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Thermomechanical Coupled Analysis of Fiber
Reinforced Polymer Composite Square Tube: A
Finite Element Study

M. Alj, K. Alam, E. Ohioma

Abstract—This paper presents a numerical investigation on the
behavior of fiber reinforced polymer composite tubes (FRP) under
thermomechanical coupled loading using finite element software
ABAQUS and a special add-on subroutine, CZone. Three cases were
explored; pure mechanical loading, pure thermal loading, and
coupled thermomechanical loading. The failure index (Tsai-Wu)
under all three loading cases was assessed for all plies in the tube
walls. The simulation results under pure mechanical loading showed
that composite tube failed at a tensile load of 3.1 kN. However, with
the superposition of thermal load on mechanical load on the
composite tube, the failure index of the previously failed plies in tube
walls reduced significantly causing the tube to fail at 6 kN. This
showed 93% improvement in the load carrying capacity of the
composite tube in present study. The increase in load carrying
capacity was attributed to the stress effects of the coefficients of
thermal expansion (CTE) on the laminate as well as the inter-lamina
stresses induced due to the composite stack layup.
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1. INTRODUCTION

HE need for composites in applications where high
strength-weight and high stiffness-weight ratios are
needed is high. The automotive is one such industry with
increasing demand for composite use in vehicle load bearing
components such as front rail members. In some applications,
these composite components are usually exposed to thermal
loads due to their operational environments such as proximity
to hot engine bay. This calls for thorough analysis of their
behavior under coupled thermomechanical loading conditions.
Researchers have studied effects of thermal loading on
mechanical behavior. The influence of imposed temperature
loads on the properties and stresses within the lamina have
been studied for a variety of composites [2]-[4]. The variation
in mechanical properties in a number of composites is reported
by Isaac M. Daniel and O. Ishai for carbon/epoxy (AS4/3501-
6), and silicon carbide/aluminum (SCS-2/6061-Al). Since the
fibers are usually less sensitive to environmental factors, the
most effects are observed in the matrix dominated properties
(Transverse Failure strengths, Transverse Moduli) [2], [4].
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Carbon/epoxy (AS4/3501-6) shows a steady decrease in the
transverse modulus and failure stress, and shows the same
behavior in the in-plane shear [4]. Silicon carbide/aluminum
exhibits similar behavior with increasing temperature;
however, the initial modulus is not affected with similar
behavior exhibited in the in-plane shear [3], [4].

Effects of thermal loads have also been reported to induce
intra and inter lamina stresses [4], [5]. The intra lamina
stresses are as a results of the varying thermal expansion
coefficients of the fiber and matrix, while the inter lamina
stresses are as a result of different expansion coefficients
between the plies. M. Leong and B. V. Sankar studied the
micro-thermal stresses that occurred due to the fiber and
matrix expansion coefficients by employing the direct
micromechanics method. The authors developed an exact
failure envelop and compared it to the Tsai-Wu failure
envelop. The Tsai-Wu envelop incorrectly estimated the
failure since it improperly accounted for the micro-thermal
stresses [5].

Thermomechanical loading of unidirectional composite
lamina has previously been conducted at both cryogenic
temperatures and at elevated temperatures [2]-[4], [9]. In these
cases, the temperature of the testing environment is
maintained constant. Typically the inclusion of thermal
loading on the composites contributes to two things; the
mechanical properties [2]-[4], [8], [9], and the thermo-elastic
effects (Inter and Intra Lamina stresses due to Material
anisotropy) [5], [6], [8].

Previous research has shown that the effect of temperature
change on the mechanical properties along the fiber direction
(i.e. Longitudinal Modulus, Longitudinal Tensile and
Compressive Strength) is minimal. However, the effects on
the matrix dominated mechanical properties (i.e. Transverse
Modulus, Transverse Tensile Strength, and Transverse
Compressive Strength) are substantial. The effect in typical
cases is reduction in mechanical properties (Moduli and
Strength) and increase in the ultimate strain with increasing
temperature of the working environment. The stress-strain
Moduli for the transversely loaded lamina are dependent on
the plasticity of the matrix. Mechanical property changes with
respect to temperature change are less pronounced for
composite lamina having a matrix with a higher glass
transition temperature [4].

