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Abstract

Structures used in aerospace are influenced by tem-
perature. So coefficient of thermal expansion (CTE) is not
only an important parameter of materials, but also a sig-
nificant parameter of structural design of spacecrafts with
high dimensional stability. In this paper, based on the ana-
lysis of the data from tests, theoretical formulae for pre-
dicting CTE and mechanical properties of hybrid compo-
sites were presented, and the calculation program was
compiled. All the equations were verified by experiments.
Optimization was conducted by computer. The results and
methods of this paper can used both in optimal design of
hybrid composites with zero CTE and in design of hybrid
composites with any certain CTE values.

1. Introduction

In order to improve the performance of aircrafts and
reduce the consumption of fuel, an effevtive way is to
lighten the weights of materials. Hybrid composites have
more degree of freedom of design than single fiber
reiforced composites, as well as their advanced compre-
hensive qualities, such as high specific strength and high
specific modulus. Based on these facts, hybrid composites
are extensively applied in aviation and space science. For
structures used in aerospace, coefficient of thermal expan-
sion is not only an important parameter of materials, but
also a significant of structural design of spacecrafts. Es-
pecially, they are exposed to the variated temperature, so a
low CTE value is urgently needed. And the investigation
shows that well—designed hybrid composites does not only
obtain ¥ zero” coefficient of thermal expansion (CTE<C0.0
+ 0.4 x 107/ K), but meets the requirements of mechani-
cal properties and weight reduction. So studying of zero
CTE of hybrid composites is of significance in space sci-
ence. ’

Carbon / Glass and Carbon / Kevlar hybrid fibers
are accepted to reinforce the three different kinds of resin
matrixes respectively. Typical hybrid composite laminate
specimens were made, and their CTE values (Rt.—150T)
were precisionly measured. The variation of CTE values
of hybrid composites with structure parameters, such as
fiber types, hybrid ratio, hybrid interfaces, ply order, ply
angles, angle order and angle dispersion is analized. Based
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on the analysis of a large amount of data from tests, theo-
retical formulae were established, and the calculation
program was complied. It is realized that after meeting the
requirement of mechanics properties, the optimum
disignation for hybrid composites with “zero” expansion
or any CTE values can be made. This is especially of theo-
retical and practical significance for the structural design
of composites in the fields of acronauties and astronautics.

II. Experiment
1. Raw materials
The types and properties of raw materials used in this

work are listed in Table 1 and 2.

2. Form of lay—up of laminates
The parameters of laminates are listed in Table 3.

I.Results and Discussions

1. CTE of unidirectional hybrid composites

Longitudinal CTE values of unidirectional single and
hybrid fibers reinforced composites are listed in Table 4.

From Table 4, it is can be seen that the CTE values of
composites are mostly decided by fibers, while matrix has
some effect but not mainly factor. The larger the fiber
CTE value is, the bigger the composite CTE values are:
GFRP) CFRP) KFRP.[3]

Hybrid composite CTE is firstly decided by the fibers
involved in hybrid: C / G) C/ K,and secondly by the ra-
tio of the two fibers (hybrid ratio). The results of variation
is more obvious after the data in Table 4 are made into fig.
1. Tt shows that the CTE of hybrid composite is between
that of the two kinds of single fiber reinforced composites,
and is closed to that of the fiber of which the volume in-
creases. So are the C/ K and C/ G hybrid composites.
Therefor, zero expansion can be realized by using positive
expansion fiber and negtive one at the proper ratio of
them (fig 1 and 2).

Besides, expansion of the hybrid composices is also
influenced by the interface number. From Table 4 and fig.
2, it is obviously seen that the more the interface number is
, the greater the CTE values are. So after deciding fiber
types and their hybrid ratio, reducing the number of inter-
faces is advantageous to obtain zero CTE value.
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After deciding the above parameters, changing ply
order (relative position of the two kinds of fibers) still
variate the CTE of hybrid composites, as shown in Table
4. It is illustrated that in designing zero expansion of com-
posites, ply order is also a parameter which can be ad-
justed.

2. CTE of multidrectional hybrid composites

From Table 5, it can be seen that CTE of
multidirectional hybrid composites is greatly influenced by
ply angle. 0 ° ,+30° ,£45° ,% 60 ° and 90 ° plies are
adopted in the tests. Laminates with different angle plies
have different CTE values even if the fibers are the same,
And the curves of relation between CTE and ply angle are
very completed, as shown in Fig.3. In the meantimes, it

shows that if ply angles are properly chosen, zero expan-
sion coefficient can be obtained.

