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CUMMETPUYHOM CJIOMCTOM KOMIIO3MTE C KBA3UTPEYIroJbHbIM OTBEPCTHEM
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B crarbe u3yueHO pacnpesieleHUe TEIUIOBBIX HANpsKEHUH BOKPYI KBa3HUTPEYTOJIbHOIO OTBEPCTHS B CUMMETPHUYHOM CIOMCTOM
KOMIIO3HUTE, COCTOAIIEM U3 CIIOEB PA3IMYHBIX KOMIIO3HLIMOHHBIX MaTrepuanoB. Ha ocHOBe pelieHus AByMEPHOM 3a1aull TEpMOYIIPYTOCTH
JUIsl CTAllMOHAPHOTO Cllyyast B paMKaX METOJAa KOMIUIEKCHBIX MEPEMEHHbIX aHATMTUYECKU HCCIEJOBAHO MOBEAECHHE KOMIIO3UTA T10J
BO37IEICTBHEM OZHOPOIHOTO TEIUIOBOTO IOTOKA. AHAMTHYECKOE PElIeHHe MOIYYeHO IyTeM IpeoOdpa3oBaHus pemeHus JIeXHUIKoro ¢
HCIIOJIE30BAHHEM KIIACCHYECKON TEOPUH CIIOMCTHIX INIACTHH U (PyHKIUH KOH(DOPMHOT0 0ToOpaskeHHs. VI3yueHo BIMSIHEE psiia HapaMeTpoB
Ha paclpe/ieleHHe TEIUIOBBIX HANPSKEHNI BOKPYT OTBEPCTHUS, BKIIIOYAsi OPUEHTAIMIO OTBEPCTHUS, CTENIEHb 3aKPYIIIEHUs YITIOB U COOT-
HOUIEHHE CTOPOH OTBEPCTHSI, YIOJ TEIIOBOIO MOTOKA, MOCIEA0BATENBHOCTD YKIIAJIKH, @ TAKXKE MaTepual CloeB. Pe3yabTarTsl puBeIeHbl
JUIS Pa3IMYHBIX IOCIEI0BATEIbHOCTEN YKIIa K1 [45"/415°]S " [00/900]5' HaiineHHoe aHanuTHYeCKOE pElIeHHEe MOKa3bIBaeT XOpollee
COOTBETCTBHE C PE3yJIbTaTaAMHU, TIOJTyYEHHBIMU METOJIOM KOHEUHBIX HJIEMEHTOB.
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In this study, the thermal stress distribution surrounding a quasi-triangular hole within a symmetric composite laminate made of
various composite materials was investigated. A composite laminate exposed to uniform heat flux was analyzed using the complex vari-
able method as a thermo-elastic two-dimensional problem under a steady state condition. The analytical solution was achieved with the
development of the Lekhnitskii’s solution and using the classical laminated plate theory and a conformal mapping function. The influence
of important parameters on thermal stress distribution surrounding a hole such as the hole orientation, bluntness and aspect ratio, the heat
flux angle and the laminate stacking sequence and material was studied. The results were achieved for different stacking sequences of
[45"/415°]S and [00/900]5' The analytical solution in this study was well validated against the finite element results.
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Polymeric composites have been adopted as an
inevitable class of materials in various industrial sec-
tors such as marine, gas and oil, automotive and aero-
space due to their advantages. The advantages of lami-
nated composite materials are well-known such as
high corrosion resistance, high impact strength and
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low structural weight. Holes are usually made in struc-
tures for various reasons, for instance to provide
manholes as the points of entry and exit or to reduce
the weight of structures. It is very likely that a perfo-
rated composite laminate is exposed to thermal loads.
The holes and cutouts, as geometrical discontinuities
can easily disturb the uniform heat flow in structures
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giving rise to thermal stresses. These thermal stresses
accumulate on the mechanical stresses and can result
in structural failure.

2. Literature review

Many researches have studied thermal stress dis-
tribution around holes within isotropic and anisotro-
pic plates using different methods. The complex vari-
able technique is an efficient approach to address this
class of problems. The complex variable technique
has been used by many researchers for solving two-
dimensional boundary value problems [1-5]. Bhullar
et al. [6] evaluated thermal stresses induced in aniso-
tropic plates containing an elliptical hole using an
analytical approach and by considering isothermal
state for the hole edges. Tarn and Wang [7] obtained
stresses due to thermal loads in an anisotropic elastic
plate with a circular hole by applying the Lekhnitskii
complex variable technique and by assuming the plane
strain and plane stress conditions. Sharma and Chau-
han [8] studied stresses induced surrounding a non-
circular hole in an anisotropic finite laminate sub-
jected to mechanical loading using the complex vari-
able technique. The parameters such as the plate size
and the hole geometry were investigated. Kalyon and
Yilbas [9] determined the temperature and thermal
stress distributions in a plate under laser pulse heat-
ing using a closed-form solution obtained using the
Laplace transformation method.

Su et al. [10] studied stress concentration around
the triangular and square holes in composite lami-
nates under in-plane tensile loading. They used ana-
lytical solution and conformal mapping function to
obtained the optimum hole shape. Ju et al. [11] used
an analytical solution for obtaining the deformation
and stress fields in multilayer composite laminates
under mechanical loading. Alshaya and Lin [12] used
an analytical solution to determine the stress distri-
bution around a circular hole located in an isotropic
plate using the hybrid complex-variable method.
Damghani et al. [13] utilized the Lekhnitskii’s com-
plex variable method and obtained the stress result-
ant distribution at the edge of an elliptical or circular
hole in an infinite composite plate under membrane
loading. Moreover, they studied the effect of com-
posite laminate stiffness on the stress resultant con-
centration factor around a circular hole.