In this paper, the effects of coupling thermal loads with
mechanical loads on failure of the composite are analyzed.
The aim is to properly identify the effects of thermal loads on
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the composites and how these effects can be considered in
design of the composite laminate.

II. METHODOLOGY

A. Model

Carbon Fiber reinforce polymer composite square tube was
analyzed under coupled mechanical and thermal loading using
the commercially available finite element package, ABAQUS.
The laminate lay-up for the tube was a [0/90] s stack with 4
plies (as shown in Fig. 1). The tube dimensions are given in
Table I.

g

Fig. 1 Ply stack (Ply thickness = 1.25 mm)

TABLEI
TUBE DIMENSIONS
Noof Cross-ply Laminate Length Cross-Sectional Thickness
Plies Lay-Up (mm) Dimension (mm) (mm)
4 [0/90], 304.8 50.8 X 50.8 5
B. Material

For the purpose of this study, the carbon/epoxy composite,
IM7/977-3, was used with properties listed in Table II.

TABLE 11
MATERIAL PROPERTIES OF CARBON/EPOXY (IM7/977-3) [4]

Property Carbon/Epoxy (IM7/977-3)
Density (g/cm®) 1.61
Longitudinal Modulus (GPa) 190
Transverse Modulus (GPa) 9.9
In-Plane Shear Modulus (GPa) 7.8
Major Poisson’s Ratio 0.35
Longitudinal Tensile Strength (MPa) 3250
Transverse Tensile Strength (MPa) 62
In-Plane Shear Strength (MPa) 75
Longitudinal Compressive Strength (MPa) 1590
Transverse Compressive Strength (MPa) 200
Longitudinal Thermal Expansion 0.9
Coefficient (10%°C)
Transverse Thermal Expansion Coefficient 29
(10%°C)
Thermal Conductivity 0.75

The tube was discretized using coupled temperature-
displacement quadrilateral elements of a quadratic order. The
interactive tensor polynomial (Tsai-Wu) failure theory and
first ply failure criteria were used to determine lamina failure.

Multiple loading cases were analyzed, which are presented
below:
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1) Case A

In this case, the composite tube was fixed on one end, and a
tensile load of 3.1kN was applied to the free end as shown in
Fig. 2.

Fixed End

3.1 KN ——o

Mechanical Loading
Fig. 2 Case A loading setup

2) Case B

In the second analysis, one end of the composite tube was
fixed and was set at ambient temperature (21°C, 294K). The
tensile load was removed and replaced with a thermal load of
80°C (353K). All other sides of the tube were kept insulated.
The analysis was conducted for steady state response.

~ixed End
80°C (353K)

o
i

21°C (294K)
Themel Loading

Fig. 3 Case B loading setup

3) Case C

The final analysis was conducted for simultaneous loading
of the composite tube with a mechanical load (3.1kN tensile
load) and a thermal load (80°C on free end, and 21°C on the
fixed end).

Fixed End
80°C (353K)

31 kN ——

Thermo M echanical Loading

21°C (294K)

Fig. 4 Case C loading setup

IIT. RESULTS

A. Case A

Fig. 5 shows the results of mechanical loading on the
composite tube. A value of less than unity for a given ply
indicates that the state of stress is inside the failure envelope
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(no failure), while values equal or higher than unity indicate
failure.

TSATW
PLY-1 {middle)
(Avg: 75%)

TSAIW
PLY-3 {(middle)
(Awvg: 75%)

TSATW
PLY-2 (middle)
(Avg: 75%)

TSAIW
PLY-4 (middle)
{Avg: 75%)

Fig. 5 Case A failure index (4 Plies)

The maximum values for plies 1, 2, 3, and 4 were 0.426,
1.039, 1.019, and 0.406, respectively. It is evident from the
results that the 2™ and 3" plies have failed under the applied
mechanical load.