Relative position of ply angle is defined as angle or-
der in this paper. CTE of multidirectional hybrid compo-
site is also infuenced by the angle order. For example,
QH-14 and QH-17, in which some ply angle changes po-
sition each other only, have different CTE values. Namely,
the latter is bigger than the former. Surely, this is relation
with the fiber type of outer ply in 0 ° direction. It can be
seen that angle order is also an adjustable factor.

CTE values of multidirectional hybrid composites
have great something with to do angle dispersion shown
as dispersion factor ¢, which is defined as product of the
number of different angles and the number of angle inter-
faces ( interfaces between plies with different angles). Ta-
ble 5 shows that for multidirectional composites, the big-
ger the @ value is, the smaller the CTE is .

If permitted, in designing composites with zero ex-
pansion, ¢ should be greater.

IV . Prediction of Composite Laminates With
Zero—expansion

1. Estimation for CTE of unidirectional hybrid composites

Based on a large amount of experiment data, authors
set up a formula to estimate CTE of unidirectional hybrid
composites .

o

HY.L
_aﬂEﬂ VYVt ,E V-V )+aE (1- V)
EVV +E VA=V )Y+E(1-V)
(1+R) ¢y
where OHy.L * —longitudinal CTE of hy-
brid composites
On,0m,0,  —CTE of fiber 1, fiber 2 and
resin matrix.
Eq, Ep,E, ——tensile modulus of fiber 1,
fiber2, and resin matrix
Vi, Vi ——relative volume of fiber 1

and general fiber volume
Re —hybrid effect coefficient

The calculation results by equation (1) in which hy-
brid effects are neglected are listed in Table 4, and are
compaired with experiment data: although they are very
closed each other, some deviation still exits without con-
sideration of hybrid effects. Whereas, hybrid effects have a
relation with fiber type, hybrid ratio, hybrid interfaces and
ply order , etc.

2. Prediction of unidirectcional hybrid composites with ze-
ro—expansion

The experiment results show that CTE of an
unidirectional hybrid composite is depend on fiber types
and their volume contents. So through variating hybrid
ratio, relative volume of fibers at which CTE of the com-
posite is zero can be obtained by equation (2):

o _0E(0-V)tEpa,—E 0, (1-V)
n Epep—Eqa)eV,

2

Relative volume content of fiber 2 is
(4] 0
Va=1-V,.
If the hybrid effects are considered zero expansion
can be realized by regulating some parameters within a
rangement.

3. Estimation for CTE of multidirectional hybrid
composites

Some hypotheses are assumed:

1) When temparature changes, fibers-in plates main-
tain straight. .

2) Interlaminar shear deformation are neglected.

3) Each ply of laminates is within the rangement of
elastics.

4) Fiber and adhesive are no delaminated.

Based on these presumption, from single—ply plates,
authors deduced an expression for CTE of symmitrical

multidirectional laminates, and presented calculation
program.(1]

-1 i
{ay }=[A] (Xm0 a’y ) 3)
=1
axy al
xy
where, o —CTE
[A] —tesile stiffness matrix of plate
in unit thikness
m ——thickness coefficient of
laminates
n —total number of ply
i ——No.iply
X,¥,Xy ——x—direction, y—direction,
xy—plane

If the single—ply plates are regarded as No. i ply of a
laminates , the result is:
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i 24 .20
a, =oa,cos 0 +oa,sin" 0

' L2 1 2.1
@, =@, sin 0 +a,cos 0 @
, 2wy~ aL)sinﬁlcosﬂi
o =
xy 2,1 . 2
T+a, cos 0 + o sin"0
where: 0—-ply angle

L, T——fiber—orientation, transverse direc-
tion.

CTE of multidirectional composites applied in the
tests were calculated by equation (3). The results are in
closed with the experimental data. Whereas, due to neg-
lecting hybrid effects, angle order and angle dispersion so
on, the deviation still exists. So in order to obtain acurate
estimation results, these parameters should be taken into
account,

4. Prediction of multidirectional hybrid composites with
Zero—expansion .

Because there are many variants in multidirectional
compostie, some special ply patterns of single and hybrid
fibers reinforced composites with zero—expansion are
presented by calculation (the range of 8 are presented). in
Table 6 and fig.3 . It can be seen that the range of § of
which the CTE of single fiber reinforced bi—directional
composites is zero is very narow, and it is hard to realize
in practice. However, for composites with more than two
directions, especially multidirectional hybrid compostie,
the range of 6 is very wide, when meeting the requirement
of zero—expansion. For example, the ply angles of the
specimens QL—11 and QC—13 is within the range of 6 list-
ed in Table 6, that is , in agreement with the prediction.

