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The introduction of hybrid composites into the structure with coupling effect can greatly reduce the cost of materials. The
expressions of stiffness coefficient, thermal stress, and thermal moment for hybrid laminates are derived based on the
geometrical factors of laminates, and the necessary and sufficient conditions for the hybrid extension-shear-coupled laminates
with immunity to hygrothermal shear distortion (HTSD) are further derived. The extension-shear-coupled effect of hybrid
laminates is optimized with improved differential evolution algorithm. Results are presented for the hybrid laminates that
consist of carbon fiber and glass fiber composite materials. The hygrothermal effect and extension-shear-coupled effect are

simulated and verified, meanwhile the robustness of hybrid laminates is analyzed by Monte Carlo method.

1. Introduction

Laminated composites are playing an important and irre-
placeable role in designing structures with coupling effect.
For example, the bending-twisting-coupled wing structure
can be designed by using composite extension-shear-
coupled laminates [1] and the bending-twisting-coupled
wind turbine blades structure can be designed by using
composite extension-twisting-coupled laminates [2]. How-
ever, with the large-scale use of these bending-twisting
coupling structures, the common glass fiber composites have
difficulties in meeting the requirements of structural reliabil-
ity. On the other hand, the carbon fiber composites with good
comprehensive properties [3, 4] cost about ten times more
than glass fiber composites, which restricts its wide range
of applications. Therefore, it is necessary to introduce
hybrid fiber composites into the design of the bending-
twisting-coupled structure to achieve the purpose that
greatly reduces material cost under meeting the structural
reliability requirements.

According to different hybrid modes, hybrid fiber com-
posites are mainly divided into two types of composites, the
in-layer composites and between-layer composites [5]. The
in-layer hybrid composites consist of two or more fibers

which uniformly dispersed in the same matrix of the lamina;
the between-layer hybrid composites are composed of two or
more different laminae which consist of different single-fiber
composites. In this paper, the bending-twisting-coupled
structure is designed by between-layer hybrid laminates.

At present, the widely used materials in the study of the
bending-twisting coupled structure are the single-fiber com-
posite laminates [6-10], whose important design parameters
contain paving angles merely. However, the important
design parameters for hybrid laminates also include the pav-
ing materials [11]. Once the paving materials become vari-
able, the design of laminates becomes more complicated
and the number of optimization constraints even multiplies
at the same time.

J. Li and D. Li [2] have designed a kind of single-fiber
composite laminates with immunity to hygrothermal shear
distortion (HTSD) with only extension-shear-coupled
effect—the A B D laminates (refer to the nomenclature of
references [1, 2])—and the sequential quadratic program-
ming (SQP) is used to optimize its coupled effect. However,
we found that feasible solutions cannot be found when using
the SQP algorithm to optimize the hybrid A B,Dg laminates
with immunity to HTSD, for this algorithm cannot meet the
strong constraints of hybrid laminates. Therefore, this paper
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takes the improved differential evolution
DE_CMSBHS to optimize this problem.

The DE_CMSBHS algorithm is an efficient global opti-
mization algorithm, which has the characteristics of simple
structure, easy realization, fast convergence, and strong
robustness, and can effectively solve the single-objective opti-
mization problems such as integer problems, real problems,
and mixed integer-real problems [12]. The single-objective
nonlinear optimization problems are able to be solved well
by combining the penalty function’s ability to handle con-
straints with the optimal performance of DE_CMSBHS algo-
rithm [13, 14]. The optimization problem of hybrid A B;D;
laminates with immunity to HTSD is a typical nonlinear
mixed integer-real single-objective optimization problem.

In this paper, the model of hybrid laminates is firstly
established. Then the expressions of stiffness coeflicient, ther-
mal stress, and thermal moment for laminates are derived
with important parameter geometric factor [15, 16]. Sec-
ondly, the necessary and sufficient conditions for the hybrid
extension-shear-coupled laminates with immunity to HTSD
are derived. Thirdly, the DE_CMSBHS algorithm combined
with the penalty function is used to optimize the extension-
shear-coupled effect of hybrid laminates with immunity to
HTSD. Finally, the mechanical properties of optimized lam-
inates are verified.

algorithm

2. Stiffness Coefficient, Thermal Stress, and
Thermal Moment of Hybrid Laminates

Introducing the geometrical factors into the design of lami-
nates can effectively improve the efficiency of this progress.
In this section, the model of hybrid laminates will be estab-
lished. Based on the geometric factors, the expressions of
stiffness coefficient, thermal stress, and thermal moment of
hybrid laminates are derived.

The research object is set as a kind of hybrid laminates
which are composed of two different types of lamina, and each
lamina has the same thickness, as shown in Figure 1. Wherein,
z. is the position of the k-ply in the entire laminates, # is the
number of plies of the laminates, and H is the entire thickness
of the laminates. @O and @ represent two kinds of laminae
with different material properties, respectively, and the
number and layer order of each kind of lamina are variables.