B. Case B

Fig. 6 shows the results for the analysis conducted for Case
B. The failure index increased monotonically in the axial
direction towards the free end of the tube.
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In all cases, the failure index and their distribution along the
tube axis remained invariant for all 4 plies. None of the plies
failed under this loading condition as compared to the pure
mechanical loading.

C. Case C

The results of the final analysis are shown in Fig. 7. The
maximum failure index values observed for all 4 plies were
0.525,0.072, 0.072, and 0.525.
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In contrast to purely mechanical loading in Case A, here the
laminate does not fail. It is evident from the coupling of the
mechanical and thermal loads, that the superposition of

TSAIW
PLY-1 (middle)
(Avg: 75%)

0.337

~

TSAIW
PLY-3 (middle)
(Avg: 75%)

thermal gradients on mechanical loading reduced the stress
levels along the composite tube.

TSATW
PLY-2 (middle)
(Ava: 7 5%)

I'"

TSATW
PLY-4 (middle)
(Avg: 75%)

I

Z

Fig. 6 Case B failure index (4 Plies)

IV. DISCUSSION

The FEA analysis presented here does not include the
variation in mechanical properties with respect to changes in
temperature. The observed changes are strictly restricted to
thermo-elastic effects in the composite, specifically Inter-
lamina stresses. To analyze in detail, the effects of thermal
loads on the composite plies must be understood. Fig. 9 shows
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the contour plots for the stresses developed in the 2nd
principal direction for the transversely loaded ply (Ply 2).

As can be observed from the plot in the pure mechanical
loading case, we have a typical uniform tensile stress
distribution in the lamina. In this case a stress concentration
exists at the constrained distal end where the lamina fails due
to the matrix (assuming first ply failure criterion). The stress
induced in the lamina is close to the transverse failure strength
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of the composite. On the other hand, the stresses experienced
in the lamina due to thermal loading only are compressive
(this is also the case for ply 3). This is attributed to the inter-
lamina stresses developed due to the negative CTE’s
(coefficient of thermal expansion) in the longitudinal direction
of the adjacent ply (in this case ply 1 and 4). The heating of
the laminate causes expansion in the transverse direction, and
contraction in the longitudinal direction for each lamina. Due
to the ply stack lay-up, the contraction of plies 1 and 4 in their
longitudinal direction would induce a compressive stress on
ply 2 and 3 in their transverse direction. While the expansion
in their transverse direction (Plies 2 and 3) will result in tensile

TSAIW

PLY-1 (middle)

(Avag: 75%)
0.525

TSAIW

PLY-3 {middle)
(Avg: 75%)
0.072

stresses developed in the longitudinal direction of the adjacent
plies (Plies 1 and 4).

As can be observed in this case, the counteracting of the
negative and positive CTE’s would reduce the tensile stresses
developed in the lamina substantially and ultimately eliminate
failure due to the tensile load [1], [7], [10]. Thus, the coupled
thermomechanical stress at each point along the lamina is the
resultant of the tensile stress experienced at that point and the
thermal compressive stress at the same point. The resultants
for this case are compressive stresses that are not close to the
transverse failure strength of the lamina.

TSAIW
PLY-2 (middle)
{Avg: 75%)

TSAIW

PLY-4 (middle)
(Avg: 75%)
0.525

Fig. 7 Case C failure index (4 Plies)

The stresses in the lamina in the longitudinal direction due
to thermal loading are tensile stresses that arise from the
expansion of the adjacent ply (plies 2 and 3) in the transverse
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direction. The stresses developed in the coupled loading case
are the resultant of the stress experienced at any point due to
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thermal and tensile loads combined as can be observed in Fig.
11.

Further analysis through simulation on the failure point of
the lamina under the coupled loading case (Case C), showed
that failure would occur at approximately 6kN. This reflects
improvements of approximately 93% in the mechanical load
carrying capacity of the laminate.