V. Optimal Design for Hybrid Composites with Zero
Expansion

From the preceeding discussion, it is known that
there are many kinds of ply patterns for multidirectional
hybrid composites with zero—expansion. So it should be
related with mechanical properties to decide a propriate
ply form. In this paper, the optimization design for hybrid
composites with zero expansion is based on the considera-
tion of longitudinal tesile modulus and strength.[2]

1. Estimation for tensile strengh and modulus of hybrid
composites

Estimation equation for the basic mechanics proper-
ties of hybrid composites were established:

1) Longitudinal tensile modulus of unidirectional
composites (Eyy):

E,, =V, (E,~E)+E,V, (5)

2) Longitudinal tensile strength of unidirectional
composites when fiber! fractures (Xyy)-

1
XHY=8ﬂ[EﬂVﬂSﬂ +En(1——Vﬂ)Sﬂ]Vf(1

+R,) 6

strength when fiber 2 fractures (Xyy)

2

XHY=sﬂEn(1-vﬂ)SﬂVj.(1+R¢) 7)

where: &n,ep——fracture strains of fiber 1 and
fiber2 of a composite.
Sp,8p——revised coefficients of fiber 1 and
fiber 2 of composite.
(3) Tensile modulus of multidirectional hybrid com-
posites  (Ex)

1
B =-1 ®)
a,
* - *
a, @, a;
* % % *
N Ay Gy ap ®
- " %
a 31 a 32 a 33
where: [S* 1-— normalized in—plane compliance

matrix of hybrid composite.
(4) Tensile strength of multidirectional hybrid com-
posite.
Tesile strength of multidirectional hybrid composties
are estimated by non—linear iteration. It is calculated ac-
cording to fig 4.

2. Optimization design for hybrid composites with
zero—expansion

For a practical strucrure which requires demensional
stability, it should be not only designed into zero expan-
sion, but also possesses excellent mechanical properties.
Hybrid composites have more degrees of freedom for de-

sign than that of single fiber reinforced ones. So they meet
two facts of requirements. The frame for the designing is

in fig.5.
In this program, the CTE value for demand may be
used instead of zero—expansion.

VL. Conclusions

1) CTE of hybrid composite is mostly infuenced by
fiber type, hybrid ratio and ply angle, and is relative with
hybrid interface, ply order, angle order and angle
dispersion, which shouldn’t be neglected. In general,
conponent materials which are less affected by tempera-
ture should be chosen. And propriate hybrid ratio and ply
angle should be determined. In the meantimes, reducing
hybrid interface number and increasing angle dispersion
coefficient are benefit to the zero expansion design.

2) The expression for calculating CTE of composite
can be used as basic estimation. For more precise predic-
tion, hybrid effects can be applied to revise it.
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3) Ply patterns of hybrid composites with zero expan-
sion is much more. The optimization are made from the
tensile modulus and strength, and good results are ob-
tained. But for a practical structure, the optimization
should be according to the properties which are demanded
in usage. For this, it can be realized by changing the
instead of variating

differentiation parameters
program,
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Tablel. Properties of Reinforcement

the

Tensile modulus CTE(25~150T)
Fiber type (GPa) a (%107 /K)
Carbon (T—-300) 233.0 -0.37~-0.28
Glass (HS-2) 84.0 2.34~3.50
Aramid (Kevlar—49) 122.0 —3.6~-4.68

Table2. Properties of Resin Casting

Resin system Tensile madulus CTE(25~150TC)
type (GPa) a (% 107/ K)
Phenoli
enotic enoxy 3.60 33.57~62.29
(4211)
Bi—phenolic A 334 39.43~62.49
(LWR-1) ’ (25~100T)
Bimaleid
imateides 3.05 34.77~51.73
(QY8911)