Khechai and Mohite [14] obtained the optimum
fiber and load orientation angles and the hole size in
a perforated lamina as well as the symmetric com-

posite plates having circular hole under different in-
plane loading conditions using an analytical approach.
Jafari et al. [15] employed the Florence and Goodier
approach to analyze thermoelastic stresses in an iso-
tropic plate with a polygonal hole under constant heat
flux. Furthermore, Jafari and Jafari [16] presented
the stress distribution surrounding a noncircular hole
within an infinite composite plate under steady state
condition by utilizing the two-dimensional thermo-
elastic theory. Choi [17] analyzed an infinite ortho-
tropic plate containing two parallel cracks subjected
to constant heat flux. The presence of insulated cracks
disturbed the uniform heat flow. Mahmoudi and Atefi
[18] obtained a comprehensive analytical solution for
thermal stresses in a hollow cylinder subjected to pe-
riodic time-varying thermal loading on the inner sur-
face and by insulating the outer circular surface and
maintaining the temperature of the both lateral sur-
faces constant. They employed the Fourier expansion
and general properties of Bessel functions. Chao et
al. [19] introduced an analytical solution based on
the complex potential technique to assess the stress
distribution surrounding multiple circular holes un-
der constant heat flux. Wang et al. [20] analyzed the
stress distribution in a perforated plate made of dif-
ferent materials containing a circular cutout using the
complex variable technique. Zenkour and Abouel-
regal [21] studied the interactions between the effec-
tive parameters influencing the thermal stress distri-
bution around a perforated cylinder. They applied
thermoelasticity method and Laplace solution to de-
rive the solution of the problem. Ukadgaonker and
Rao [22] studied symmetric laminates under in-plane
loading containing various holes by applying a com-
plex variable technique. Zha and Zuo [23] utilized
analytical and experimental methods to investigate
the strength and stress distribution in laminates con-
taining holes. They used finite element method to
validate the proposed method. Dehghani et al. [24]
investigated thermal stresses surrounding triangular
and square holes in a finite isotropic plate using ana-
lytical solution. They applied conformal mapping
function and complex variable technique to obtain
the thermal stress value around the hole.

The main purpose of this paper was investigating
thermal stresses surrounding a quasi-triangular hole
within a symmetric composite laminate using an analy-
tical method. Many researches have analyzed stresses
around circular and elliptical holes in metallic plates
and few researchers have examined noncircular holes
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in symmetric composite laminates under mechanical
loading using analytical methods. In this paper, an
analytical method was developed for analyzing ther-
mal stresses in perforated symmetric laminates con-
taining a quasi-triangular hole subjected to uniform
heat flux. An equivalent thermal conductivity coef-
ficient was defined and thermal stresses around the
hole were determined using the Lekhnitskii complex
variable method, classical laminate plate theory and
conformal mapping. Moreover, the effect of the lami-
nate stacking sequence as an important parameter [25]
together with other significant parameters such as the
hole orientation, aspect ratio, bluntness and the heat
flux angle was investigated on thermal stresses. The
composite laminates made of graphite/epoxy (AS/
3501), E-glass/epoxy, carbon/epoxy woven and uni-
directional carbon/epoxy with two different stacking
sequences of [45°/-45°]_ and [0°/90°], were studied.

3. Problem definition

A symmetric composite laminate containing a qua-
si-triangular hole under a remote uniform heat flux ¢
under steady state condition (Fig. 1) was considered
in this study. The material behavior of the composite
laminate was assumed orthotropic and linear elastic
governed by the generalized Hooke’s law. The edges
of'the quasi-triangular hole were considered thermally
insulated. The size of the hole was sufficiently small
compared to the laminate size, so the laminate can be
assumed infinite. As can be seen in Fig. 1, the hole
rotation angle indicating the hole orientation with
respect to the horizontal axis was denoted by . The
uniform heat flux was disturbed due to the presence
of a thermally insulated quasi-triangular hole giving
rise to thermal stresses surrounding the hole. The ther-
mal stresses on the hole edges were confined to the

1.

I—number of layer

tangential component 6, because of the hole bound-
ary conditions. The small deformation and plane stress
condition were assumed in the study.

4. Analytical solution

According to classical laminate plate theory, the
thermal stress vector in a laminated composite can
be obtained by the equation [26]

r_ V& Sy
{o} =—XloI'{a}'4T, (M
H 5

where {c}” is the thermal stress vector, [Q]Z is the
reduced stiffness matrix corresponding to the /th layer,
T'is the temperature change, ¢, is the thickness of each
lamina and {@i}’ is the thermal expansion coefficient
of the /th lamina in off-axis coordinate system and its
components can be determined using equations

0, =0ty + 0Ly,

&, = oy’ + opym®, 2)

a,, = 2mn(0y; =0y, ),
where o, and a.,, are the coefficients of thermal ex-
pansion in on-axis coordinate system. Moreover, m
and n are cosine and sine of the fiber angle y, respec-
tively. Equation (1) can be simplified as

{o} =fe}-1 3)
in which
Qx
Q.y =
QX)’
_ I
W00 G O] o
ZEE %2 gzz 926 a,  (z-z4) @4
Q6 Q% Des a,,

Fig. 1. Symmetric composite laminate containing a quasi-triangular hole under a remote uniform heat flux (color online)
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According to the Lekhnitskii’s complex potential
method and by considering the Airy’s stress function
U(x, y), the stress components are defined as

o= az_U o = az_U T = _az_U (5)

g Y o Y oxay

The compatibility equation for a planar geometry
is presented as

2.0 2.0 2,,0
0’} 0J°¢€, _ 07V, .
oy ox*  Oxdy
Combining Eq. (5), the compatibility equation and
the stress-strain relations gives the compatibility equa-

tion of an anisotropic material in terms of the stress
function [3]:

(6)

o'U o'U o'U
a, 5" —2ay, +(2a12+a66)8x28y2
,, O o' o
“26 >0 " 2287 0y° "
0T 0°T
0L, O, — 7
Oy 0xdy ay O )

In Eq. (7), a; are the coefficients of the reduced com-
pliance matrix of the symmetric laminate and o

and o are the thermal expansion coefficients in the
global coordinate system and can be obtained as
Eq. (8). For simplicity, the overall thickness of the
laminate was considered unity:

Oy, = 41682, +ay682, +age82 .

The general solution of Eq. (7) can be considered
as the summation of the homogeneous U" and par-
ticular UP parts:

U=U"+UP 9)

The homogeneous form of Eq. (7) can be presented

as
o‘un o'uh o‘un
a,, ———2a +(2a +a ) ——=
11 ay4 16 axa 12 66 za 2
o‘un o‘un
2a +a =0. (10)
26 x38y 2 ot

According to the Lekhnitskii’s method, by intro-
ducing the four linear first-order differential opera-
tors D,, Eq. (10) can be expressed as [3]

DD,DsDU" =0, Dk:i_uki’ (1)
ay ox
in which w, (k= 1, 2, 3, 4) are the roots of the charac-
teristic equation
ap it =2a60° + (24, + ag W’ -
The roots of Eq. (12) can be presented as
Wy =0y +iBy, wy =1y =0y =iy,

M3 =0l +iB,, Hy =[5 =0, =i,
where o, o, and 3, are real numbers. For a symmet-
ric laminate a,( = a,, = 0, so the characteristic equa-
tion is reduced to

(13)

