of
. . . . . . manufacturing shrinkage and microstructural
The influence of manufacturing residual stresses is considered. All typical fe;ures on the strength properties of carbon
engineering experiments for neat PEEK under different stress state are good  fibers/PEEK composite material, Fratura ed
. . . 9 Integrita Strutturale, 62 (2022) 527-540.
predicted by the model. Numerical experiment for macro-properties
estimation based on micromechanical model is conducted and the results are  Received: 08.07.2022
d with th d Accepted: 09.09.2022
compared with the test data. Online first: 12.09.2022
Published: 01.10.2022
KEYWORDS. Composites; Micromechanics; PEEK  matrix; Mechanical = ¢opyrighe: © 2022 This is an open access

properties_ article under the terms of the CC-BY .4.0,
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original author and source are credited.

INTRODUCTION

he modelling of cracking and failure of fiber-reinforced composites is challenging due to their inherent heterogeneity

I and numerous damage modes. On the macro-level, it is possible to represent every composite layer as anisotropic
homogenized solid, and to combine continuum damage model for intra-laminar failure [1,2] with a cohesive zone

model (CZM) for inter-laminar cracking [3]. While different techniques were proposed for the application of cohesive
elements in finite element model (FEM) [4,5], the main disadvantage is the restriction of cracking only along predefined
trajectories. An extended finite element model (XIFEM) allows the simulation of crack propagation in arbitrary direction
[6,7]. Due to the computational costs, alternative numerical methods were developed, i.e. based on floating node method

with cohesive elements inserted in front of the crack tip [8].
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On the other hand, the analysis on the micromechanical scale allows to clarify the homogenized macro properties [9] and
to understand failure mechanisms. Development of FEM for representative volume element (RVE) requires generation of
realistic random fiber distributions [10,11] and special numerical technics for periodic boundary conditions [12]. Fiber is
usually assumed the elastic material, while elastoplastic matrix properties play a key role in the analysis.

A prediction of intralaminar material properties and in-plane non-linear shear behavior has performed in [13] based on
petiodic RVE. Sun et al. [14] developed failure criteria of unidirectional fiber-reinforced composite under different loading
conditions. Chen et al. [15] studied the influence of loading path on the failure of composite laminae. Yuan et al. [16]
proposed a model of RVE failure under shear load for the fracture toughness estimation, and the result is driven by matrix
plastic and damage characteristics. Micromechanical simulation of matrix cracking is presented in [17] for transverse load
of carbon/epoxy RVE. Varandas et al. [18] performed micromechanical simulation of mode I test for IM7/8552 carbon-
epoxy composite laminate, including the analysis of different layup sequences. RVE-based analysis was used for fatigue
properties estimation in [19]. Micromechanical approach for failure of composites undergoing large deformation is
presented in [20].

The use of matrix nominal properties is not always appropriate for the simulation, since real properties of polymer matrix
depend on different factors, such as degree of crystallinity [21] or residual stresses [22—25]. Manufacturing imperfections
such as temperature inhomogeneity is usual for real industrial products, this causes discrepancy in crystallization and matrix
shrinkage, and these consequently modify mechanical properties. For example, Li et al. [26] reported lower strength
prediction with the use of matrix properties measured directly from the tests of standard specimens at the macroscale level,
and the calibration procedure was proposed to match the experimental results. Vaughan and McCarthy [27] found that
thermal residual stress compensate tensile stresses developed under transverse tensile loading with the increase of overall
RVE strength. They also altered properties of fiber—matrix interface and found that it significantly influences on the RVE
strength.

In the presented study the RVE for carbon fiber/PEEK unidirectional lamina is developed for the strength estimation
under transversal load. Since it is difficult to measure interface properties, the fiber—matrix interface is not considered in
micromechanical model. Also as an assumption, we used perfect PEEK material with maximum degree of crystallinity.
Similarly with the published results [26], a certain inconsistency with experimental strength value was found using properties
for the model directly from material datasheet. In particular, damage initiates in a narrow area between fibers located close
to each other, so damaged area propagates rapidly from these localizations causing underestimation of total RVE strength.
This effect cannot be eliminated only by correction of matrix plasticity limits due to the need of fit the value of failure strain
simultaneously. Thus, the manufacturing residual stress is considered as a factor, which compensates premature damage in
weak regions and at the same time allows to match correct total failure strain of RVE.