2.1. Stiffness Coefficient. The oft-axis stiffness coefficients of
the k-ply in the entire hybrid laminates can be defined as

(Qu1), = Ul + Ujcos 26, + Ujcos 46,

(Qiz), = ~Ujcos 46, + U4,

_ U
(Qig), = TZSin 26, + Ulsin 49,,

(Qy), = Ul = Ujcos 26, + Ujcos 46,

Uq
(Q26)k = TZSin 20, — Ulsin 46,,

(Qsa)k =-Ulcos 46, + UL
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Wherein, 0, is the paving angle of the k-ply of the
laminates. The superscript “q” is defined to mean which kind
of lamina corresponds to: g=(@ implies that the lamina
corresponds to the type @O lamina and g=® implies that
the lamina corresponds to the type ® lamina. Moreover,
Ul(i=1,2,...,5) are the material constants of hybrid
laminates, which are only related to the material parame-
ters of the laminae, as shown in

(3Q?1 +3Q%, +2Q), + 4Qgs)

Ul= ,
! 8
Ul = (Qn - ng)
2 > >
Ul = (Q?l +Ql, —2Q1, - 4QZ6)
3= 5
8 (2)
Ul = (Q?1 +Q}, +6Q1, - 4Q26)
4 ) >
Ul = (Qtlil +Qb, -2Q), + 4QZG)
1=
8

1
=5 (Ul-Ud).

In which, Q?j are the stiffness coeflicients of two types of
lamina. The geometric factors E;I(] =1,2,...,15¢q=0,®)

of hybrid laminates, which are convenient to express the stiff-
ness matrices, are defined as

(e = Z(cos 20, cos46, sin 26,
k=q
(2= 2>

(& & & &l)=)(cos20, cos4f; sin26;
k=q
: (Zi - Zi—l)’

E?z) = Z(cos 20, cos 46, sin 20,
k=q

‘(Zz_zi—l)’
(5?3 &l ?5):;{(4_@—1) (Zi_zi—l) (zi—zz_l)},
=q
3)

where k=g means the sum of all the type ® or @ lami-
nae on the right side of the equation. Obviously, the geo-
metric factors are only related to the paving angle and
location of each lamina.

sin 460, )

sin 460, )

(& & & sin 40, )

2.1.1. Extension Stiffness Matrix A. According to the classical
theory of laminates, the extension stiffness matrix of lami-
nates can be expressed as

n

A=) (Q),(-z) bi=1,26. (4)

k=1

Substituting (1), (2), and (3) into (4) can be used to obtain
the expressions of the extension stiffness coefficients, which
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F1GURe 1: Model of hybrid laminates.

are only related to the material constants and geometric fac-
tors, as shown in

Z UT + Udcos 26, + Ulcos 46, ) (2, — 2, )

n

=~

1
UQED + UQED + UPED + UPED + UPE® + UPED,

A=Ay = Z [(_COS 49k)U§ + UZ] (2
k=1

=-UPE + UPE

—Zk1)

U®£2 + U®513’

= sin 20, )
A =Aq = Z {Ug( 5 ) + Ussin 40| (2, - 2¢1)
k=1
1 1
) UPEY + UDEY + 5 UPEY + UDEY,
n
= Z — Udcos 20, + Uicos 46;) (2, — z;_,)
k=1
= UPEY - UPEP + UPED + UPEY - UPE? + UPE?,
c sin 260, _
Ay =Ag, = Z {UZ( > ) ~ Ujsin 46, (2k = 2k-1)
k=1

1 1
_ 0F=0) 0F=0} @r® @@
—EU2€3 - U8, +§U2‘t'3 -U8,,

= Z (~Ulcos 46, + Ul) (2, - 2,
k=1
=-UPEY + UPED, - UDES + UPED
(5)

2.1.2. Coupling Stiffness Matrix B. Similarly, the coupling
stiffness matrix of the hybrid laminates can be expressed as

5= (0,

k=1

(6)

-zp,), BLj=1,2,6.

Substituting (1), (2), and (3) into (6) can be used to obtain
the expression of the coupling stiffness coefficients, which are
only related to the material constants and geometric factors,
as shown in

171
Eg (U1 + Ulcos 26, + Ulcos 46, ) (z; - 2; )
1y 00, o0 100
_E f szs +EU3E6+EUIEI4
+ ;U@E®+ 1U@£6,
B,=B —li —cos 46,)U? + Ul] (2} - z;
12=Pu =5 [( cos 46,) U3 4}(Zk zk—l)
k=1
1 1 1
) U?E? + 5 U?Eﬁ 3 U?E? U®f14»
ln
B,, = EZ(U‘I Ulcos 26, + Ulcos 46,) (z; - z1_,)
k=1
looo 1o, 00,1l 00 1 60
=S UV - s UYEs + S UYEs + S UTE — S UYES
2 2 2 2 2
1 ®
+§U?E ,

(2 —21)

1
®r®
EUs‘fs»

1 in 20
Big=Bo =) [Ug (sz k) + Ulsin 46,
k=1

1
ZU®£7 2 U®£8

1 in 26
By =Be=5) [Ug (sz ") Ulsin 46,
k=1

LUPE 4

(% —2k1)