The function U" is considered as
2

U"=2ReYU,(Z,), (15)
k=1

where Z, is the mapping function and is defined as
Zy=x+tWy, k=12 (16)
By substituting Eq. (15) into Eq. (10) and consid-
ering Z,, function U" is derived. Then Eq. (9) can be
rephrased as

U=U\(Z)+U,(Z,)+U(Z))+
+U,(Z,)+UP". (17)

The new stress function  is derived from the
stress function U in the form

d -
d—‘2]=w1(zl>+w2(zz>+wl(zl>+
+y,(Z) +yP. (18)

By substituting Egs. (17) and (18) into Eq. (5),
the stress components are determined as

, o’UP
6, = 2Re{u{ Y| (Z) +u3w5 (Z))} + —5— P
o°UP
o, =2Re{y((Z) +¥5(Z)} +—- PR (19)
, , o’UP
TW = —2Re{ulwl(zl)+MZWZ(22)}_ axay ’

in which y{(Z,) and y,(Z,) are the derivatives of
functions ,(Z,) and y,(Z,) with respect to Z, and
Z,, respectively. The Fourier’s law was employed in
order to relate the on-axis heat flux ¢ and tempera-
ture gradient in a lamina as seen in Eq. (20) [27]:
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or
4 ky 0 0 g);
4 (== 0 ky 0 o (20)
0 0 % 2
q3 33 B_T
ox;

In Eq. (20), [£] is the on-axis anisotropic thermal con-
ductivity matrix and T is the temperature change. It
was assumed that the unidirectional laminae were
transversely isotropic (i.e. isotropic in a plane nor-
mal to the fibers). Using the transformation matrix,
Eq. (20) can be rewritten based on the off-axis coor-
dinate as follows:

[T Kaby = ~kon [TV Tor 21
where [7(y)] is the inverse of the transformation ma-
trix ([7(—y)]) defined in Eq. (22):

cosy —siny 0

[T(—y)]=| siny cosy O0]. (22)
0 0 1
Therefore, the Fourier’s law of thermal conduc-
tion in the global coordinate system can be presented
as

{g }Off = kot Vo (23)

As a result, the off-axis thermal conductivity ma-
trix can be obtained using the equation

koff = [T(_y)]kon [T(Y)] (24)

By considering n = sin y and m = cos Y, the com-
ponents of the off-axis thermal conductivity matrix
ko =[k] are defined as

ki =m0k, ks =k,

kyy =’k +m kg, kyy =kyy =0, (25)

kip =—mn(kyy —ky,).

The resultant of thermal conductivity coefficients
for the laminate can be determined by integrating the
off-axis thermal conductivity coefficients across the
laminate thickness using the equation

| H2 _
[K]=— [ [k]dt. (26)
-HJ2

Equation (26) can be converted into the summa-

tion form:

1Y
[K]zgg[k] f. 27)

In Eq. (27), [ is the layer number and [K] is the ther-
mal conductivity resultant matrix of the laminate. Due

to the stationary heat flow in the laminate, Eq. (28)
should be considered:

Vg, =00G=x,y,z2). (28)

By substituting Eq. (23) into Eq. (28), the govern-
ing equation for temperature is expressed as

0°T 0°T 0°T

K, o2 +2K,, P +K, P =0. (29)

A harmonic function of 7(x, y) satisfying Eq. (29)
can be obtained as the temperature distribution in
laminate. The solution of Eq. (29) can be considered
as T = U(x + W) in which u, are the roots of the
characteristic equation

K7 +2K u,+K, =0. (30)

As the thermal conductivity matrix is invertible
and positive definite (K, K, > K fy ), the characteris-
tic equation (Eq. (30)) contains two complex conju-
gate roots. Hence, the general solution of Eq. (29)
can be considered as [7]

T=U/(Z,)+U,(Z,)=2Re(U,(Z))), (31)

Z, =x+Wy,
in which U, is a complex function. By substituting
Eq. (31) into Eq. (7), the particular solution for the
stress function U can be obtained as

UP =2Re(mU,(Z,)), (32)
where

N= (=00, + 0L M, — 0L U7X

x(a, 1“? - 2"16“? +(2ay, + agg )Mtz -

= 2aqh, +an) (33)

Moreover, by substituting Eq. (32) into Eq. (19),

the stress components and displacement field can be
attained in the form of stress functions as

6, =2Re{uiy}(Z) + 13wy (Z,)}+
+2Re(Mu;y)),
G, =2Re{y((Z))+,(Z,)} +2Re (),

Txy = —2 Re{Mlllli (Zl) + MZ“I/Z (ZZ)} -

—2Re(Mmu,y)), (34)

2

u,=2ReY py, +2Re(pv,),
k=1
2

u,=2Re Y g,V +2Re(q,v,),
k=1

where
Pr = ayiy” +apy — gy, k=12,
b, :n(allutz +ay, —aghh) +a,, (35)
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Fig. 2. Conformal mapping (color online)

a
G = aphy +—2 —ay, k=12,
k

a a
q; ="N| a4, +£_a26 +—
My Wy

4.1. Conformal mapping

The infinite area outside the quasi-triangular hole
was transfer into the outside region of a unit circle to
develop the analytical solution of a circular hole into
a quasi-triangular hole and to facilitate the applica-
tion of Cauchy integral equation, as can be seen in
Fig. 2.

Equation (36) was used in order to define the map-
ping function:

Ze=wx)=x+wy, k=1,2,1, (36)
such that x and y represent the Cartesian coordinates
within a laminate with a quasi-triangular hole and
can be represented in terms of 0 as follows [28]:

x =MA(cosO+wcos (20)),

y =MA(csin 0 —wsin (20)).

Moreover, in Eq. (36), u, are the characteristic
equation roots of an anisotropic material as defined
in Eq. (13) and &, within the mapped plane, is de-
fined in the equation

& =pe’® = p(cosO +isin0). (38)

For a unit circle p = 1. In Eq. (37), ¢ controls the
hole elongation in y-direction and w is the bluntness
parameter that determines the hole corners curvature.
Figure 3 illustrates the influence of the parameter w
on the hole shape.

Based on Egs. (37) and (38), the conformal map-
ping function for a quasi-triangular hole is obtained
as

(37

z =w(&) =A/2(A,E+ Azkg_l +
+ A8+ ALETD, (39)

in which Ay, i=1, 2, 3, 4 are as below:

Ay :%[(l—icuk)cosﬁ—(ic+uk)sin[3],

Ay = %[(l +icyy,)cos P+ (ic —u, ) sin B,
(40)

As = }LTW[(I +ip, ) cosP+ (i —u, )sinf],
Aoy = 221005 B+, )sin].