MATERIAL PROPERTIES

n spite of understanding that thermoplastic materials and polymers in general have complex mechanical
properties, there is a lack of extensive experimental research even for such a popular material as PEEK. Considering
datasheets [28-29] from PEEK manufacturers and the properties analysis made in [30], it is possible to conclude, that

isotropic linear elasticity gives relatively good approximation under small deformations conditions. The corresponding
elastic constants for neat PEEK material are shown in Tab. 1. Plasticity modelling has no well-adopted approach for such
material, but following [30], it is possible to conclude that plasticity initiation critetion is supposed to be pressure dependent.
Fig. 1 shows some plasticity initiation points, performed in chart with equivalent von Mises stress versus first invariant of
stress tensor (6=1/30;). Good approximation for presented data gives the linear curve, which cotresponds to Drucket-
Prager criterion (1). Middle drop of shear data is neglected, mostly due to convenience of usage simple standard plasticity
model, which is built into ordinary FEM software. Probably the main reason for this drop at shear experiment is the
complexity of determination of the true plasticity initiation point. Because nonlinearity for shear loading diagram can be
partially connected with nonlinear elastic stage of deformation, which is usually neglected.

O'O+CO'=/é(6‘£/) M

where gf;/ -equivalent plastic strain, o and o, are the hydrostatic component of stress and equivalent von Mises stress

correspondingly, /é(geg/ ) — experimental hardening function, C' — experimental constant (C = tan @, ¢ — dilatation angle).
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Figure 1: Plasticity limits for different type of loadings in terms of Mises stress vs hydrostatic component of stress [30]

Mechanical constants Tensile hardening
Modulus, GPa 3.6 o' MPa &l
Poisson ratio 0.3 77 0
ko, MPa 89.8 81 0.1

C 0.5 100 0.5
®,° 27 101 2

Table 1: Mechanical constants for PEEK material modelling

For failure criterion, we need to do some assumptions. The main idea is to have 70% clongation at failure in case of uniaxial
tension [29] and much more for compressive types of loading. For this reason, Kolmogorov’s criterion [31, 32] (eq. 2) is
used with parameters shown in Tab. 2. It has 70% for uniaxial tension stress state and linear growth up to 150% for
compressive one, which is purely an assumption.

de”
o[ 2o
P s @

where &} (&) —determined experimentally piecewise linear function, & =0/ o, — stress triaxiality parameter, D” =1 is

the failure criterion.
In addition, the criterion (2) data for neat PEEK material has decay of failure strain for tensile types of loadings, where
triaxiality parameter goes to biaxial and triaxial area (£ >1/3). Fig. 2 shows how Abaqus program treats data taken from

Tab. 2. Last and first points have horizontal plateau for out of the table range of triaxiality parameter. It must be underlined
that for failure we have only one experimental point for uniaxial tension experiment, the rest of them is the assumption.
Experimental point has a grey background in Tab. 2 and underlined in chart shown in Fig.2.

Tabs. 1 and 2 show all necessary data required for standard modelling of PEEK polymer in most FEM programs.

Using properties for thermoplastic matrix material assembled in Tab. 1. and AS4 fiber properties shown in Tab. 3, the plane
strain problem with uniaxial tension of periodic RVE was realized using FEM Abaqus program.
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Failure criterion

Triaxiality, & Strain at failure, &7
0.333 15

0 1

0.333 0.7

0.495 0.55

0.666 0.4

1 0.2

Table 2: PEEK failure criterion data used in the analysis.
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Figure 2: Failure criterion data for PEEK material
Eq (GPa) E; =E;3 (GPa) G12=G13=Gy3 (GPa) V12= V13
235 13.2 27.6 0.2

Table 3: AS4 carbon fiber properties used in the model [30].

CONSTITUTIVE RELATIONS FOR PEEK MATERIAL

ab. 4 shows constitutive equations used for matrix material modelling. All relations including elasticity, plasticity and

I damage have standard implementations into FEM Abaqus program.
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Elastic relations:
o.=E.,¢&"
i ikl © kL >
vE E P -
E =— "= 5§65 +—— (5.5, +5.5. Isotropic linear elasticity
o (ev)(1-2v) T 2(1+ v)( we f"‘)
Plasticity active process:
o,+Co= /é(é‘e‘;/ ) Plasticity initiation criterion
F (O‘l-/ ) =o,+Co Plasticity potential
o.de!’
&’ g A A Equivalent plastic strain
T To,+Co
OF
/
d 5; =dbh— Associated plastic flow theory
009.
Damage model:
de!”
P/ _ eq Pl R . .
=== asticity initiation ctiterion
¢p (5 )
D =1 Failure criterion
E’,0<D” <1
E= o > Stiffness immediately becomes zero when
0, D" =1 failure criterion is satisfied.
E" — initial Young modulus
Table 4: Constitutive equations used for PEEK material modelling.
RVE MODEL

elements of type CPE4R in Abaqus notation. Composite consists of ~60% volume of fibers and the rest is the