1
oy50)
EU3ES’

1 1 1
— (0}20) (0}20) @r®
JUSE - U+ JUPED -

1 n
By = EZ( Ulcos 49k+U‘5’) (Zi_zi—l)

1
ULed 4 - U®£ U?s? +3 U2e?.



2.1.3. Bending Stiffness Matrix D. The bending stiffness
matrix of the hybrid laminates can be expressed as

z —zpy), hj=1,2,6. (8)

Substituting (1), (2), and (3) into (8) can be used to obtain
the expressions of the bending stiffness coefficients, which
are only related to the material constants and geometric fac-
tors, as shown in

1 n
D, = 3 Z (U + Ulcos 26, + Ulcos 46,) (z; - z;_,)
k=1
1 ® o 1 o 1 ©}
=3 U1®§ U®f U3®510 3 UPER 3 UPES
1
U@fm,

1 n
Dy, =Dy = §Z [(—cos 46,)U3 + U4] ( -z 1)
k=1

1
=—§U®E + = U®£ U?f + - U®EIS,

(%~ 21)

1 1
= _UQED 4+ - U®E +8U§9£ + = U@Eu,

1 in 26
S ) {U;? (sz k) + Ulsin 46,
k=1

6
1 n
D,, = §Z(Uq Ujcos 20, + Uicos 460, ) (2} - z}._;)
k=1
1 o o ® l o0 1 .00
:§U1£15 U 59"' UE +§U1§15_§U2£9
l o0
+ gU?Elo’
1¢ sin 20, .
D,, =D, = 52 [Ug( 5 ) — Ulsin 46, | (2} - z_,)
k=1
1 o 1
=< )43 UPES + ‘ UPE? - U@fu,
1 n
33
D = 5;( Udcos 46, + U) (23 - 2_,)
-1
1,0 00 _loee 100
=-; U3¢ Us€is— 3 U €+ 3 Us s
3 3 3
9)

To sum up, the stiffness coefficients of the hybrid lami-
nates, which are only related to the material constants and
geometric factors, can be expressed as
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[ &4

~ _ 13 E? fg 0 0
A
. 0 o & & o|rur]
A, q U
A 0 ?3 g 0 0 2
= u?l,
Azz 7=0,® L113 _E? fg 0 0 q
A 1 vi
26 0 73 &0 0 vt ]
[ A | . o
0 0 & 0 &5
(10)
o &l & & 0 0]
B11 q q m o rq
0 0 & &y 0 U;
Blz q Uq
7 q
B, 1 0 2 & 0 0 U:
=_ 1,
B,, 2 9=0,® ?4 —Eg 52 0 0 4
B ! Ui
* 0 > & o o |[ul]
| Bes | g g
L 0 0 =& o0 144
(11)
b &l & &y 0 07
! 0 0 =&y &5 o0 [U?]
D12 q Uq
Dy 1 0 % ‘112 0 0 2
1y v
D,, 3 =0, ?5 —Eg ?0 0 0 q
D 9 Vi
. o et 0 oo
| Dgs _ g g
L 0 0o &, 0 15 4
(12)

2.2. Thermal Stress and Thermal Moment. The thermal
expansion coeflicients of the k-ply in the entire hybrid lami-
nates are

= al cos?0, + o sin0,,
af sin®6, + o cos®0,,

(13)

(axy)k = (0‘? - Oég)ZSin 0,.cos 0,,

wherein o and af(q=®,®) are the thermal expansion
coeflicients of two different types of lamina. The variation
of temperature can be expressed by AT, and the thermal
stress and thermal moment of laminates are expressed as
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NI = Z AT[(Qll)k(“x)k + (Qll)k(‘xy)k + (Q1s)k(“xy)k] (2 = 2k1)s

= Z AT[(le)k(ocx)k + (sz)k(‘xy)k + (Q26)k(“xy)k] (ze — Zze1)s

k=1

= ;AT[@m)k(ax)w (Que) (), + (Quo) (o), ] (i = 200):

(14)

- %é AT[(Oll)k(“x)k +(Qu) (o), + (QlG)k(ocxy)k}
’ (Zi _Zi—l)’

:%ZAT[(QH);{( Okt (sz) ( ) (Q26) ( )k}
' (zi _Zi—l)’

Ml = 52 AT (@) () (5, + (@ (),
. (zi - Zi71)~
(15)

Substituting (1) and (13) into (14) can be used to obtain
the expressions of thermal stress, which are only related to
the material constants and geometric factors, as shown in

! 1 1
- Z AT(E U+ 5 UL cos zek) (zk - Z11)

AT
= (UIO85 + IO + UTPg5 + UTOFY),
- N 1omq_ 11
= z AT 3 U,”- 3 U" cos 20, | (2, —zp_;)
AT (UT(DE UT®E® + UT@E@ _ UT@E@)
> 2 51 1 S~ Y281 )
AT &g
ny = 7 Z U, %sin 20, (2, — z_,)
-1
AT
(E(DUT@ N E®UT®)

(16)