Equation (41) can be applied to model the hole
rotation

X| [ cosP sinf||x
{Y}_[—sinﬁ cosBHy}’ “1)

in which B is the hole rotation angle, and x and y
were defined in Eq. (37).

Fig. 3. Effect of the parameter w on the hole shape
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4.2. Determination of the complex analytical
Sfunctions \y and \y,

Based on Eq. (34), to achieve the stress compo-
nents, the complex analytical functions y and y, need
to be determined. For convenience in formulations,
some matrices are defined in equations

L{—ul _Mz} l{—nut}
1 1 n

(42)
w{m}a{ﬂ} Agg{pl Pz}‘
W 4 9 0

The triangular hole boundary is not subjected to
external loading, thus Eq. (42) is used to rewrite the
mechanical boundary conditions as

Ly + Ly + Iy, + 1y, = 0. (43)
Moreover, as the boundary of the quasi-triangular

hole is insulated, the Neumann boundary condition
is also considered as

v (©)-w; () =0. (44)
The function (&) can be presented by two func-
tions f(&) and g (€) (see Eq. (45)) that are holomorphic

in the inner and outer areas of the unit circle, respec-
tively [7]:

v (&) = f,(8) + 2, (45)

By considering the points on the hole boundary
(§ = 0) and substituting Eq. (45) into Eq. (44) and
multiplying it by do/(2mi(c—-&)) and applying the
Cauchy integral, y/(&) can be rephrased as

V()= £+ f,ED. (46)

The function () can be expressed as the Lau-
rent series in which the term of £ exists. Subse-

quently, by integrating (&), the function of (&)
contains log&:

V(&)= F(§) +G,(§) +T'logg, (47)
in which F(€) and G (&) are the holomorphic func-
tions inside and outside the unit circle, respectively.
Moreover, the function of y(§) can be considered as
[29]

W(&) =fE) +g(E) +hlogk&, (48)
where f(€) and g(&) are holomorphic inside and out-
side the unit circle, respectively. By substituting
Eqgs. (47) and (48) into Eq. (43) and multiplying it by
do/(2mi(c—¢&)) and applying the Cauchy integral,
y(§) can be rewrited as

v =rE&-L'LIAEN-LG,E)-

~LTF/(EY+hlogé, (49)
where o
h=L"(B-B)'(Ta-Ta)+
+ A2 B - Y TI-T)), (50)
B=A°L"",

in which L and 4% were defined in Eq. (42), and "
should be calculated by the application of boundary
conditions. When the heat flux is applied to an aniso-
tropic laminate without hole, the thermal stress func-
tion can be obtained as [7]

v =xZ,, (51)
where
o g(cosd+11, sind)
ST ,
A 1) (52)

K, =i(K.K,-K2)"

However, in the presence of a quasi-triangular
hole, in addition to W, the function of /", which
is holomorphic outside the unit circle, should be added
to the thermal stress function. Therefore, /(&) is
derived as

W; &= K(A1t§ + A2t§_1 + A3t§2 +

+A,E) M (©). (53)

By comparing Eq. (53) and Eq. (46), the function

f(C) can be obtained as Eq. (54), so () can be
rewritten as Eq. (55):

[,©)= KA &+ KA E, D)

\lft, (g) = KAltg + KAltg_l + KA3¢€2 + KA3¢€_2' (55)

By integration Eq. (55) and comparing with
Eq. (47), " can be obtained as

[=—A, (KA —KA|) =275, (KA, —KA3).  (56)

As mentioned, ;" expresses the thermal stress
function for a laminate with no hole, as a result, it
only causes the laminate deformation and does not
generate stress. Thus, to achieve the thermal stresses,
\|I;M should be determined using Egs. (51), (53) and
(55) as presented in the equation

W () = ~(xA, — kA E -
— (KA, — KA, )E™ (57)
Therefore, the temperature stress function of

yM(L) can be obtained as Eq. (58) by integrating
Eq. (57):
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‘u?/[ (g) = [_Alt (KAZt _KATM) - 2A3t X
X (KA, — KA, )]logE+[A,, (KA, —
SR I 2 [y (e, — kA I -

1 -
- E[AZt(KAM - KA3t) + 2A4t (KAZt -

- KAlt)]g_3 - [2A3t (KAZt - KAlt)] -
1 N
128, (<0, - KA;,)E (58)
Finally, by comparing Eqs. (58) and (47), the func-
tions (&) and G,() are obtained and by inserting
them into Eq. (49), the complex analytical function
of y(&) can be achieved. Then, the stress components
are obtained using Eq. (34).

5. Validation of the analytical solution

In order to validate the analytical results, ABAQUS/
standard finite element code was used. Three dimen-
sional finite element models were developed for the
perforated composite laminates. The perforated lami-

Fig. 4. Mesh refinement for composite laminate containing quasi-
triangular hole. w = 0.10 (a), 0.05 (b), = 0° (a), 60° (b)

nates were considered considerably larger than the
holes. Four-noded quadrilateral elements (S4R) were
used for modeling composite laminates. A mesh sen-
sitivity study was carried out and an acceptable num-
ber of elements were considered. According to Fig.
4, the region around the hole was modeled with fine
mesh in order to capture the stress concentration. In
this region, the number of elements was increased
from 40 to 360 and it was observed that further in-
creasing the number of elements did not change the
results. Figure 5 compares the analytical and numeri-
cal circumferential stress 6, distributions around a
quasi-triangular hole in the composite laminates made
of different materials including graphite/epoxy (AS/
3501) and E-glass/epoxy with different stacking se-
quences containing the holes with different specifi-
cations. In Fig. 5, angle of 6 specifies the angular
position on the border of the hole with respect to the
horizontal axis. It can be seen from Fig. 5 that the

Gy, MPa 2
. - — FEM
8 Analytical
i solution
44
0 -
4
8
_12 T T T T T
0° 120° 240° 0
Gy, MPa b
- - FEM
20+ Analytical
solution
10
0
,10 -
204
_30 T T T T T
0° 120° 240° 0

Fig. 5. Comparison between the finite element method (FEM) and
the analytical results: graphite/epoxy (AS/3501) with [45°/
—45°]; lay-up (a), E-glass/epoxy with [0°/90°]_lay-up (b); w =
=0.15 (a), 0.05 (), B = 0° (a), 60° (b), c =1, =270°
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Table 1
The material properties of the composite laminates
Material Ey;, GPa | Ej, GPa| Gy, GPa | vy, | o, KU | 000 KU | Ky, WK | Ky, W TKC!
Graphite/epoxy (AS/3501) 144.80 9.70 4.1 0.30 | -3.0-10°| 2.8-10° 4.62 0.72
E-glass/epoxy 35.00 9.00 4.7 028 | 55-10°| 25107 2.20 1.10
Carbon/epoxy woven 91.82 91.82 19.5 0.05| 2.5-10°] 2.5-10°° 3.50 2.60
Carbon/epoxy unidirectional | 200.00 9.45 5.5 027 | 04-10°| 30-107° 0.70 1.21

E33= Ey, Gi3= G357 Go3, U1y = V3= Un3, O33 = Oy, K33 = Ky, K= 0.

analytical results correlated reasonably well with the
finite element method results.