PEEK matrix material. Fiber diameter is 5.2pm. Model uses periodic boundary conditions with displacement loading
(3) [30]-

I 1ig. 3 shows the plane strain model for representative volume element (RVE). Model has 52000 reduced integrated

N
P
bt
+
~
Il

, (x) +el,u, (x + L) =1, (X) Vx € 0Q, U0Q,

Ml(x+L)=u1(x),uz(x+L)=ﬁ2(X),Vxeanan4 ©

where #, — displacement components, L- side length of RVE, ¢ — applied uniaxial strain, x — point, 0Q,,;, — RVE

boundaries

Right part of the Fig. 3 shows that composite cell has a periodic structure for both in-plane directions.

Due to convergence problems, explicit solver with double precision was used for modelling. Time period with linear loading
growth was chosen as 1 sec. This time period gives loading rate that coincidences with the static analysis up to possible
convetgence.

Fig. 4 shows tensile loading curve for composite material, which corresponds to transversal loading. Loading curve fits well
elastic slope and strength limit provided by manufacturers [28-29]. Nevertheless, modeling result has a wide diagram and
almost doubles strain at failure, experimental one is 0.88% versus modelling result with failure strain of 2%. Almost all
parameters in performed model are frozen by experimental data with basic experiments with neat matrix material. Only
failure criterion points are free to modify, except pure uniaxial tension (experimental tensile failure strain 70%). Variations
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of free points in failure criterion does not reduce failure strain for composite material remaining the high strength
(experimental transversal tensile strength 86 MPa).

These numerical results make authors to think about what the feature of developed cell of composite material is missed.
The idea of taking into account the residual stresses appeared during composite manufacturing can change the picture of
the material deformations.
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Figure 4: Loading diagram for transversal tension of composite material

The total shrinkage of the PEEK polymer is 15% [33], but even if this volume deformations appeared at very soft stage of
the matrix material it cannot cause essential residual stresses. Only half of PEEK manufacturing shrinkage takes place when
glass temperature is reached. Applying to matrix material the shrinkage of 7.5% damages RVE of composite seriously. The
problem is that no modifications due to high temperature and low crystallinity were taken into account in performed model.
High temperature reduces plasticity limit and Young modulus values. Low crystallinity values also reduce limit of plasticity
and Young modulus but extremely increases failure at strain characteristic for neat PEEK polymer. Moreover, high level
deformations can destroy developed crystals and reduce crystallinity but new internal crystals can be formed at high
temperature based on deformed state what “heals” the material and increases its mechanical characteristics. Nevertheless,
usage of manufacturing shrinkage reduces strain at failure for performed model. Using material model for PEEK without
any modifications, the shrinkage was reduced to 3% to capture effect of 0.88% strain at failure. This value of 3% for not
modified properties can be treated as effective shrinkage to get a correct residual stress for composite material. Moreover,
adding the manufacturing stresses to performed model causes loading curve to get exactly 86 MPa of tensile strength, which
perfectly coincides with experimental data (Fig. 4).
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The proximity of loading diagrams to initial stiffness, strength and strain at failure verifies the performed model and all the
assumptions mostly made for failure input data, too.

Figs. 5-7 show some stress and strain parameters caused by manufacturing shrinkage. It must be noted, that the highest
plastic strain areas are concentrated around fibers, and at places where the fibers placed close to each other Fig. 7. The
reason is negligibly small shrinkage of fibers due to high manufacturing temperatures.

