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ABSTRACT

In many applications of composites, open-hole frequently includes for various purposes.
However, further study on open-hole behaviour is still required, including on its strength
and damage properties by combining experimental testing, real-time observations and
calculations based on theoretical analysis and simulation model. The objective of this
study is to understand the effect of an open-hole glass fibre reinforced polymer (GFRP)
composites on tensile (static) properties, damage behaviour through Non-destructive
Testing (NDT) Thermography and stress concentration factor (SCF). This study used an
open-hole rectangular of GFRP specimens that fabricated by filament winding (FW)
method and resin transfer moulding (RTM) method. It is found that the RTM specimens
generate ~ 170 % higher of tensile strength and ~ 100 % higher of tensile modulus
compared to the FW specimens. Infra-red (IR) camera shown the good detection on
damage behaviour based on temperature increase at elastic and failure phase. Moreover,
theoretical analysis and simulation results shown the good correlation where SCF reaches
more than 4 times at the edge of the hole. This study concludes that open-hole on GFRP
composites affects the tensile properties and generates damage marked by temperature
increase and high SCF at the edge of the hole.

Keywords: Open-hole GFRP; tensile; thermography; damage; stress concentration
factor

INTRODUCTION

Nowadays, composites reinforced by fibre have been widely used in various applications
in industries, where the main advantages of fibre composites is an excellent of strength
to weight ratio and specific strength/stiffness properties. An open-hole structure of
composite has been used to assembly component such as joint structure. In its application,
this structure carries loads and produce failure, and it is important to determine the
behaviour of failure from design and life-time point of view [1, 2]. Under static loads, the
presence of an open-hole creates stress concentrations which can cause initial damage in
crack form and has an effect on stress or strain gradients or reduction in strength [3, 4, 5].
A study about an open-hole condition of composites materials should be a serious concern
because it will be one of the main factors that determine the success in composites
application as part of a complex structure.

There are four basic damage mechanisms in fibre reinforced polymer composite
under tensile loading in general [6, 7]. The first damage that initiated by the weakest fibre
fail; the second damage produced by matrix cracking that caused by the higher stress
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concentration in the matrix due to fibre fail; the third damage dominated by interfacial
debonding of fibre/matrix. The final damage occurred in the form of fibre pullout and
fibre breakage. These damage mechanisms have a significant effect on material state and
the structural design in several applications, it is thus creating the need for non-destructive
testing (NDT) to have a better understanding about the damage behaviour of composite
by monitoring its evolution and accumulation [8]. Furthermore, NDT is used to maintain
the composites structure in terms of its quality and reliability [9].

Thermography is a non-destructive testing method for observing the temperature
evolution on specimen surface in real-time condition experimentally. The thermography
allows detecting object radiation in the infrared range of the electromagnetic spectrum to
obtain information concerning images of radiation and the amount of radiation emitted
and transforms into the temperature [10, 11]. The temperature then represented in the
form of thermographic images and measured from the intensity of the infrared radiations
using Stefan-Boltzmann’s law, which is described below.

T _ gert 1)

A

where q is the rate of energy emission (W), A is the area of the emitting surface (m?), o is
the Stefan-Boltzmann’s constant (=5.676 x 10 Wm? K™) and ¢ is the emissivity of the
surface. For a perfect blackbody, & = 1 and for real surface, ¢ < 1.

Thermography has been shown to be an effective technique for detecting the
temperature variation due to applied stress in composites material. It is well known that
when a material is subjected to a loading, heat transfer occurs both in elastic and plastic
regime under adiabatic conditions. Stanley and Chan [12] presented the relationship
between temperature changes and applied stress on the surface of composite material with
plane stress conditions, as follows:

AT=—L(a'A0+aA0) )
,OCp 1 1 2 2

where, a1 and o are the coefficients of thermal expansion (um/m°C), C; is the specific

heat at constant pressure (J/g °C), p is density (g/cc) and Ac is the change in stress (N/m?)

where subscripts 1 and 2 denote the longitudinal and transverse to fibre directions.