Table3. Parameters of Laminates

hybrid | Number of | angle
NO. of ratio hybrid |influence
Laminates Form oflay~up Yo interfaces | factor
Ve n 9
4-G-1 [O4cl 0 0 0
4-K-2 [Oy6x] 0 0 0
4~C-3 [O4c) 100 0 0 i
4~C /K4 [0sc/ Osils 26.1 2 "0
4-C/K—-6 [Osc / Oxls 49.5 2 0
4-C/XK~7 [O4¢c/ Oxls 80.5 2 0
4-C/G-8 [Oyc/ Ogals 15.0 2 0
4-C/G—9 [O4c/ Oucls 39.8 2 0
4-C/ G-10 [O4c/ Ogls 78.8 2 0
Q-G-12 [0126] 0 0 0
Q-C-13 [0l 100 0 0
Q-C/G-14 [02¢7 Ousls 343 2 0
Q-C/ G-15 [O3¢ / Osglg 51.1 2 0
Q-C/G-16 [O4c/ Ogcls 67.6 2 0
Q-C/G-17 [Oc/ Ogls 51.1 10 0
wW-C/ G-18 [O4c / Oygls 51.7 2 0
W-C/G-19 [046 7 Oucls 517 2 0
W~C /K-20 [O4c/ Ouxls 48.2 2 0 ]
W-C/K-21 [O4k 7 Oucls 48.2 2 0
wW-C/K-22 [Oc/ Okls 48.2 14 0
W-K-24 [0 0 0 0
W-C-25 [O16cl 100 0 0




QC-1-1 [Oyed] 100 0 0
QC-1-2 [90,c] 100 0 0
QC-2-1 [(% 600))s 100 0 28

QC2-2 i (% 300)dls 100 0 28

QC-3-2 [+ 450) s 100 0 28

QK—4-1 [0, 0 0 0

QK~4-2 [90,6x] 0 0 0

QK—-5-1 [(+ 60g)s 0 0 28

QK—5-2 [(£ 3041 0 0 28

QK—6-2 [(% 454l 0 0 28

QG-7-1 [O166] 0 0 0

QG-7-2 190,61 0 0 0

QG-8-1 I(+ 604l 0 0 28

QG-8-2 [(£ 306)4]s 0 0 28

QG—9-2 [(% 456)ls 0 0 28
QC-10 [0/ (% 30),c/ Oscls 100 0 18
QC-11 [Osc/ (£45)5c 7/ Oscls 100 0 18
QC-12 [0/ (£30)¢/ O/ (£30)c/ Ocls 100 0 36
QC-13 [Oc/ (£45)¢/ O/ (£45)/ Ol 100 0 36
QH-14 [Osc/ (£45)c/ (£ 45)g/ Oyl 49.0 2 30
QH-15 [05c/ (£60)c/ (£ 60)g/ Oysls 49.0 2 30
QH-16 [056/ (£ 45)g / (£ 45)c/ Oyl 49.0 2 30
QH-17 [(£45)c/ 050/ Oyg / (£ 45)6ls 49.0 2 24
QH-18 [(£45)c/ O/ (45)gls 74.2 2 24
QH-19 [Oyc/ (£ 45)c/ Oy / (£ 45)g]s 74.2 2 30
QH-21 [05c/ (£ 60),6/ Oyl 490 4 18

QBG [Og/ 455/ —456/ 90 / 0/ 456/ =455/ 905)s | 0 0 56
QBH-1 [Oc/ 456 / —455/ 905/ Og/ 456/ —455 / 90¢)s | 33.68 6 56
QBH-2 [0/ 45c/ 450/ 90/ 0g/ 45c/ —45¢/ 90gls | 60.37 8 56
QBH-3 [Oc/ 45¢/ ~45¢/ 906/ Oc/ 450/ —45:/ 905l | 82.04 6 56

QBC [0/ 45¢/ =450/ 90o/ Oc / 45¢/ —45./90g)g | 100 0 56
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Table4. CTE of Unidirectional Composites

