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Abstract

In this paper, we propose an evaluation scheme of the coefficients of thermal expansion (CTE) of constituents in composite
materials using an inverse analysis. The size of constituents typically is about a few micrometers, which makes the identification of
material properties difficult as well as the measurement results inaccurate. The proposed inverse analysis scheme, which is combined
with the Mori-Tanaka method for predicting an equivalent CTE of composite materials, provides the CTE of the constituents in a
straightforward manner by minimizing the cost function defined in lamina scale with the steepest descent method. To demonstrate
the effectiveness and accuracy of the proposed scheme, the CTEs of several fibers (glass fiber, P75, P100, and M55]) embedded in
matrix are evaluated and compared with experimental results. Furthermore, we discuss the effects of uncertainty of laminar and
matrix properties on the prediction of fiber properties.

Keywords : composite materials, CTE(coefficient of thermal expansion), Mori-Tanaka method, inverse analysis
scheme
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Table 1 CTE of various materials for aerospace applications

Material CTE (ppm/C)
Aluminum® 23.10
Stainless steel® 17.30
Invar® 1.2
Titanium® 8.6
Zerodur (glass)® 0.02
IM7 (longitudinal)” -0.4+1.0
IM7/977-3 Composite 0.18
lamina(longitudinal)" ’
IM7/977-3 Composite lamina(transverse)® 23.4
IM7/977-3 Composite quasi isotropic
laminate® 0.591
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Fig. 2 Undeformed and deformed shapes of the RVE
due to thermal expansion
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Table 2 Material properties of fibers
(Karadeniz and Kumlutas, 2007)

. P75 P100
Fiber Glass Flber (Transversely | (Transversely
(Isotropic) . .
Isotropic) Isotropic)

E,(GPa) 72.0 550.40 796.63
FE,(GPa) 72.0 9.52 7.24
G, (GPa) 30.0 6.9 6.9
Vi 0.2 0.2 0.2
Vs 0.2 0.4 0.4

of (ppm/C) 5.0 -1.35 -1.40
o} (ppm/C) 5.0 6.84 6.84

Table 3 Material properties of matrices
(Karadeniz and Kumlutas, 2007)

Matrix Epoxy Epoxy930  |Aluminum2024
(Isotropic) (Isotropic) (Isotropic)
E(GPa) 3.5 4.35 73.11
v 0.35 0.37 0.33
a(ppm/TC) 52.5 43.92 23.22

3906 EIEMAMTRZIES =2F H27H H55(2014.10)

[

B\

ol719l4 Glass/Epoxye A+ 7I1xe] 71418 o] &
WA /S-S Jelie | P75/Epoxy930E 7HESHM /%
WAl-S )

P100/Aluminum?2024%= P75/Epoxy9309t m}z7Ix 2
N2/ E HAT 71A7F 58S MMCelth,
Aoy AT E Amd AHgle]l dF At BF
AlgAaset 2 dAete Ae st

72 HEk %“@%ﬁﬂ—’u\—-‘q 7% Glass/Epoxy 2 P75/ Epoxy
ig. 37 Fig. 4°l Yehbzo] & 52

rlr

7.0x10°

—m— Scharpery
—e— Mori-Tanaka method

6.0x10° —a— Computational Homogenization
v Experimental

5.0x10° o

4.0x10°

3.0x10° 4

2.0x10° 4

Transeverse CTE (1/°C)

1.0x10°

0.0

T T T T T T T T
0.0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.9

Fiber volume fraction
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Fig. 4 Transverse CTE of P75/Epoxy930
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Fig. 5 Transverse CTE of P100/Aluminum2024
unidirectional composite
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Table 4 Material Properties of lamina of composite

|\

Table 6 Material Properties of Mb5J/M18 and constituents

materials
P100/
Property Glass/Epoxy | P75/Epoxy930 Aluminum2024
o, (ppm) 6.11+0.3° -1.04+0.05% 1.52+0.076°
a,(ppm) 21.9+1.1° 34.5+1.73% 26.2+1.31°
V; 0.70 0.48 0.40