6. Results and discussion

In this study, thermal stresses in symmetric lami-
nated composites containing quasi-triangular hole
were investigated. The distribution of thermal stress

ous parameters including the hole corner bluntness
w, the hole aspect ratio ¢, the hole rotation angle 3,
the heat flux angle § and the stacking sequence of
laminated composite made of different materials. The
mechanical properties of the laminates are listed in
Table 1. In order to represent the effect of different
parameters on the thermal stress distribution around
the hole, the normalized maximum thermal stress was

surrounding the hole was examined in terms of vari- defined as
Table 2
Normalized thermal stress of each lamina in [45°/—45°]; laminate of different composite material in w = 0.1
Graphite/epoxy (AS/3501) E-glass/epoxy Carbon/epoxy woven Unidirectional carbon/epoxy

0 First layer Second layer | Firstlayer | Second layer| Firstlayer | Second layer| Firstlayer | Second layer
0° 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

5° —0.0497 —0.0848 —-0.1259 —0.1806 —0.1583 —0.1583 —-0.0492 —0.0859
10° —-0.0799 -0.2318 —-0.2096 —-0.4190 —-0.3257 —-0.3257 —-0.0773 —-0.2360
20° —-0.1151 —0.8930 —-0.2991 —-0.9673 —-0.6619 —-0.6619 —0.1005 -0.9154
30° —-0.1391 -1.9756 —-0.3350 —-1.3146 —0.8669 —0.8669 —0.1041 —-2.0372
40° —0.1453 —2.0465 —-0.3506 -1.3727 —0.9056 —-0.9056 —-0.1091 —-2.1102
50° —0.1440 —1.4948 —0.3644 -1.3055 —-0.8751 —-0.8751 —-0.1184 -1.5361
60° —0.1483 -1.0796 —-0.3871 —-1.2211 —0.8400 —0.8400 —-0.1309 -1.1062
70° —0.1618 —0.8138 —-0.4276 —-1.1474 —-0.8198 —0.8198 —0.1498 —-0.8316
80° —0.1892 —-0.6297 —0.4984 —-1.0783 —-0.8177 —-0.8177 —-0.1814 —0.6416
85° -0.2114 —0.5554 —-0.5517 -1.0399 —0.8240 —0.8240 —-0.2055 —0.5648
90° —-0.2427 —0.4892 —-0.6229 —-0.9957 —-0.8367 —-0.8367 —0.2388 —-0.4962
95° —-0.2879 —0.4296 —-0.7191 —0.9436 —0.8584 —0.8584 —0.2863 —-0.4342
100°| -0.3558 —-0.3758 —-0.8503 —-0.8827 —0.8942 —0.8942 —-0.3569 -0.3777
110°| —0.6451 —0.2853 —1.2689 —0.7381 —1.0381 —1.0381 —0.6551 —-0.2794
120°| -1.6195 —0.2225 -1.8317 —0.5807 —-1.2600 —-1.2600 —-1.6593 —0.1963
130°| —2.6372 —-0.1776 —-1.6827 —0.4240 -1.1075 -1.1075 —2.7212 —-0.1307
140°| —-0.7456 —0.1092 —-0.8793 —-0.2861 —0.6084 —0.6084 —0.7636 —-0.0974
150°| -0.2297 —-0.0702 —-0.3961 —0.1849 -0.3013 —-0.3013 —-0.2340 —-0.0674
160°| —0.0866 —0.0436 —-0.1770 -0.1119 —0.1494 —0.1494 —0.0878 —0.0430
170°| —0.0301 —0.0220 —0.0675 —0.0545 —0.0629 —0.0629 —0.0304 —-0.0219
180° 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
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inwhich o, is the maximum circumferential stress
induced around the hole. The effect of various geo-
metrical and material parameters of the perforated
composite laminate on the pick thermal stress value
induced around the quasi-triangular hole was stud-
ied analytically. Among the studied cases in each sec-
tion, the minimum value of the pick normalized ther-
mal stress around the hole achieved by changing the
parameters is called the desirable thermal stress and
the maximum value of the pick normalized thermal
stress is called undesirable thermal stress.

The thermal stresses induced in different layers
of composite laminates made of graphite/epoxy (AS/
3501), E-glass/epoxy, carbon/epoxy woven and uni-
directional carbon/epoxy were determined. The stack-
ing sequences considered for the laminates were [45°/
—45°], and [0°/90°],. Table 2 presents the normalized
thermal stress values of different layers of the la-
minate with a stacking sequence of [45°/-45°]; and
made of different materials. According to Table 2 and
Fig. 6, the maximum thermal stress for the 45° layer
of the graphite/epoxy (AS/3501) composite laminate
was obtained at = 128° and 325° with the values of
—2.8583 and 2.1802, respectively. Moreover, for the
—45° layer, the maximum thermal stress values were
obtained as —0.1446 and 0.1909 at 6 = 35° and 232°,
respectively. It is obvious that by changing the geo-
metrical and material parameters, the thermal stress
values were changed.

Table 3 presents the normalized thermal stress
values induced in different layers of the composite

cyI'lOITIl
— — First layer
7 Second layer

73 T T T T T
0° 120° 240° 0

laminate with a stacking sequence of [0°/90°]_ and
made of different materials. According to Table 3 and
Fig. 6, the maximum thermal stresses for the 0° and
90° layers of the E-glass/epoxy composite laminate
were obtained at 6 = 257° and 233° with the values
of 1.76004 and 0.5216, respectively. Figure 6 dem-
onstrates the normalized thermal stress distributions
in different layers of the composite laminates made
of graphite/epoxy (AS/3501) and E-glass/epoxy and
with the stacking sequences of [45°/-45°]  and [0°/
90°], around a quasi-triangular hole.