Furthermore, most research works based on thermography on composite material
has shown that thermal analyses can indicate the damage location on the specimen surface
and successfully detected the damage formation and propagation based on the
temperature evolution under static loading conditions [13, 14, 15, 16, 17, 18, 19].

Based on the mentioned literature, combining the experimental testing, damage
observation by NDT thermography and calculation of stress concentration factor (SCF)
of open-hole GFRP composites could be introduced as novel information of this article.
Thus, the objective of the present work is to investigate the effect of open-hole glass fibre
reinforced polymer (GFRP) composites on tensile properties and stress concentration
where damage assessment will be carried out with the NDT thermography under static
tensile loading. In the work of this paper, the experimental test is running under static
loading and GFRP test specimens are produced by filament winding (FW) method and
resin transfer moulding (RTM) method. The importance of the study is generating
information about strength and damage properties of open-hole GFRP composites that
can be applied as components to facilitate the joining of structural elements.
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EXPERIMENTAL SETUP

The mechanical test was conducted under a tensile static test machine as illustrated in
Figure 1. In this test, the tested specimen is a rectangular shape with an open-hole of
unidirectional GFRP composites with two types of fabrication process; filament winding
(FW) method and resin transfer moulding (RTM) method with epoxy as the matrix. The
experimental tests were run according to ASTM D5766 at a constant strain rate of 0.1
mm/min. During the tensile test, an infra-red (IR) camera was placed in front of the
specimen to follow the temperature change on the specimen surface to focus on damage
area at the edge of the hole, as seen in Figure 2.
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Figure 1. Experimental setup.
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Figure 2. Observation area of IR camera.
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RESULTS AND DISCUSSION

The proposed results in Figure 3 indicate the typical tensile load versus displacement
curves obtained from the GFRP composites under static loading. From Figure 3, it is
shown that the fabrication process has an influence on the force and displacement
behaviour of the GFRP composites where RTM method produces higher force and
displacement compared to FW method. Different static properties of tensile strength
(UTS), strain to failure and tensile modulus are obtained based on the results of load
versus displacement curves, as seen in Figure 4.
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Figure 3. Load versus displacement.

As observed from Figure 4, It can be found that RTM process has a profound
impact on the tensile properties of composites. The RTM specimen exhibit a higher
tensile strength (= 57 MPa) and around 1.15 % for the strain to failure (see Figure 4(a)).
The RTM specimen also present the highest static properties of tensile modulus about 46
GPa and reaches two times compared to FW specimen.
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Figure 4. Stress versus strain of GFRP composites.

The probable reason is the RTM process improve the function of the matrix to
holding the fibres together and transferring the applied load to the fibres. The efficiency
of fibre function as reinforcement in composite depends on the interface of fibre-matrix
and the capability to transfer load/stress from the matrix to the fibre [20, 21, 22, 23, 24].
Furthermore, RTM specimen also contained fibre in parallel orientation with the loading
direction which could be the reason to produce higher tensile properties compared to FW
specimen. Figure 5 shows the thermography images on GFRP composites specimen that
indicates the temperature value on the specimen surface.

From Figure 5 it can be noted that the IR camera detects a distribution of
temperature based on the discoloration of surface specimen. The thermography images
describes well the damage at the hole area and can be useful for damage monitoring. The
temperature changes with the load increase were due to the stress concentration that
initiates the presence of damage mechanisms [14, 25, 26, 27]. The temperature
distribution for both specimens consist of two phases, as illustrate in Figure 6.
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Figure 5. Thermography images of GFRP composites.

Each phase of temperature distribution has different behaviour [17, 28, 29, 30].
The first phase of the elastic phase generates a decreasing trend of temperature behaviour
due to the absorption energy by the specimen from the given load. This process produces
the elastic increase in volume which lead to initiate the presence of first microdamage
mechanism of matric cracking. The second phase of failure phase shows an increase trend
of temperature behaviour suddenly caused by the energy released from the specimen due
to the presence of final failure in the form of a macro matrix and fibre breakage.