# Approximated value with 5% COV

Table 5 Predicted CTE values of fibers

Reference value Predicted value

Property | M55J/M18 | M55J | M18 M55J (Fiber)
pto (Fiber) |(Matrix) pnto
E,(GPa) 300.6° 540" 4.2¢ 496.52¢
E,(GPa) 5.91° 4.9 6.38¢
G,,(GPa) 4.61° 1.5 17.92¢
Gy (GPa) 2.143° 1.5¢ 2.78¢
Vi 0.318" 0.4° 0.25

a; (ppm/C) |-1.016+0.07*| -1.1° | 55.1°¢ -1.37+0.07

(ppm/C) | 35.25+1.47° 55.1° 2.70£2.60

Fiber of (ppm/C) o (ppm/C)
Glass 4.98+0.31 6.29+1.47
(in Glass/Epoxy) (6%°) (23%%)
P75 -1.51+£0.06 7.71+£3.50
(in P75/Epoxy930) (4%") (45%")
P100 -1.55%0.08 0.84+9.45
(in P100/Aluminum2024) (5%%) (1125%%)
“CoV
3 I AAF(Karadeniz et al., 2007)€ 248 &4
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*Romeo and Frulla(1995)

bToray Industries, Inc.,
(http://www.torayca.com/en/index.html)

“Hexcel Corporation(http://www.hexcel.com)

4 Predicted value in this study using the scheme proposed
by Rupnowski et al.(2005)
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& -1.37£0.07
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o
%—EHOL
o33

o e

A2 7 0.5691 M55J/R812B

atol M55J Aol XA
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o &3] Wk

7o) AFEE guel 7R g*h]“ Table

73 2} 91e] M55J/MI18 ehnlutel] gl ajA 3} mpziziA]

2 M55J/RS12B 2hujute] dsigAs

o Al W 30 gk Agsack

of thet ATt A
o 7led #=
Al k7] el A

0.35~0.45

e ﬂﬁlﬂ

*}ﬂ-J *E 4

A AAssl 2okl
A e,

+ Lee(2010)7F 970
7IAAE RS12B
78 (TenCate, 2014)
RSIZB«] e gEA

e sto]

R EBCICEE

Table 7 Material Properties of M55J/RS12B and
constituents

Property M55J/RS12B Property RS12B
pio
a,(ppm/T) | -0.91£0.04% E(GPa) 3.40°
a,(ppm/T) | 87.70+1.29° v 0.40+0.05°
v, 0.56" a(ppm/C) 52.0
*Lee(2010)

> TenCate(http://www.tencate.com)
¢ Assumed value



Table 8 Comparison of CTE values of Mb55J by
inverse analysis of two composite laminates

Sample of (ppm/T) o (ppm/T)

Sample #1 -1.37£0.07 2.70+2.60
Sample #2 with »=0.35 -1.21+0.04 10.68+3.28
Sample #2 with »=0.40 -1.23+£0.04 6.42+3.38
Sample #2 with »=0.43 -1.24+0.04 3.51+3.49
Sample #2 with »=0.45 -1.25£0.04 1.40+3.51
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olglgt 2 ANES HFEEE sPYste], Ao ok
I 7t=Eel dWPASFE A7 Fig. 77 Fig. 8¢ e
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Table 9 Comparison of the results of M55J CTEs in terms of equalities of variances and means

of (ppm/C) of (ppm/C)
Sample compared ionifi 0 Conifi P
. Slgn,l cance (%) by. Significance (%) by T-test Slgn,l icance (%) by. Significance (%) by T-test
with Sample #1 | Levene's test for equality . Levenes test for equality .
. for equality of means . for equality of means
of variances of variances
Sample #2 19.8 0.0 80.8 0.0
with »=0.35 (Equal variances) (Different) (Equal variances) (Different)
Sample #2 20.4 0.0 73.3 0.3
with »=0.40 (Equal variances) (Different) (Equal variances) (Different)
Sample #2 20.9 0.0 68.4 25.9
with »=0.43 (Equal variances) (Different) (Equal variances) (Equal)
Sample #2 21.1 0.0 66.7 74.4
with »=0.44 (Equal variances) (Different) (Equal variances) (Equal)
Sample #2 21.2 0.0 65.0 60.3
with »=0.45 (Equal variances) (Different) (Equal variances) (Equal)
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