In which, Uqu and U2T ? are defined as the thermal invari-
ants of the hybrid laminates, which can be calculated from
the thermal expansion coefficients and the invariants of lam-
inates, as shown in

T
U "= (of +ad) (U1 + UY) + (o - ad) US, )
U= (af +ad)US + (of - of) (U] +2U% - UY).
Substituting (1) and (13) into (15) can be used to obtain
the expressions of the thermal moment, which are only
related to the material constants and geometric factors, as
shown in

ZAT(

14 2 U cosZGk)( -zp )

AT
= = (U108 + UTOR2 + UTO, + UTY),
MT—lnAT Lot~ Lyma o520, ) (22 - 22
y_E]; 5V T 5% COS 2Uj (Zk_zkfl)
A
= = (U6 - 1O + UTO%, - Ug°8D),
A n
T
Mxy—T];U2 sin 20, (2, — z;_,)
AT
== (E®UT®+E@UT®)

(18)

To sum up, the thermal stress and thermal moment of the
hybrid laminates, which are only related to the thermal
invariants and geometric factors, can be expressed as

NI ] U1 3+ U, ng

N; = % Z U1 - Uzqg? > (19)
Ny e L U, & .

M, ] U7, + U8 ]

My | = ATT > vl v (20)
My, ‘1*@’@ L v

3. The Hybrid A ;B,D; Laminates with
Immunity to HTSD

3.1. Necessary and Sufficient Conditions. From (10), (11), and
(12), for matrices A, B, and D, respectively, can we see that
the stiffness coeflicients of laminates are only related to geo-
metrical factors and material constants. In order to make the
designed laminates suitable for all materials, the necessary
and sufficient conditions of geometric factors for the hybrid
AB,Dg laminates with immunity to HTSD will be derived
in this section. The stiffness coeflicients of hybrid A B,Dg
laminates should meet the following relationships [2].

By =B, =B =By, =B,s =B =0,
D5 =Dy =0.

(21)

Substituting (11) and (12) into Eq. (21) can be used to
obtain the necessary and sufficient conditions of geometric
factors for the hybrid A B D laminates.

===t =t5=¢5=5
R O e T e

In order to ensure that the hybrid A ;B Dy laminates will
not cause hygrothermal shear distortion, its thermal shear
strain should meet following relationship.

(22)



Vay = 0. (23)

Moreover, the connection between thermal stress N” and
thermal shear strain yfy of A;B,D; hybrid laminates is

T . T T
& An Ap A (N x N
T T A" T
& =|An Ay Ay N y (= W N)’ ’
ny A Ay A N I}, N Iy
(24)
where

A22A66 - A%ﬁ A16A26 - A12A66 A12A26 - A16A22

A’ = A16A26 - A12A66 A11A66 - A§6 A16A16 - A11A26

A12A26 - A16A22 A16A16 - A11A26 A11A22 - A%Z

(25)
Substituting (25) into (24) can be used to obtain the

expression of thermal shear strain of the hybrid A B,Dg
laminates.

1
)’Iy - m[(Ale% ~A1gAn )Ny + (ApAg - A11A26)N;
+ (AnAzz - A%Z)ny]'
(26)

Inserting (26) into (23) gives
(A A — AlgAy)NT + (AA g~ Aj AN,

()
+ (A11A22 - A%z)NTy

X

Inserting (19) into (27) and simplifying gives

[(AAy — ;\16A22) +(ApA s — A Ay)]
: Z U 8L+ [(A A — AleAy) — (ApAs — Aj Ag)]
=0,®

: Z UquE? + (A11A22 - A%z) Z UquEg =0.
=0,® q=0,®

(28)

If (28) is constantly established, the previous coefficient

of thermal material constant U, ? and U24(g=®, ®) must
be zero.

[(Aleze - A16A22) + (A12A16 - A11A26)]£?3 = 0(‘] =0, @))
(29)

[(A12A26 - A16A22) - (A12A16 - A11A26)]€?

30
+ (A11A22_A%2) g:o(q:@) @). (30)
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According to (30) can we find out that

§1=8=0(q=0,0). (31)

Inserting (31) into (10) gives

(A ] (&, 0 & o0 o0 0T
A 0 0 & & o vl
A 0 0 & o o
- Z q q Ui
Ay, =00 |83 0 fz 0 0 U
Ay 0 0 -& o0 o0 !
Ui
L Ass Lo o0 =& o &)
(32)
Then inserting (32) into (29) further gives
(ApAg —AgAsy) + (ApA — A Ay) (33)

= (Ay +Asg) (A —Ayy).