Based on temperature distribution of FW specimen at the edge of the hole area (in
Figure 6(a)), it shows the temperature decrease, AT of ~ 0.6 — 0.7 °C at the elastic phase.
At the failure phase, the temperature suddenly increases and reaches AT of ~1.2-1.4
°C when the final failure appears. The temperature profile (in 3D) when the final failure
happens can be seen in Figure 7.
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Figure 6. Temperature distribution of GFRP composites.

For RTM specimen, the temperature at the edge of hole area shows the decreasing
trend ( AT ) of = 0.5 — 0.6°C as the process of absorption energy by the specimen. At the
failure phase, there are two types of temperature increases shown in Figure 6(b). The first
type indicated by a small suddenly increase of temperature, AT ~ 0.3 °C that possibly due
to the presence of micro matrix cracking. The temperature gradually increase that caused
by damage propagation in the form of interfacial debonding and the matrix still able to
transfer the given load to the fibre. Interfacial debonding occurs at some points of stress-
stress relationship (see Figure 4(a)) but the specimen shows that each matrix and fibre
still functioning to receive the increase in stress and strain. Thereafter, at the end of failure
phase, the second type of high suddenly increase of temperature reaches the highest point
at AT ~ 5-8°C due to the interfacial debonding enlarges gradually and extended to the end
of specimen width until final failure occurs in a form of matrix and fibre breakage. Similar
behaviour was also discussed by previous study on the behaviour of interfacial bonding
between CFRP sheets and steel plates [31]. The temperature profile (in 3D) when the final
failure appears can be seen in Figure 8.
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Figure 8. Temperature profile of final failure of RTM specimen.

From tensile test and thermography image, it was found that the damage occurs at
the edge of the hole and perpendicular against the loading direction, as seen in Figure 9.
The damage mechanism for each specimen shows a different mechanism after the first
damage. The FW specimen shows the brittle damage behaviour and perpendicular to the
loading direction. In general, the damage starts with micro matrix cracking mechanism,
then fibre breaking occurs and initiates extensive matrix cracking and later the damage
rapidly increases which cause the final failure of the specimen. Figure 10 shows the
damage observation of FW specimen.
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(b) RTM specimen

Figure 9. Final failure of GFRP composites.

The failure of the RTM specimen in tension is fairly straight and perpendicular to
the loading axis. The initial damage occurs in the form of cracking emanating from the
edge of the hole due to matrix cracking and interfacial fibre/matrix debonding [32]. It has
been observed that after initial damage, the specimen still sustains the load under
increasing displacement. In this damage area, longitudinal matrix and fibre splitting also
occur at the edge of the hole due to the fail of fibre in longitudinal orientation (see Figure
11). The final failure of specimens seems to occur when the damage area reaches a certain
distance to the end of the width side of the specimen.

From the damage observation for both type of the specimens, it can be noted that:
the damage mechanisms show a brittle behaviour of GFRP composites material which
initiate by matrix cracking; the damage behaviour indicates that the fibre orientations
have a significant influence on the location of damage area; the hole increases stress
concentration that induces strength reduction and initiates damage.
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This condition also confirms by the calculation of stress concentration factor
(SCF) which shows the highest stress concentration occurs in a perpendicular direction
with the loading direction at the edge of the hole, as explained by previous studies [33,
34]. The effect of an open hole on the SCF was calculated and the specimen illustration
in a tensile test in the axis-1 direction is shown by Figure 12.

final failure . Py
l ; fibre breakage

Figure 11. Damage appearance of RTM specimen.

From the specimen specification (i.e. FW specimen), the ply engineering elastic
constants with respect to the principal elastic axes {L, T} are given by [35]:
i. Ex = EL = Modulus of elasticity of single ply in fibre direction
ii. Ey = Er = Modulus of elasticity of single ply transverse to fibre direction
iii.  Gxy = GLt = shear modulus of single ply associated with {L, T} system
IV. vy = VLT = poisson’s ratio of single ply with respect to {L, T} system

7308



Bale / International Journal of Automotive and Mechanical Engineering 16(4) 2019 7299-7314

T (2) Loading direction
w4 Ooo

a

¥,

¢ = 90.\[;(1)
' Jr l Y% %a

Figure 12. Loading and principal axes.