As previously stated, our analysis does not factor in the
behavior of the mechanical properties across the temperature
gradient. This would affect the failure strengths (Compressive
and Tensile) in both longitudinal and transverse direction and
ultimately could lead to failure of the lamina since there is
increased tensile stress in the longitudinal direction. This topic
will be investigated in a future study.

a
= —  Decreasing Temperature
2T(DT)
F beog i s son wen e e v s s ne s o _’__ — — . Room Temperature
2T(RT)
_________ ,___ _,__ EI e __J Increasing temperature
Fargm
e £
ET
Fig. 8 Transverse tensile strength behavior with temperature change (AS4/3501-6)
S, 522 S, 522 S, 522
PLY-2 (middle) PLY-2 (middle) PLY-2 {middle)
(Avg: 75%) {Avg: 75%) {Avg: 75%)
64,107 -0.476 -61.506
63.793 -1.513 -62.488
63.480 -2.551 -63.469
63.166 -3.589 -64.451
62.852 -4.626 -65.432
62.538 -5.664 -06.414
+— 62.225 -6.702 -67.396
61.911 -7.740 -68.377
61.597 -B.777 -69.359
61.283 -9.815 -710.340
60.970 -10.853 -71.322
60.656 -11.891 -72.304
60.5342 -12,928 -73.285
[4 [4 [
'I—.- X L x L x
(a) (b) (©)

Fig. 9 Principal Stress (c2) contour map for ply 2 (a) Mechanical Loading (b) Thermomechanical Loading (c¢) Thermal Loading
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5,522 S, 822 5,822
PLY-1 {middle) PLY-1 {micdla) PLY-1 (middle)
{Avg: 75%) {Avg: 75%) {Avg: 75%)

22.320 -41.511

21.965 42,564

21.010 43.616

21.255 44,6009

20.900 45722

20.545 46.774

20.190 47.827

19.834 48.880

19.479 49,932

19.124 50.985

18.769 2.03

18.414 53.0910

18.059 54.143
H 2 z
L. L. L.
5, 827 5, 827 5,527
PLY-3 (middle) PLY-3 (middle) PLY-3 (middle)
{Ava: 75%) {Awva: 75%) [Awg: 75%)

62.624

62.640

- 62.474
f2 209
12

61.048

61.773

61.598

61.422

61.247

61.072

.BO
B0 721

S, 522 S, 522 S, 522

PLY-4 (middle) PLY-4 (middle) PLY-4 (middie)

(Avy: 75%) (Avy. 75%) (Avy: 75%)
21.395 -41.885 -61.902
21212 -47 A0 -62 BA3
21.028 -43,893 63.785
20.845 -44.897 -64.727
20.662 -45,0902 -65.668
20.479 -46.906 -66.610
20.296 -47.910 -67.552
20.112 -48.914 08.493
19.929 -49.919 69.435
19.746 -50.923 70.377
19,563 -al.Yars -/1.318
19.379 52.931 72.260
19.196 -53.936 -73.202

(a) (®) (©)
Fig. 10 Principal Stress (62) contour map for ply 1, 2, 4 (a) Mechanical Loading (b) Thermomechanical Loading (c) Thermal Loading
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S, 511

PLY-1 (middle)
(Avag: 75%)
1259.067
1251.653
1244.239
1236.824
1229.410
1221.996
1214.582

L.K

S, s11

PLY-1 (middle)

(Avg: 75%)
1248.088
1246.732
1245.376
1244.020
1242.665
1241.309

I—DX

S, S11

PLY-1 {(middle)
(Avg: 75%)
73.268
66.929
60.590
54.251
47.913
41.574

L.?(

5, 511
PLY-2 (middle)
(Avg: 75%)
21.841
17.892
13.942
9.9

5, 511

PLY-2 (middle)

(Avg: 75%)
54.047
52.970

5, 511

PLY-2 (middle)

(Avg: 75%)
73.315
69.580
65.844
62.108
58.373
54.637
50.901
47.166
43.430

(al)
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5, 511

PLY-3 (middle)
(Avg: 75%)
73.288

L.