6.1. The effect of hole aspect ratio

In this section, for studying the effect of hole as-
pect ratio ¢ on the maximum thermal stress around
the hole, the flux angle, the bluntness and the rota-
tion angle of the hole were cosidered § = 270°, w =
=0.05 and B = 0°, respectively. Figure 7 illustrates
the effect of ¢ parameter on the shape of the quasi-
triangular hole. The effect of hole aspect ratio on the
normalized maximum thermal stress value around the
quasi-triangular hole in the perforated composite la-
minate is shown in Table 4. It is observed for the stack-
ing sequence of [45°/-45°] that the desirable and un-
desirable thermal stresses were achieved at ¢ = 1 and
2.5, respectively. It can be seen in Table 4 that the
thermal stress value around the hole is considerably
dependent on the hole aspect ratio. It can be seen that
the thermal stress around the hole, initially decreased
from ¢ = 0.5 to 1.0 and further increase of ¢ resulted
in increase of thermal stress. However, for the stack-
ing sequence of [0°/90°], the thermal stress value
continuously increased by increasing the parameter c.

cyI'lOITl'l
— — First layer r 2]

Second layer

72 T T T T T
0° 120° 240° 0

Fig. 6. Thermal stress distribution for the first and second layers of composite laminates: graphite/epoxy (AS/3501) laminate of [45°/

—45°] stacking (@), E-glass/epoxy laminate of [0°/90°] stacking (b)
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Table 3
Normalized thermal stress of each lamina in [0°/90°]; laminate of different composite material in w = 0.1
Graphite/epoxy (AS/3501) E-glass/epoxy Carbon/epoxy woven Unidirectional carbon/epoxy

0 First layer | Second layer | Firstlayer | Second layer | Firstlayer |Secondlayer | Firstlayer | Second layer
0° 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
5° —-0.0222 —0.2487 —-0.0747 —-0.2740 —0.1758 —-0.1758 -0.0177 —-0.2526
10° —0.0411 -0.2614 —-0.1451 —-0.4326 —-0.2896 —-0.2896 —0.0366 —0.2642
20° —-0.0767 —-0.1851 —-0.2673 —0.4785 —-0.3709 —-0.3709 —0.0740 —0.1858
30° —0.1115 —0.1398 —0.3660 —-0.4270 —-0.3933 —-0.3933 —0.1100 —-0.1391
40° —0.1475 —0.1158 —0.4493 —0.3810 -0.4119 -0.4119 —0.1469 —0.1142
50° —0.1899 —-0.1032 —0.5315 —-0.3527 —-0.4391 —-0.4391 —0.1900 —-0.1006
60° —0.2490 —-0.0973 —0.6312 —-0.3403 —0.4834 —0.4834 —-0.2501 —-0.0936
70° —0.3488 —-0.0967 —0.7743 —0.3423 —-0.5570 —-0.5570 -0.3512 —-0.0910
80° —0.5538 —-0.1012 —0.9998 —0.3581 —-0.6799 —-0.6799 —0.5593 —-0.0916
85° —0.7490 —0.1060 —1.1583 -0.3716 —0.7678 —0.7678 —0.7578 —-0.0928
90° —-1.0696 —-0.1133 —-1.3493 —0.3887 —-0.8747 —-0.8747 —-1.0846 —0.0941
95° —1.5647 —0.1240 —1.5551 —0.4092 -0.9912 -0.9912 -1.5913 —0.0954
100° —-2.0345 —0.1353 —-1.7199 —-0.4320 —-1.0875 —1.0875 -2.0737 —-0.0978
110° —1.1446 —-0.1374 —1.5823 —-0.4763 —-1.0349 —-1.0349 —1.1595 -0.1169
120° —-0.3736 —0.1460 —0.9469 —-0.5105 —-0.7251 —-0.7251 —-0.3751 —-0.1404
130° —0.1485 —0.1668 —0.4804 —0.5200 —0.4962 —-0.4962 —0.1469 —0.1658
140° —-0.0706 —-0.1915 —0.2474 —-0.4755 —0.3598 —0.3598 —-0.0676 —-0.1923
150° —-0.0373 —-0.2084 —-0.1322 —-0.3723 —-0.2527 —-0.2527 —0.0338 —-0.2105
160° —-0.0203 —-0.1950 —0.0695 —-0.2427 —-0.1572 —-0.1572 —-0.0168 —-0.1978
170° —0.0092 —0.1244 —0.0301 —-0.1167 —-0.0741 —-0.0741 —0.0069 —-0.1267
180° 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

For the stacking sequence of [0°/90°], the lowest
value of the maximum thermal stress was obtained
for the graphite/epoxy (AS/3501) material and the
highest value was obtained for the carbon/epoxy

—==c=05

Fig. 7. The effect of ¢ on the shape of quasi-triangular hole

woven material. Figure 8 shows the effect of hole
aspect ratio ¢ on the variation of normalized thermal
stress and composite materials behavior in the lami-
nates containing quasi-triangular hole for two stack-
ing sequence of [45°/-45°]_ and [0°/90°].. According
to Fig. 8, for the stacking sequence of [45°/-45°],
the desirable stresses achieved for the graphite/ep-
oxy (AS/3501), E-glass/epoxy, carbon/epoxy woven
and unidirectional carbon/epoxy materials were in the
range of 0.5<c < 1.

6.2. The effect of hole rotation angle

The effect of rotation angle parameter § on the
normalized thermal stress distribution around the
quasi-triangular hole for the stacking sequences of
[45°/-45°], and [0°/90°] was studied. The effect of
B on the perforated composite laminates with differ-
ent materials and stacking sequences are presented
in Table 5. In this section, for studying the effect of
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Table 4

The normalized maximum thermal stress value in symmetric laminates for different hole aspect ratios