Furthermore, because of (A, + A;4) =0 and &% #0, (29)
is also established. Considering that if €] = 0, A, and A, of
laminates are both zero and the laminates will not have
extension-shear-coupled effect. Therefore, geometric factor
&1 cannot be zero; thus, the necessary and sufficient condi-
tions for “with immunity to HTSD” can be expressed as

EP=E0=80=82=0E240,E2 0. (34)

In summary, the necessary and sufficient conditions of
the hybrid A B,Dg laminates with immunity to HTSD can
be expressed as

=8 =87 =8 =087 £0,E7 %0,
£ =80 =80 =80 =0 =& =t =0, (35)
R R T TRl T )

3.2. Curing Deformation. Considering that the curing defor-
mation phenomenon will occur during the process of mold-
ing, which may bring about deformation difference between
the expected design shape and the free shape after taking
off the model at room temperature, now, the thermal strain
of the hybrid A B,Dg laminates with immunity to HTSD
will be derived by the necessary and sufficient conditions
during the process of curing deformation.

Due to the similarity of influence between humidity
changes and temperature changes on composite materials,
it only needs to replace the thermal expansion coeflicients
by humidity expansion coeflicients. In order to simplify the
analysis and derivation process, the analysis for hygrother-
mal distortion contains the thermal effect merely.

Substituting (25) into (24) can be used to obtain the
expressions of thermal strain of the hybrid A B Dy lami-
nates with immunity to HTSD.
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1
& = m[(AnAee — AJg)N; + (AgeAgs — AppAg )N

+(ApAy - AleAzz)Nzy} >
1
el = _[(A16A26 - A12A66)NI + (A11A66 - A%ﬁ)N};
+(AAse — AnAm)ny}
(36)

Substituting (35) into (19) can give the expressions of
thermal stress of the hybrid A;B,Dg laminates with immu-
nity to HTSD.

T
N . U{®¢ o U®g
A
T
Ny | == vl | + 5 | ufees |- (37)
T
N 0 0

Inserting (10), (35), and (37) into (36) gives

AT
I ; =5 [As(Ags — Ajg) + Agg (A —Apy)] (38)

TO O T® ®
: (Ul ®€13 + U1®513>-

Therefore, the thermal strains of two main directions of
the hybrid A;B;Dg laminates with immunity to HTSD are
equal to each other and the value of the thermal strain is not
only related to the material constants and temperature varia-
tion but also changing with geometric factors &4, £, and &7,

4. Optimized Design of Laminates

Considering that the extension-shear-coupled effect of
hybrid A B,Dg laminates with immunity to HTSD is the
main performance index, the maximum extension-shear-
coupled effect is therefore the major objective. Regarding
the ply materials and ply angles of each lamina as variables,
take the ply materials and ply angles as the optimized design
variables. The optimized constraint conditions can be
obtained by (35), which ensures that the final optimized lam-
inates are hybrid A.B,Dg laminates with immunity to
HTSD. Take the flexibility coefficient a,4 as the parameter
to test the extension-shear-coupled effect of laminates, which
can be obtained by inverting the stiffness matrix of laminates,
as shown in (39).

(@ ap ag by by bi| [An Ap A By B By -
ap Ay G by by by Ap Ay Ay By, By By
A G Ges big b bes | A Aw As Bis By B
by by b dy dy dig B, By, By D, D, Dy
by, by by dy dy dy B, By By Dy Dy Dy
Lbie by bes dig dy dgs] [ Big By Beg Dig Dag g6

TaBLE 1: Material properties of carbon fiber lamina and glass fiber
lamina.

Carbon fiber Glass fiber
Performance parameters . .
lamina lamina

E 181.0 38.6
Elastic modulus (GPa) !

E, 10.2 8.3
Shear modulus (GPa) G, 7.2 4.14
Poisson’s ratio Vi, 0.28 0.26
Thickness (mm) t 0.1 0.1
Thermal expansion o -0.1 8.6
coefficient (u/°C) a, 25.6 22.1

However, taking into account the actual engineering
demands, which should be combined with the good compre-
hensive properties of carbon fiber composites and the low
cost of glass fiber composites, the proportion of two kinds
of material must have a minimum requirement. On the one
hand, if the proportion of carbon fiber composites is too
small, the structural stability of the hybrid laminates cannot
be guaranteed. On the other hand, if the proportion of glass
fiber composites is too small, the cost reduction effect is not
obvious. Therefore, in this paper, the minimum proportions
of two types of material are both set as 30% and the mathe-
matical model of optimization problem can be formulated as

min  F(q;, 4, .54, 01,05 ...,0,) =—|ag,
n

13n< ) g, <1.7n,
i=1

—90" <6, <90°, k=1,2,...,m,

Z 0820, (2, — z_1) = Z 0820, (2, — z_;) = 0,

4=1 aU=2
Z $in20,(z; — z_) Z sin20, (z, — z_,) =
=1 9=2
Z c0s20, (2} - 2;_,) Z c0s20; (z; - z;,) =0,
9=1 =2
z cosdb, (z; — z;_,) Z cosdby (z; —z;,) =0,
=1

st Y sin26,(z; - z;._,) Z sin26, (z; —z;_,) =0
q=1
Z sin46, (zi - zz 1) Z s1n49k -z 1)=0
Z sin26, (zi - zi 1) Z sin20; (2 -z 1) =0
Y sind6y(z; —z;_,) = ) sindf (2 - z,,) =0
=1 =2
2 (E=7) = ) (7 -7) =0
=1 9%=2
z sind0,(z, — z,_,) #0, Z sin40;(z, — z_;) #0.
=1 9=2

(40)
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TaBLE 2: Hybrid A ;ByDg laminates with immunity to HTSD.