5, 511

PLY-4 (middle)

(Avg: 75%)
1184.531

s, 511
PLY-4 (middle)
(Avg: 75%)
1245.095
1243.844
1242.593
1241342
- 1240.001
1238840
1237.589
1236.338
1235.087
1233836
1232.585
1163.573

i 1231.334
1161.668

1230.083

S, 511 5, 511
PLY-3 (middle) PLY-2 (middle)
(Avg: 75%) (Avg: 75%)
: 54.025
¢ 53.102
2 52.179
. 51.256
B 7 50.333
L 49 411
i 48.488
- 2. 47.565
; 46.642
9.906 45719
: 44,797
-16. 43.874
-20. 42,951
z z
- -

5,511

PLY-4 (middle)
(Avg: 75%)
75.607

(a2)

(b2)

(c2)

Fig. 11 Principal Stress (1) contour map for plies 1- 4 (al&a2) Mechanical loading (b1&b2) Thermomechanical loading (c1&c2) Thermal

loading

V. CONCLUSIONS

This paper presents a finite element study on the
thermomechanical coupled loading of fiber reinforced
polymer composites. The analysis is separated into three cases
which address the component loading conditions i.e.
mechanical loading and thermal loading, as well as the
coupled loading conditions.

Our findings show that:

1. Improvements can be made to the load carrying capacity
of a laminate by the introduction of a thermal load. This
however is dependent on two aspects. First, the magnitude
and positive or negative values of component coefficients
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of expansions in both longitudinal and transverse
directions of the lamina. Secondly, the stacking sequence
of plies in a laminate.

The effects of the thermal loads are not restricted to
improvements but can also have adverse implications on
the load carrying capacity. A thorough understanding of
the effects of the CTE’s (positive and negative) in
inducing stresses in a laminate in both the longitudinal
and transverse directions is necessary to estimate the
overall stresses due to coupled loading and failure.
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3. The effect of the temperature on mechanical properties
needs to be characterized adequately in order to have a
correct estimate of failure stresses of the laminate.

ACKNOWLEDGEMENTS

The work presented in this study was supported by the
Faculty Research Fund of Ohio University, Athens, Ohio,
USA.

REFERENCES

[1] N. K. Mc Guire, “Composites of Opposites,” Today’s Chemist at Work,
2002.

[2] J. M. Hodgkinson, Mechanical Testing of Advanced Fibre Composites.
Woodhead Publishing, 2000.

[3] “Space Simulation; Aerospace and Aircraft; Composite Materials,” in
Annual Book of ASTM standards, Vol. 15.03, American Society for
Testing and Materials, West Conshohocken, PA, 2004.

[4] Isaac M. Daniel and O. Ishai, Engineering Mechanics of Composite
Materials, Second edition. Oxford University Press, 2006.

[5] M. Leong and B. V. Sankar, “Effect of thermal stresses on the failure
criteria of fiber composites,” Mechanics of Advanced Materials and
Structures, vol. 17, no. 7, pp. 553-560, 2010.

[6] G. Garmong, “Elastic-plastic analysis of deformation induced by thermal
stress in eutectic composites: L. theory,” Metallurgical Transactions, vol.
5, no. 10, pp. 2183-2190, 1974.

[7] K. Takenaka, “Negative thermal expansion materials: technological key
for control of thermal expansion,” Science and Technology of Advanced
Materials, vol. 13, no. 1, p. 013001, Feb. 2012.

[8] P. P. Parlevliet, H. E. N. Bersee, and A. Beukers, “Residual stresses in
thermoplastic composites — a study of the literature. Part III: Effects of
thermal residual stresses,” Composites Part A: Applied Science and
Manufacturing, vol. 38, no. 6, pp. 1581-1596, Jun. 2007.

[9] M. Torabizadeh, “Tensile, Compressive and Shear properties of
unideirectional glass/epoxy composites subjected to mechanical loading
and low temperature services,” Indian journal of Engineering &
Material Sciences, vol. 20, pp. 299-309, Aug. 2013.

[10] C. Lind, “Two Decades of Negative Thermal Expansion Research:
Where Do We Stand?,” Materials, vol. 5, no. 12, pp. 1125-1154, Jun.
2012.

International Scholarly and Scientific Research & Innovation 10(5) 2016

870

1SNI:0000000091950263



