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through tension tests. Such computational model assumes perfectly aligned fibers in
the lamina. In this respect, this paper examined the effect of fabrication-inherited
fiber misalignment on the tensile response of the unidirectional lamina. For this
purpose, a series of tension tests are performed on unidirectional carbon fiber-
reinforced polymer (CFRP) composite lamina specimens with different gage lengths
ranging from 50 to 150 mm. Fiber misalignment is quantified to be 70 and represents
the nominal deviation of the fibers from the reference longitudinal axis direction.
Load-displacement responses of the specimens are compared. Results show that the
nominal tensile strength of the lamina is 1089133 MPa. The elastic modulus,
however, increases from 36.96 to 55.93 GPa as the gage lengths vary from 50 to 150
mm, respectively. This is due to the induced bending effects on the reinforcing fibers
that is greater for longer gage lengths. Multiple fiber fracture events, each is depicted
in a noticeable load drop, are recorded throughout the tensile loading of long lamina
specimens. Although the load at fracture is accurately reproduced by the FE
simulation using the damage-based mesoscale model, the effect of fiber
misalighment could not be captured.
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1. Introduction

Among the most fundamental properties of CFRP composite are those obtained from tensile
testing of a unidirectional (UD) composite in the fiber direction [1-3]. These properties include
modulus of elasticity, Poisson’s ratio, tensile strength, and ultimate tensile strain. The tensile test
that measures these properties is, on the face of it, very simple: A thin strip of a UD composite is
placed into the wedge grips of a mechanical testing machine and loaded slowly in tension. Loading
continues to ultimate failure, the point at which tensile strength and ultimate tensile strain are
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determined [4]. In practice, however, obtaining the desired results can be slightly challenging.
Typically, the material properties used for CFRP are those provided by manufacturers and are based
on tensile tests of “perfect” coupons [2]. So far, very little attention has been paid to investigate the
effect of misalignment of the fiber in the lamina itself. On the other hand, there are concerns about
the performance of a component when errors may be resulted from fiber misalignment which has
been studied in the literature [6-8]. Such misalighment can occur due to manufacturing deficiency
and defects, curved surfaces, and fiber waviness [9]. Depending on the severity of the fiber
misalignment, the difference between actual strength and stiffness of the CFRP from the assumed
nominal values may become unacceptable or, at least, warrant a reduction of performance
expectations.

An experimental investigation on the significant effect of fiber misalignment on stiffness
degradation is an essential for the effective use of CFRP component. In this study, a series of
tension tests are performed on UD CFRP composite lamina with various gage lengths. The Scanning
Electron Microscope (SEM) is utilized in order to quantify the fiber misalignment. As the results, the
load-displacement responses are investigated. The results of such an investigation should be
implemented into corresponding construction and design specifications for guidance in field
practice. Therefore the purpose of this study is to quantify the effect of fiber misalignment in
establishing the property of unidirectional fiber-reinforced lamina.

2. Materials and Experimental Procedures

The CFRP composite lamina is made up using unidirectional pre-impregnated high modulus
carbon fibers and epoxy resin. The cured lamina with thickness 0.22mm was cut into specimens in
several different length as described in Table 1.

Figure 1 illustrates the specimen dimension with reference 0°fiber orientation along the length
of the specimen. Note that the gage length suggested by ASTM D3039 [5] is 138mm. 40mmm X
15mm Aluminium tapered tab which is bonded to the lamina using Araldite adhesive is used in
order to increase the area the loading region and, thus, reducing the local stress concentration. In
addition, it is used to protect the specimen from damage by the grips that clamp the specimen ends
to apply the axial tensile load [5].

Table 1
Specimen Geometry

Specimen lg-150 Lg-138 lg-100 Ig-50
Gage length, [; (mm) 150 138 100 50
Total Length, L (mm) 230 218 180 130

Width, w (mm)
Thickness, t (mm)
Fibre Density (g/cm°)

15
0.22
1.79

Nominal fiber volume (%) 57.42
Note: The specimen designation is based on the gage length

Tensile test is carried out according to the guidelines from the standards ASTM D3039 [5], using
10kN Universal Testing Machine. The specimen is placed into the wedge grips of the mechanical
testing machine and loaded in tension under loading rate 2mm/min. Loading continues to ultimate
failure, where the tensile strength are determined. Load-displacement of the specimen is recorded
throughout the test until fracture occurs.
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Fig. 1. Schematic diagram of specimen geometry

3. Finite Element Modeling

Finite element (FE) simulation using Abaqus is performed intended for the comparison with
experimental test response during tensile loading. From the result, if the fibers in the lamina are
perfectly aligned, there will be no different in tensile properties. Lamina is discretized using
continuum shell elements (SC8R) while the tabs are idealized as mathematically rigid body with
frictionless contact. For each specimens, the boundary conditions and loadings are imposed
according to experimental test as illustrated in Fig. 2. The lamina is modeled as an equivalent
orthotropic layer with elastic, damaging responses as described by Hashin’s damage model [11].
The mechanical properties and the damage parameters of the CFRP lamina are listed in Table 2.
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Fig. 2. FE Model of CFRP lamina under tensile test set up