S, Mises S, Max. Principal

(Avg: 75%) (Avg: 75%)
+4.244e+01 +1.427e+01
+3.896e+01 +1.064e+01
+3.547e+01 +7.008e+00
+3.198e+01 +3,374e+00
+2.849e+01 Te8re 0L
+2.501e+01 =3.892e400
+2.152e+01 -1:3a3e100
+1.803e+01 i o e
+1.455e+01 haaseiat
+1.106e+01 B X1
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F2i0800 700 -2.932e+01

Figure 5: Residual von Mises stress (left), Max principal stress(right), MPa
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Figure 6: Residual stress MPa, Triaxiali eft), Pressure (-o;) (richt), MPa
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Figure 7: Equivalent plastic strain (&2 | (left , damage parameter DY (right , MPa
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Triaxiality parameter distribution in RVE model varies from values corresponding to triaxial compression to triaxial tension.
It is possible to see that big areas of matrix material are under tensile stress states and areas between fibers are under triaxial
compression conditions (Fig.6). The highest-pressure values ate placed in the very narrow areas between fibers. Fig. 8 shows
maximum principal stress component and its directions. It is possible to see that maximum principal stress component is
positive everywhere except narrow areas between fibers. It can be explained by attraction of fibers to each other by regular
wide zones of matrix material, which have shrinkage during manufacturing. Narrow areas between the fibers consequently
are compressed by neighbor fibers (Fig. 8).

Figure 8: Residual stress MPa, max principal.

This situation is well explained by out of plane stress component o33 distribution — Fig .9. Wide far away from fibers areas
(noted as 1 in Fig. 10 c) have a positive stress along fiber direction and negative stress presents in the areas where fibers
come close to each other (noted as 2 in Fig. 10 c). Fibers squeeze matrix material in plane and due to Poisson’s effect matrix
extends in out of plane direction along fibers, that cause compressive stress. Fig. 10 shows equivalent plastic strain between

close arranged fibers and its maximum value does not correspond to the maximum of the damage parameter D?' | because
this plastic strain caused by compressive stresses, which according to performed failure criterion (2) in combination with
Tab. 2 input data generates less damage.
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S, S33
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Figure 9: Residual stress MPa, out of plane stress component o33.
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Figure 10: a) equivalent plastic strain (qu’[) , b) damage parameter ( D? / ), ©) Residual stress MPa, out of plane stress component 633.
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Next Figs. 11-17 show the results of modelling of tension of developed RVE. All figures grouped into two categories with
maximum stress achieved during loading and maximum strain to see the final failure. In all figures, the left pictures
correspond to the loading with no residual stress, and the right ones show the results with manufacturing shrinkage

preloading.
S, Mises S, Mises
(Avg: 75%) (Avg: 75%)
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Figure 11: von Mises stress, MPa (pure tension on the left, tension with residual stresses on the right).
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Figure 12: Out of plane stress component o33 at strength stress, MPa (pure tension on the left, tension with residual stresses on the

right).
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Figure 13: Pressure (-oj) at strength stress, MPa (pure tension on the left, tension with residual stresses on the right).
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Figure 16: Damage parameter (D7 ! ) at strength stress (pure tension on the left, tension with residual stresses on the right).

Fig. 17 shows the development of damage parameter with appearing of crack inside the composite material. The model
without residual stresses has localized damage areas, while RVE with manufacturing stresses has a wider distribution of
damages during tension. This can explain a rapid load drop after the limit strength is achieved (Fig. 3). Small raise of the
strength for preloaded RVE, which is 5%, explained by the initial compressed stress states of the weakest points in the
composite material, which are narrow areas of the matrix between fibers, which caused by manufacturing residual stresses.
Also with some additional runs, strain growth was stopped after some cracks appeared. This caused crack growth to stop,
what means that the matrix cracking process is stable.
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Figure 17: Damage evolution (D’ l): pure tension (a), tension with residual stresses (b)

DiscussioN

is clamped between fibers. In these areas, the significant compressive plastic deformations are formed. The

technological shrinkage of PEEK matrix causes the raise of compressive plastic strains, but under tensile loading
conditions the strains have opposite sing. Taking into account the residual technological shrinkage stresses, under tensile
loading these deformations are summarized and graded into one another, thus the material becomes more strengthened.

T he analysis of results shows that the weakest zones in composite structure are the narrow layers where matrix material

CONCLUSION

with the neat PEEK material. The RVE model for composite material under plane strain conditions with transversal

loading has been developed. It was found that overestimation of strain at failure for composite material can be
explained well by the manufacturing shrinkage of the matrix. The value of 3% for PEEK shrinkage was chosen as effective
one to realize required residual stresses in the composite material. The combination of provided material model with initial
manufacturing stresses gives well approximation for macro-level experiment.

T he material model for PEEK polymer has been provided. It has been verified on the basis of elementary experiments
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