%a

Using the specification of FW specimen, the ply constants with respect to axes
{1,2} can be calculated from the following equations:

E; 3
E;= EL/[cos40+ —Lsin®0+ = ( - ZVLT) sin 20] ®)
Er Grr
E; 1 4
E,= EL/[SZI’Z 0+ =L cos?O+ = ( -ZVLT) sin 20] @)
Er Grr
E E, E
Gp= EL/[]+2VLT +—=- (]+2VLT +L. L >003229] ®)
Er Er Gir
The stress concentration factor, K for the specimen was calculated from:
K o, E, /—cos2@+(k+n)sin20ﬁ( cos’ o+ [(] +n)cos’o- kSinZG/ (6)
q, 1 sin‘a-n (1+k+n)sin o cos o sin a.cos o
where
E, E 1(E, 7
E_I = 1/[sin4a+E—; costa+ - y <G12 -2v12) sin 2a] (7)
1 ®)
= /=L
E,
(9)

/ /; 'V”) G

From the calculation, it shows that the SCF could reach K = 4.635. It means that
at a = 0, the stress produces the highest concentration and reaches more than four times
compared to the given stress, as found for carbon fibre reinforced polymer/CFRP [4]. As
a result, this location is the damage location that caused by the highest SCF. This result
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has a good correlation with the tensile test and thermography visual (see Figure 9) that
the failure occurs in perpendicular with the loading direction or parallel with the fibre
orientation. K value shows that when the loading direction is transverse to the fibre
direction, the value of K reaches 0.469 at two points (+ 90°) or in other words, it
experiences almost zero stress due to the tensile loading. The (-) sign shows that in that
point, hole experience a compressive stress. Table 1 summarizes the SCF, K for each
value of o = 0° - 90° with fibre orientation in a perpendicular direction with loading axis
(6=90°).

Table 1. Stress concentration factor.

Location of 64 (a1 Stress Concentration Factor (K)
0 4.635
+10° 3.504
+20° 1.933
+30° 0.912
+45° 0.274

+ 60° =0
+70° -0.285
+80° -0.415
+90° -0.469

A simulation also conducts to analyse the stress distribution at the edge of the hole
for the FW specimen specification. Figure 13 below shows the simulation model.
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Figure 13. Simulation of GFRP composites.
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From Figure 13, it indicates that the maximum stress (mx) occurs at the
perpendicular area against the loading direction at the edge of the hole where reaches
more than four times (SMX value). The results show a good correlation with the analytical
results (see Table 1) according to the value of SCF, as seen in Figure 14. It is clear that
the presence of the hole and the fibre orientation (0) have a significant influence on the
SCF in GFRP composites [36, 37, 38].
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Figure 14. Analytical and simulation on stress concentration factor of GFRP
composites.

CONCLUSION

This work discussed the tensile properties damage behaviour by NDT thermography and
stress concentration factor of open-hole GFRP composites under static loading. Based on
the tensile tests, the tensile properties of GFRP composites show brittle behaviour and
depends on the type of fabrication process where RTM method produces ~ 170% higher
of tensile strength and =~ 100% higher of tensile modulus compared to FW method. Based
on the observation result of NDT thermography, it shows that temperature distribution
successfully identifies the damage behaviour where consists of elastic phase marked by
temperature decrease and failure phase shown by a slow and sudden rise of temperature.
In terms of stress concentration factor, an open-hole generates more than four times of
maximum stress at the edge of the hole («=0) of GFRP composites based on analytical
and simulation results. Thus, this study concludes that open-hole affects the tensile
properties of GFRP composites and the initial damage that signed by temperature increase
and high stress concentration factor. Further studies are suggested on the effect of hole(s)
formations and fibre orientations on the tensile properties under static and fatigue test
conditions and using several NDT methods as observation technique on damage
behaviour of GFRP composites.
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