Table 2
Elastic Properties and Model Parameters for Unidirectional Lamina of CFRP Composite [10]
Lamina constant Magnitude | Lamina damage model parameters Magnitude
Elastic modulus Eis 105.5 GPa | Longitudinal tensile strength X" 1729 MPa
E,s 7.2 GPa | Longitudinal compressive strength X 1536.4 MPa
Essz 7.2 GPa | Transverse tensile strength Y 42.2 MPa
Shear modulus Gy, 3.4 GPa | Transverse compressive strength Y© 144 MPa
Gi3 3.4 GPa | Longitudinal shear strength st 72.2 MPa
Gj3 2.52 GPa | Transverse shear strength s’ 30 MPa
Poisson ratio (VPP 0.34 | Longitudinal tensile fracture energy Gyr 62.4 N/mm
U3 0.34 | Longitudinal compressive fracture Gyc 77.7 N/mm
energy
U3 0.378 | Transverse tensile fracture energy Gyt 9 N/mm
Transverse compressive fracture energy Gy 13 /mm
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4, Results and Discussion
a. Tensile response

The measured load-displacement responses of the composite specimen under tensile loading
for 4 different gage length are shown in Figure 3. It was observed that multiple fiber fracture
occurred, which are indicated by noticeable load drop before final fracture. This is the effect due to
occurrence of fiber misalignment as shown in SEM image (Figure 4). The effect of this occurrences
will be discussed in Section 4.2. From Figure 3 the slope of load-displacement curve is decreasing as
the gage length of the specimen increase. This is due to averaging of unidirectionality of the fiber
alignment in the lamina.
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Fig. 3. Experimental load-displacement response of CFRP Lamina

Reference fiber

Fig. 4. Microscopy image of fiber alignment in a lamina

Table 3 compares the obtained tensile properties of different gage length from experiment.
From Figure 5 when the specimen is pulled to the same displacement for every gage length, it can
be seen that the elastic modulus is higher for the specimen with longer gage length. However the
value of the modulus is levelling off from gage length 138mm to 150mm, where 138mm is the gage
length suggested by ASTM. Figure 6 illustrates the significant effect of fiber misalignment as
function of gage length.
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Table 3
Tensile properties obtained form the experiment
Tensile Properties Lg-150 Lg-138 Lg-100 Lg-50
Tensile Modulus of Elasticity (MPa) 55930 55930 42851 36960
Ultimate Tensile Stress (MPa) 1056 1085 1110 1106
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Fig. 5. Calculated stress-strain response of CFRP Lamina for various gage length
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Fig. 6. Relation of gage length and modulus of elasticity

4.2 The Effect of Fiber Misalign to the Gage Length

The fiber alignment was calculated based on the SEM image. Briefly, the misalignment of the
fiber is up to 7° from the reference fiber. From Figure 4, it can be calculated that the misaligned
fiber is about 23.5% from total fiber count, where it is sufficient to affect the internal response in
the lamina. The fiber misalighnment is due to the fabrication process that affecting the load-
displacement response which is resulted of those misaligned fiber will break earlier before reaching
its tensile strength. A schematic diagram to explain this phenomena is shown in Fig. 7.
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Reference
fiber 0° , Misaligned fiber p

Fig. 7. Schematic diagram to explain the
effect of the non-unidirectionality fiber
alignment

The misalignment of the fiber will add additional stress to the total stress acting on the lamina
during tensile loading (Equation (1)). As the gage length, /; increase the bending stress, M is
increasing, since the distance,l will increase (Equation (2)). As the result, stiffness reduction was
encountered.

P M
O'—Z‘l'T (1)

<

where, P is applied load; A is cross sectional area of the specimen; M is the calculated bending
moment given by Equation (2); y is the vertical distance away from the fiber neutral axis; | is the
moment of inertia around the neutral axis of the fiber.

M = Psina -1 (2)

where a is the angle given by the misaligned fiber from the reference 0°-fiber; while [ is the
moment arm.

4.3 Finite Element (FE) Simulation

FE Simulation and experimental results are compared for every gage length in terms of the
load-displacement response. Fig. 8 indicated a fairly good comparison in the elastic region where no
damage occurred yet. However after noticeable load drop in the experimental result there is
deviation between experimental and FE curve. The deviation of experimental curve is due to the
fiber breakage as described in Section 4.2 where it is not able to be captured thru FE simulation.
From FE simulation result, Hashin Damage Model indicated that fiber and matrix damage in the
lamina only occurred simultaneously during final fracture.
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Fig. 8. Load-displacement response for (a)lg=150mm; (b)lg=138mm; (c)lg=100mm; (d)lg=50mm; from
tensile experiment and FE simulation

5. Conclusion

The effect of fiber misalignment is not able to be captured thru FE simulation. However the
gage length of the lamina during tensile test has made no significant difference in terms of
parametric study where the effect of averaging is not been considered. Therefore for the
computational time, the lamina can be simulated for different gage length (/;<138mm) and will
produce the reasonable response. Nevertheless, for damage analysis, experiment and FE only
compared for [g=138mm.
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