Stacking | Graphite/epoxy (AS/3501) | E-glass/epoxy Carbon/epoxy woven | Unidirectional carbon/epoxy
sequence ¢ Ohorm ¢ Ohorm ¢ Ohorm ¢ Ohorm
0.5 1.6606 0.5 | 1.2262 0.5 1.2894 0.5 1.6827
1.0 1.3693 1.0 | 1.0896 1.0 1.1421 1.0 1.3873
[45°/-45°], 1.5 1.4814 1.5 | 1.2238 1.5 1.2809 1.5 1.5009
2.0 1.6493 2.0 | 1.3982 2.0 1.4616 2.0 1.6710
2.5 1.8441 2.5 | 1.5881 2.5 1.6581 2.5 1.8676
0.5 0.7965 0.5 | 0.8130 0.5 0.8204 0.5 0.7970
1.0 1.0247 1.0 | 1.0180 1.0 1.0287 1.0 1.0255
[0°/90°], 1.5 1.2682 1.5 | 1.2555 1.5 1.2689 1.5 1.2693
2.0 1.5150 2.0 | 1.4979 2.0 1.5140 2.0 1.5163
2.5 1.7559 2.5 | 1.7416 2.5 1.7601 2.5 1.7573

the rotation angle, it was assumed that & = 270°, w =
=0.05 and ¢ = 1. It is observed that for the stacking
sequence of [45°/-45°]_ the desirable thermal stress
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was achieved at a rotation angle of = 30°. The de-
sirable thermal stresses obtained at § = 30° for dif-
ferent materials of graphite/epoxy (AS/3501), E-glass/
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Fig. 8. Effect of the hole aspect ratio on o,,,,, for different composite materials and stacking sequences: graphite/epoxy (AS/3501) (a),
E-glass/epoxy (b), carbon/epoxy woven (c), unidirectional carbon/epoxy (d)
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Normalized thermal stress values for different rotation angles of hole foble
Stacking | Graphite/epoxy (AS/3501) | E-glass/epoxy | Carbon/epoxy woven | Unidirectional carbon/epoxy
sequence [ g G B | Coom | B Cnorm B G
0° 1.3693 0° 1.0896 0° 1.1421 0° 1.3873
30° 1.1986 30° | 0.9897 30° 1.0351 30° 1.2143
[45°/-45°] 45° 1.2944 45° 1.0553 45° 1.1047 45° 1.3113
60° 1.3693 60° 1.0896 60° 1.1421 60° 1.3873
90° 1.3548 90° 1.0399 90° 1.0918 90° 1.3726
0° 1.0247 0° 1.0180 0° 1.0287 0° 1.0255
30° 1.1095 30° 1.0965 30° 1.1083 30° 1.1105
[0°/90°], 45° 1.086 45° 1.0754 45° 1.0869 45° 1.0869
60° 1.0247 60° 1.0180 60° 1.0287 60° 1.0255
90° 0.9078 90° | 0.8972 90° 0.9068 90° 0.9086
epoxy, carbon/epoxy woven and unidirectional car- tively. However, for the stacking sequence of [0°/90°],
bon/epoxy having the stacking sequence of [45°/ the desirable thermal stress was obtained at the rota-

—45°] were 1.1986,0.9897, 1.0351 and 1.2143, respec- tion angle of B = 90°. Moreover, for the stacking se-
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Fig. 9. Effect of the hole rotation angle on the normalized thermal stress for different values of w: 0.050 (7), 0.075 (2), 0.100 (3), 0.125 (4);
[45°/-45°), (a, ©), [0°/90°], (b, )
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Table 6

Normalized thermal stress values for different heat flux angles

Stacking Graphite/epoxy (AS/3501) E-glass/epoxy |Carbon/epoxy woven |Unidirectional carbon/epoxy
sequence 3 Oorm 3 Oorm 3 Oorm 3 Ohorm
0° 1.1986 0° 0.9897 0° 1.0351 0° 1.2143
30° 1.6061 30° 1.2106 30° 1.2716 30° 1.6274
[45°/-45°], 45° 1.6575 45° 1.2287 45° 1.2917 45° 1.6796
60° 1.5989 60° 1.1786 60° 1.2394 60° 1.6202
90° 1.3693 90° 1.0896 90° 1.1421 90° 1.3873
0° 1.1095 0° 1.0965 0° 1.1083 0° 1.1105
30° 0.9646 30° 0.9731 30° 0.9825 30° 0.9653
[0°/90°] 45° 0.7952 45° 0.8312 45° 0.8383 45° 0.7958
60° 0.8873 60° 0.8817 60° 0.8910 60° 0.8880
90° 1.0247 90° 1.0180 90° 1.0287 90° 1.0255

quence of [0°/90°],, the minimum normalized ther-
mal stress was obtained for the E-glass/epoxy mate-
rial with the value of 0.8972 and the maximum nor-
malized thermal stress was obtained for the unidirec-
tional carbon/epoxy material with the value of 1.1105.
The variations of the normalized thermal stress with
the hole rotation angle for different values of the hole
bluntness and the stacking sequences of [45°/-45°]
and [0°/90°]; for the carbon/epoxy woven and the
unidirectional carbon/epoxy materials are shown in
Fig. 9.

6.3. The effect of heat flux angle

Table 6 presents the influence of the heat flux angle
d on the normalized thermal stress value around the
quasi-triangular hole in a four-layer symmetric com-
posite laminate made of different materials with two
stacking sequences. It was assumed that the heat flux
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Fig. 10. Effect of heat flux angle on G,

norm

0.075 (2), 0.100 (3), 0.125 (4); [45°/-45°]; (a), [0°/90°], (b)

angle was varied between 0° and 90° and its effect
on the normalized thermal stress was studied. It was
found out that the effect of 8 on the normalized ther-
mal stress value for the two stacking sequences of
[45°/-45°] and [0°/90°]  were different. According
to Table 6, the minimum and maximum normalized
thermal stress values were obtained for & = 0° and
45° for the stacking sequence of [45°/-45°], respec-
tively. While, for the stacking sequence of [0°/90°]
the minimum and maximum thermal stress values
were obtained for & = 45° and 0°, respectively.

For the stacking sequence of [0°/90°], the desir-
able normalized thermal stress values obtained for
the graphite/epoxy (AS/3501), E-glass/epoxy, carbon/
epoxy woven and unidirectional carbon/epoxy mate-
rials were equal to 0.7952, 0.8312, 0.8383 and 0.7958,
respectively. In order to better observe the heat flux
angle effect on the normalized thermal stress for dif-

Gnorm

125,

1.057

0.85+

0.65 T T
0° 120°

24110O I )

for the laminate made of graphite/epoxy (AS/3501) for different values of w: 0.050 (7),
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Fig. 11. Effect of heat flux angleon 6, for the E-glass/epoxy and different values of w: 0.050 (1), 0.075 (2), 0.100 (3), 0.125 (4); [45°/
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ferent values of the hole bluntness, Figs. 10 and 11
are presented. As observed in Fig. 10, by increasing
the value of w and the sharpening the hole corners,
both of the desirable and undesirable thermal stresses
were increased. For the graphite/epoxy (AS/3501)
material with the stacking sequence of [45°/-45°],
for all values of w, the desirable normalized thermal
stress occurred at the angles of approximately 70°
and 280°. Whereas, for the stacking sequence of [0°/
90°],, the desirable normalized thermal stress oc-
curred at the angles of approximately 145° and 215°.