Number of plies Stacking sequence/’ |ayg|/m - N7
1-11 No feasible solution
12 [1.2623,/-88.1563,/86.2219,/~4.7557/9041/04/0,1/90,,/85.2442 /~3.7780,/1.8436,/-88.7376 ] 1 228x107°
13 [78.6287c/2.55186/—62.5528C/—4.4571C/Og1/90g1/57.681 15/90g1/0g1/—22.1785C/74.0623C/—77.50226/5.40305]T 2.15x107°
14 [-82.7030,/3.4955./-9.5277/68.6342,/~87.1720,,/~4.8666,,/44.7270,,/~44.7270,1/4.8666,/87.1720y/ 5 > oo
~86.6975./—18.9236,/84.4406/9.1474 ] ;.
15 [13.71 14C/79.6085C/—25.7171C/—74.258IC/85.3581g1/7.4729gl/—44.406081/15.81055/44.4060g1/—7.4729g1/ 1.68 x 10~°
—85.3581g1/—88.3194c/—87.347lc/24.63206/—19.9766c]T
6 [-82.2580,/3.4541,/-7.8035,/71.9029,/0.0178,,/-0.0360,,/~89.9848,,/89.9417,,/~89.9861,/89.991 1/,
_0-0421g1/0-0222gl/_86-521Sc/_16~3448c/84-950lc/9-0614c]T
17 [—86.7602C/86.2949C/—3.1492C/3.7823C/—4.3788g|/35.94O3g]/—50.2104g1/89.9014g]/—72.6480g1/41.0040g1/ 8.26% 1010
_73-7900gl/27-9322g1/_16-0242g1/_3-7823c/3-1492c/_86-2949c/86-7602c]T
8 [~0.0130,,/-89.9908,,/0.0171,,/89.9876,,/~80.5781,/79.3162,/7.2684,/~20.7364./13.9886,/12.0891 / 193%10-°
—86.7465C/—66.971IC/O.1373c/80.6754c/—89.9869g1/—0.0163g1/89.9904g1/0.0125g1]T
" [~3.8195./-1.6516,/-87.2690,/~86.3382,/39.6427,/~81.7483/~0.0004,,/~89.9971,/89.9928,,/~14.8789/ | oo o
—0.0071gl/O.0028gl/89.9995gl/25.4403C/—72.0969C/—83.9994C/—0.8820C/79.5202C/—2.833lc]T '
20 [88.5760gl/38.9195g1/—76.4222g1/—17.7876gl/—8.6194gl/12.7407c/—21.3605C/—87.3614C/64.3117C/—30.3418C/ 220%10°°
—87.4610./48.9897 _/89.9981 /-24.1090_/7.9710/ 14.9679g1/69.9391gl/O.3258g1/—50.8020gl/86.2064g1] T
TaBLE 3: Maximum extension-shear-coupled effect of two single-composite laminates.
Number of plies 12 13 14 15 16 17 18 19 20
Carbon fiber laminates (10" m:N~") 2.80 2.71 2.36 2.10 3.01 0.809 1.93 2.19 1.26
Glass fiber laminates (102 m-N ") 12.3 13.0 11.0 8.76 11.0 10.4 9.40 8.53 7.59
12 0, represents the paving angle of the k-ply, whose initial value
1 is selected randomly from the range of [-90°, 90°].
104 The improved differential evolution algorithm
91 DE_CMSBHS is used to optimize this problem. Because of
=8 the strong constraints of optimization problems, which have
%E 7 1 18 equality constraints and 2 inequality constraints, the pen-
a6 alty function is applied to deal with the constraints. The type
f=} . .
= 5 ® lamina and type @ lamina are made up of carbon fiber
EE composites and glass fiber composites, respectively, and the
T 3d corresponding material parameters are shown in Table 1.
2 Table 2 shows the 12-20-ply hybrid A;B,Dg laminates
1 with immunity to HTSD which are optimized by using
DE_CMSBHS algorithm to maximize the extension-shear-

« »

0 1 2 3 ;1 5 é 7 g'g '9 1'0 1'1 1'2 1'3 1'4 1'5 1'6 1'7 18 coupled effect. The subscripts “c” and “gl” in the table indi-
cate that the lamina is made of carbon fiber composites and

ng (ply)
o Py glass fiber composites, respectively. As can be seen from the
—o— 16-ply lanimates table, (1) there is no hybrid A B Dy laminates with immu-
—#*— 17-ply laminates nity to HTSD for 1-11-ply laminates; (2) for 12-20-ply

FiGure 2: Maximal extension-shear-coupled effect of hybrid hybr'ld ArBDg lgmlnates Wlt,h immunity to HTSD, the pro-
laminates with different proportions of two materials. portions of two kinds of lamina are both not less than 30%;
and (3) for optimized laminates with the maximum

. extension-shear-coupled effect, paving materials are sym-
Wherein, g, =1,2(k=1,2, ..., n) represents the values of  metrical about the geometric middle plane and have a rela-

q” for the k-ply, g, = 1 shows that the lamina corresponds to tively uniform distribution, which is the one in the middle
the type ® lamina, and g, =2 shows that the lamina corre- and the other on both sides.

sponds to the type @ lamina. If }';_, q; = n, it means that all In order to reflect the influence of the hybrid form on the
lamina are made of type O material, and similarly, if }'}_,q,  extension-shear-coupled effect of laminates more intuitively,
=2n, it means that all lamina are made of type @ material.  this paper further optimizes the extension-shear-coupled
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FiGuRre 3: Finite element model of the laminates for hygrothermal effect verification.