Tables. CTE of Multidirectional Composites by Test

No. of oy, Estimated ay, Expremental (2, X 10/ K)25C ~)
laminates values vatues No-of | eoc | w0t | 1moc | w0t | 150C
x16°/K x16¢/K Laminates
4-C/XK~4 -1.57 -1.68 QC-1-1| 0274 | 0279 | 0326 | 0285 | 0269
4-C/K-6 -1.12 -1.44 QC-1-2 | 31.38 32.55 3450 | 36.91 37.48
4~C/K-1 ~0.40 —0.47 QC-2-1| 2149 | 2249 | 2343 | 2426 | 24.63
4-C/G-8 2.82 312 QC—2-2| -387 | -4.16 -4.64 | -530 ~5.56
4-C/G-9 | 1.39 1.84 QC-3-2| 1381 3.85 381 3.51 333
4-C/ G-10 027 0.55 QK-4-1| -271 | =303 | -336 | -3.57 | —372
Q-C/G-15 117 1.35 QK—4-2 | 28.29 30.60 31.30 34.26 35.20
Q-C/G-16 0.64 0.74 QK-5-1| 2022 | 2739 | 2551 | 2382 | 2422
Q-C/G-17 1.26 | 171 QK-5-2 | —14.66 | —18.55 | -19.83 | —-19.10 | —19.23
W-C/ G-18 - 0.78 QK—6-2| 0.6 2.43 4.59 5.88 6.24
W~-C/G-19 - B 0.65 QG-7-1| 473 476 4.85 5.36 5.29
W-C/K-20 -1.14 -1.43 QG-7-2| 3399 | 3846 | 4343 | 4690 | 4853
W-C/K-21 -1.14 ~1.33 QG-8-1| 33.88 | 3633 | 3982 | 40.61 | 40.83
W-C/K-22 ~1.14 ~1.63 QG-8-2| 348 1.42 1.61 393 474
4-G-1 5.78 5.97 QG-9-2| 1599 15.91 15.08 13.40 12,75
4-K-2 -2.7 -2.55 QC~10 | —0.759 | —0.807 | —0.882 | —0.952 | —0.968
4-C-3 0.01 0.09 QC-11 | 0.0319 | 00399 | 0.0399 | 0.0363 | 0.0299
Q-G-12 4.82 5.00 QC-12 | —1.284 | —1.393 | —1.582 | —1.780 | —1.824
Q-C-13 -0.05 ~0.19 QC-13 | —0.031 | ~0.033 | —0.034 | —0.021 | —0.019
W-K-~-24 -3.18 ~3.25 QH-14 | 176 1.48 1.29 1.12 1.07
W-C-25 -0.11 -0.25 QH-15 | 4.0 3.99 3.7 3.26 3.15
Notes: The values are all in Rt.~ 100C QH-16 1.50 1.39 1.15 1.00 0.92
QH-17 | 195 176 1.42 1.19 111
QH-18 | 0557 | 0520 | 0447 | 0359 | 0316
Table6. Several Ply Patterns of Multidirectional QH-19 | 035 0.28 0.19 0079 | 0.046
Composites with Zero Expansion QH-21 3.14 3.05 2.79 2.34 219
No. Ply patiern The rangement of §
when CTE is zero o 4~C/G
1 [(% 0)dds 0°~7° 421° ~428° AG'O o 4-C/K
2 (% 6 442° ~445° 5
3|0/ (£6)c/ Onc/ (£0)c/ Ocs LS
0° ~11° 45°~50° "
4 [Ouc /7 (£ 6)c/ Onclg 2.0
5 | [0/ (£0)c/ (£6)g/ Oyls ;
6 | [(£0)c/O0u/0s/(t0)cls | 16°~25° 35° ~41° o |Hybrid ratio :
O "o 020 040 0.60 0.80—T0
7 [O36/ (£ 0)g / (2 8)c/ Oxls
8 [O3c/ (2 0)c/ O/ (£0)gls R R R . -2.0r
9 (% 6)c/ O/ (£ 0)gls T
_
10 [Oxc/ (£ 0),57 Oxcls 26° ~40° Fig.1 Relation Between Hybrid
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CTE(x 10B-6/K)
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fig.2 Relation between number of hybrid

interfaces and CTE of hybrid composites.

CTE(* 10E-6/K)

¢ ZH-i4
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A ZH-17

CTB(x 10B~6/K)
o
s
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°
A
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0.0

fig.3 CTE of sevral laminates with different ply pat-
terns. Comparison of theoretical curves with experimental
points.

Fomponent materials (f.R)I

t

runi-directional composite |

l multi~directional hybrid composites I

{

[ regulating the first group of parameters I Iregulating the second group of paramcté@

——I hybrid composites with zero—expansion
No

i
——[mechanics properties is the best I———No
I yes
optimization of hybrid composite with
Zero expansion

Fig 5 Frame of optimization design
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F =0 'low inicial load !

parameters of ply materials
and ply angle coresponding
to stress of each ply |

[ off~a modulus of ply

stiffness coefficient of Hy

compliance coefficient of Hy

strain component of each ply

lstress component of each ply

strength ratio of each ply

FPF occur

éiress if each ply

no
n=n+]

initial load+nAp
stress of each ply when

load =inicial load+(n—1)Ap

when FPF occur

inicial load = fracture load, |
stress of each ply when failure'

“stiffness of fractured
ply lowers grade

all plies arefailure

yes

calculation of limit strength of Hy

end

Fig 4. Frame of non—linear iteration estimating for

strength of Hy
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