Moreover, it is clear in Fig. 11 that for the glass/
epoxy material with the stacking sequence of [45°/

—45°]; for all values of w, the desirable normalized
thermal stress occurred at the angles of approximately
80° and 280°. Wherase, for the stacking sequence of
[0°/90°],, the desirable normalized thermal stress oc-
curred at the angles of approximately 145° and 215°.
It should be noted that the results of Table 6 are pre-
sented with the assumptions of B = 0°, w = 0.05 and
c=1.

6.4. The effect of bluntness

Table 7 represents the effect of the hole corner
bluntness w on the normalized thermal stress. It can
be seen in Table 7 that the thermal stress value in-

Table 7
Normalized thermal stress for different bluntness values
Stacking | Graphite/epoxy (AS/3501) E-glass/epoxy | Carbon/epoxy woven | Unidirectional carbon/epoxy
sequence w Onorm w Ohorm w Onorm w Ghorm
0 1.252 0 0.9831 0 1.031 0 1.2685
0.05 1.3693 0.05 1.0896 0.05 1.1421 0.05 1.3873
0.10 1.5247 0.10 1.2243 0.10 1.2833 0.10 1.5449
[45°/-45°] 0.15 1.7385 0.15 1.3990 0.15 1.4956 0.15 1.7615
0.20 2.0137 0.20 1.6292 0.20 1.7080 0.20 2.0394
0.25 24158 0.25 1.9579 0.25 2.0508 0.25 2.4467
0.30 2.9758 0.30 | 2.4457 0.30 2.5639 0.30 3.0128
0.00 0.9986 0.00 | 0.9869 0.00 0.9975 0.00 0.9994
0.05 1.0247 0.05 1.0180 0.05 1.0287 0.05 1.0255
0.10 1.1006 0.10 1.1047 0.10 1.1159 0.10 1.1015
[0°/90°] 0.15 1.2293 0.15 1.2423 0.15 1.2546 0.15 1.2302
0.20 1.4225 0.20 1.4399 0.20 1.4540 0.20 1.4236
0.25 1.7020 0.25 1.7238 0.25 1.7411 0.25 1.7032
0.30 2.1305 0.30 | 2.1581 0.30 2.1796 0.30 2.1322
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creased with increasing the hole bluntness. The mini-
mum thermal stress value occurred when the blunt-
ness parameter was zero (w = 0). As shown in Fig. 3,
w = 0 is equivalent to a circular hole. Therefore, the
thermal stress value in a perforated symmetric lami-
nate with a circular hole was always lower compared
to the quasi-triangular holes. For the stacking se-
quence of [45°/-45°], the desirable thermal stress
obtained at w = 0 for the E-glass/epoxy composite
laminate with the value of 0.9831 and the undesir-
able thermal stress value obtained at w = 0.3 for the
unidirectional carbon/epoxy composite laminate with
the value of 3.0128. However, in the stacking se-
quence of [0°/90°], the desirable thermal stress value
obtained at w = 0 for the E-glass/epoxy composite
laminate with the value of 0.9869 and the undesir-
able thermal stress value obtained at w = 0.3 for the
carbon/epoxy woven composite laminate with the
value of 2.1796. Figure 12 illustrates the variations
of normalized thermal stress in the laminates con-
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0.0 0.1 0.2 w
(e}
norm I
§ - — [45°/-45°]o /’
2.174 [0°/90°]c /

0.97
0.

Fig. 12. Effect of bluntness on 6

norm
epoxy (b), carbon/epoxy woven (c), unidirectional carbon/epoxy (d)

taining quasi-triangular hole in terms of the blunt-
ness parameter for two stacking sequences of [45°/—
45°]; and [0°/90°].. It can be observed that the nor-
malized thermal stress increased by increasing the
bluntness parameter and yet the rate of this increase
was steeper for the larger bluntness values. Further-
more, it is evident from Fig. 12 that the normalized
stress in the stacking sequence of [45°/-45°] was
always higher than that of the stacking sequence of
[0°/90°], in all composite materials. Figure 13 shows
the normalized thermal stress distribution in differ-
ent perforated composite materials around the quasi-
triangular hole with different values of w and {3 pa-
rameters. The results presented in this section were
obtained by considering 3 = 0°, 8 = 270° and ¢ = 1.

7. Conclusions

The thermal stress distribution around the quasi-
triangular hole in a symmetric laminated plate with
various composite materials under a uniform heat flux

o
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for different composite materials and stacking sequences: graphite/epoxy (AS/3501) (a), E-glass/
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Fig. 13. Thermal stress distribution around the quasi-triangular hole with § = 30° (a, €), 0° (b, d, f, h), 45° (¢, g); w=0.2 (a, ¢), 0.1 (b, f
), 0.15 (¢, £),0.05 (d, h); Gporm = 1.465 (a), 1.5247 (b), 1.3895 (c), 1.0255 (d, h), 1.6643 (e), 1.1047 (f), 1.3807 (g). Graphite/epoxy (AS/
3501) (a, e), E-glass/epoxy (b, f), carbon/epoxy woven (c, g), unidirectional carbon/epoxy (d, /). Stacking sequence of [45°/-45°] (a—d),

[0°/90°], (e—h)

was studied analytically using the Lekhnitskii’s com-
plex variable technique and a conformal transferring
function. It was assumed that the edges of the hole
were thermally insulated and had Neumann bound-
ary condition. The analytical method was validated
with finite element results. The thermal stress distri-
bution in each lamina for different composite materi-
als was analyzed. Furthermore, the effects of the lami-
nate stacking sequence, the heat flux angle and the
hole bluntness, aspect ratio and rotation angle as im-
portant parameters and behavior of composite mate-
rials were investigated on the thermal stress distribu-
tion. It was found out that for the composite materi-
als and the two stacking sequences of [45°/-45°] and
[0°/90°], studied in this research, the minimum nor-
malized thermal stress value was obtained for the cir-
cular hole (i.e. w = 0). Moreover, increasing the hole
aspect ratio increased the thermal stress surrounding
the quasi-triangular hole. The results showed that the
hole orientation can influence the thermal stress value
considerably. The hole rotation angles of 30° and 90°
resulted minimum thermal stress values in the perfo-

rated laminates with stacking sequences of [45°/~45°]
and [0°/90°],, respectively. Moreover, it was found
that applying the heat flux angles of 0° and 45° on
the perforated laminates with the stacking sequences
of [45°/-45°]; and [0°/90°], respectively, caused lower
thermal stress values around the hole.
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