TaBLE 4: Simulation results of hybrid A ;B;Dg laminates on thermal
distortion.

. T T T T
Type of laminates £ € Vg K K

T
P4
-6.54x107* -6.54x107* 0 0
-6.90x107* -6.90x107* 0 0

T
ny

16-ply laminates 0
17-ply laminates 0

effect of single-material laminates and laminates with differ-
ent proportions of two materials. Table 3 shows the optimi-
zation results of two kinds of single-material laminates.
Taking 16-ply laminates and 17-ply laminates as an example,
the optimized results of laminates with different proportions
of two materials are exhibited in Figure 2.

It can be obtained from Table 3 that the maximum
extension-shear-coupled effect of glass fiber composite lami-
nates is greater than that of carbon fiber composite laminates
in the case of the same number of plies. In the process of opti-
mization by DE_CMSBHS algorithm, if the minimum pro-
portion limits of the two materials are removed, which
means the paving material is free, the final optimal results
are totally the same as those of single-glass fiber composite
laminates of Table 3. Furthermore, the data in Tables 2 and
3 suggests that the maximum extension-shear-coupled effects
of the 14-ply, 17-ply, and 20-ply hybrid laminates are greater
than those of single-carbon fiber composite laminates, which
indicates that the introduction of glass fiber composite mate-
rials into carbon fiber composite laminates can improve the
extension-shear-coupled effect of partial numbers of plies
laminates.

The abscissa “n,,” in Figure 2 represents the number of
glass fiber lamina. As can be seen from Figure 2, (1) for
hybrid laminates with different proportions of two materials,
there is no feasible solution when n,,; takes some values, for
which the geometrical factors of those kinds of laminates
cannot satisfy the necessary and sufficient condition of (35)
and (2) compared with single-carbon material composite
laminates, some hybrid laminates can not only significantly
reduce costs but also increase the maximum extension-
shear-coupled effect.

>

5. Verification of Mechanical
Properties of Laminates

5.1. Verification of Hygrothermal Effect. The finite element
method is used to verify the distortion caused by the temper-
ature change of the hybrid A ;B D laminates with immunity
to HTSD. In this paper, the hygrothermal effect of laminates
in Table 2 is verified by the example of 16-ply and 17-ply

laminates and the conclusion of other laminates is the same
as that of these laminates.

Based on the finite element software MSC.Patran, the
10m x 1 m finite element model is established and 360 shell
units are divided. In order to simulate the displacement
boundary condition of the composite laminates, the geomet-
ric center of the finite element model is fixed, as shown in
Figure 3. The typical temperature difference of the high-
temperature curing process is —180°C to this finite element
model. Then the finite element software MSC.Nastran is used
to compute with the linear statics calculation function.

The calculated results of two kinds of hybrid A B,Dg
laminates with immunity to HTSD are shown in Table 4. In
which, e and & are the thermal strain of two main direc-

tions, yfy is the thermal shear strain of the laminates, and
Kl
tortion of the laminates caused by temperature changes. It
can be seen from the table that the shear strain of these lam-
inates are all zero during the high-temperature curing pro-
cess, which means two kinds of laminates will not cause
hygrothermal distortion. The thermal strains of two direc-
tions are equal to each other, but this regulation is not suit-
able for laminates with different numbers of plies.
Furthermore, their bending curvature and twist rate are all
zero, which indicates that two kinds of laminates will not

cause hygrothermal warping distortion.

and sz are expressed as the surface curvature and dis-

5.2. Verification of Extension-Shear-Coupled Effect. In order
to verify the extension-shear-coupled effect of two kinds of
hybrid A;B,Dg laminates in Table 2, the finite element
method is also used based on the finite element software
MSC.Patran and the finite element model of a rectangular
plate with 12 m x 1 m is established. A total of 800 shell units
and 891 nodes (six degrees of freedom) are divided, and a
multipoint constraint element (RBE2) is used to connect
the nodes in the 1.2 m x 1 m region at both ends of the model.
The axial tension F=1000 N is applied to the multipoint
confinement unit to ensure that the intermediate
9.6m x 1 m area bears a uniform load. The geometric center
of the finite element model is fixed, as shown in Figure 4.
The finite element software MSC.Nastran is used to compute
with the linear statics calculation function.

The calculated displacement nephogram of two kinds of
hybrid A;B,Dg laminates with immunity to HTSD under
axial extension force is shown in Figure 5, and the concrete
results of distortion are shown in Table 5. It can be seen
from the table that under the axial extension force of
1000N, the two kinds of hybrid A B,Dg laminates not
only have axial distortion but also shear distortion and
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FIGURE 4: Finite element model of the laminates for extension-shear-coupled effect verification.

5.37-005
5.01-005
4.65-005
4.29-005
3.94-005
3.58-005
3.22-005
2.86-005
2.50-005
2.15-005
1.79-005
1.43-005
1.07-005
7.16—-006
3.58-006

0.

(a) 16-ply laminates

5.12-005
4.77-005
4.43-005
4.09-005
3.75-005
3.41-005
3.07-005
2.73-005
2.39-005
205-005
171-005
1.36-005
1.02-005
6.82-006
3.41-006
0.

(b) 17-ply laminates

FIGURE 5: Deformation of two kinds of hybrid A ;B,Dg laminates due to extension load.

TaBLE 5: Simulation results of hybrid A;B,Dg laminates on extension-shear distortion.

Type of laminates  Simulation result &, Theoretical result &, Error of ¢, Simulation result y,, Theoretical resulty,, Errorofy,,

1.10x 107°
1.06 x 10~°

1.08x107°
1.04x107°

16-ply laminates
17-ply laminates

1.82%
1.89%

227%107°
8.26x 1077

223%107°
8.20x 1077

1.76%
0.73%

the extension-shear-coupled effect of 16-ply laminates is
obviously more than that of 17-ply laminates.

Table 5 also shows the theoretical calculation results of
two kinds of hybrid A B Dy laminates subjected to axial
extension distortion, and through comparison, it is found
that the results of finite element analysis agree well with the
theoretical results. The error is controlled within 2%, and
the extension-shear-coupled effect of laminates is validated.
The reason for the error is that the finite element simulation
is loaded on the unit node and cannot be completely equiva-
lent to the linear loading method.

5.3. Robustness Analysis. Considering that there may be
human error and equipment error in the actual process of
paving the laminates, which may have a negative effect on
the extension-shear-coupled effect, in order to ensure the
practicability of the composite laminates, the slight angle
deviation should not have an obvious influence on the
extension-shear-coupled effect of the hybrid A;B,Dg lami-
nates with immunity to HTSD. Now, the extension-shear-
coupled effect of laminates is analyzed under the ply angle
existing deviation, which is based on the Monte Carlo
composite laminates robustness analysis method.
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FIGURE 6: Robustness analysis of hybrid A BjDg laminates on extension-shear distortion.

Assume that the paving angle of the k-ply for the hybrid
A :B,Dg laminates with immunity to HTSD is (6, + Af,), in
which 6, is the theoretical paving angle of the k-ply and A6,
is the angle deviation and with the value of A8, =2° [17].
Figure 6 shows the error distribution of the extension-
shear-coupled effect for the 16-ply laminates and the 17-ply
laminates in Table 2 under 10,000 random samples. The fig-
ure suggests that when there exists a random error in the pav-
ing angle of the laminates, the error of extension-shear-
coupled effect is in accordance with the normal distribution
law and can be controlled within 2%.

6. Summary

In this paper, the model of hybrid laminates is established
and the expressions of stiffness coefficient, thermal stress,
and thermal moment of laminates are derived based on the
geometric factor and the necessary and sufficient conditions
for hybrid extension-shear-coupled laminates with immu-
nity to HTSD are further derived. The method of combing
the improved differential evolution algorithm DE_CMSBHS
with the penalty function is used to optimize the extension-
shear-coupled effect of the hybrid A B,Dg laminates with
immunity to HTSD. The hygrothermal effect, extension-
shear-coupled effect, and robustness of laminates are verified.
Some conclusions of optimization and simulation can be
obtained as follows.

(1) Although the optimized constraints is enhanced,
which is mainly due to the introduction of variable
parameter paving materials, the feasible solutions
of the hybrid A B)Dg laminates with immunity
to HTSD can still be obtained by using the
DE_CMSBHS algorithm combined with the pen-
alty function. The optimal solution can be obtained
according to the different requirements of different
proportions of two materials, which achieved the
synchronous optimization of paving angle and
paving materials.

(2) The maximum extension-shear-coupled effect of the
single-glass fiber composite laminates is greater than
that of single-carbon fiber composite laminates in the
case of the same number of plies, and the introduc-
tion of glass fiber composite material into single-
carbon fiber composite laminates can improve the
extension-shear-coupled effect of the partial number
of plies laminates.

(3) The optimized laminates are able to meet the condi-
tions of no hygrothermal shearing distortion and no
hygrothermal warping distortion. When there exists
a random error in the paving angle of the laminates,
the error of extension-shear-coupled effect is in
accordance with the normal distribution law and
can be controlled within 2%.

The expressions for parameters of the hybrid laminates
can also be applied to laminates with other coupling effects.
The DE_CMSBHS algorithm combined with the penalty
function can also optimize the different objectives of other
types of laminates.
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