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A novel method to decrease macro-residual stresses of
laminated composites by adding carbon nano-fibers
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Abstract- In this research, a novel method to decrease macro-residual stresses of laminated composites by adding
carbon nano-fiber (CNF) is proposed. To this end, using micromechanical and modified micromechanical approaches,
coefficient of thermal expansion (CTE) and Young’s modulus of carbon nano-fiber reinforced polymer are calculated.
Then using this enhanced matrix, longitudinal and transverse of thermal expansion and Young’s modulus of a
CNF/glass/epoxy unidirectional lamina in presence of CNF are obtained. Finally, using the classical lamination theory
(CLT), macro-residual stresses for CNF/glass/epoxy laminated composites are obtained. The results explain how CNF
can result in reducing macro-residual stresses in nano particle filled laminated composites. The results for both cross ply
and angle ply glass/epoxy laminated composites are presented and show that adding CNF through the matrix can
decrease macro-residual stresses in each plies up to about 30%. The main reason for the decrease in residual stresses are

due to the sever decrease of coefficient of thermal expansion of the unidirectional ply.
Keywords: Polymeric Composites, Carbon Nano-Fiber, Macro-Residual Stress, Coefficient of Thermal Expansion, Young’s Modulus
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1. Micromechanics
2. Macromechanics
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1. Halpin-Tsai equations
2. Mori-Tanaka model
3. Cox and Krenchel
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1. Classical Lamination Theory
2. Uni-directional
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1. MATLAB

WA QLT € 8lad \P B9 wydo S il o Lwdigo

00,54l el oad 1) Y Jgaz 5 45 sblen
S plladad AV CujenelS ane jo (Ju)S SUlgL
Ll s 53 2815 5 @il Jpia 55 Gi58 cams
Dgbse (2,5 Ohod) (28 5 b sbaliuly 5 Sl
Voo ,Sadlal wes o Hlis ¥ Jgu Oldix a4 jebiles
5o 3 V o 5 ian) 55 g5 SIS iy s
card ;S Gl g AtV Jode 3 8l ws s YA 5
L dgdise sl VST Sy 0 o Sl bl
(Jsb Plo> 4 VST CujenalS (0,0 PlsF (A Suo3
olss ST Sl o 4S) wlansy (gla s 4 5g, oo iz
ScujglS oz AY o ba¥ ik gbbul, o
sols plis aebl jo b zalS (anlce 9gu slaY
Sl halS (b 4 Y Sl (5,95 45 090
amo g i | Bl yoa381 51 0 wiles

S5 50 oy (5l 5 Arsolona —F

SlaY Swdls’ (55955 —V-F
sbaYuzr 3 Sleg,Se oy Glaias 5505l
O Ol o xS oo plml S oty 4 SRselS
P9y eidelaie 5 (ool slaY ST (5,955 oyl
S Sl 5 S ol ey, (nl 50 0,00 Hleda
el sln o250 5 ok slabisly o (jsels VST
sla)l cod &5 wilize plosez b (a9l (V0iz S

g s odliiul wils 18 Sy b g (SHlSe
Wair Sy Sl sl Glagis s
slbul, » Gl sl CLT i) 4 (sujesls

V] oo arag o5 JSuil b 4 Slol s

N
(N{’M{)ZZ(QS'OJ +0ly ) + Qs 0)AT (1,1, %,)

k=1

N
(NvaMzT)zz(le'd("‘ 0 +0hs O AT - (1., 1,2,)
=)

N
(NT’MéT):z(Qél -0f +Qh- 0 + Q- O)AT - (11,1,2,)
=

)

. . - T T 1
Sl Olee 9 5y slo)lon cui s M g N ol o oS
Oij (yeizeod o ool Slaize (0 5 (5,8 ;0 00l amy (o

\OY



S Ko g 4 JS& 010 ph0 Sgocro

0938 el oal el las B jo a5 jebles

Seilleg S wloy Glois anee) @ 1) SUlsl
G5 gl nl ke ams e falS Y e o ) (59
Y9 (cu)S BLIlgl S deyn Vo Y e 5o Sleww

Ll Joy0

10 B s 0 |

Bl i 135 dass 0.1

Ol gl L3y aaye 0.6

Dl gl g a1

-10

-15

ILLEERRRUEREARARRN (B

-20

-25

ay e)LnJ'.v

Ol CoiealSal ln ope Wlewy 25 B S
oS Sllsl S5g aliee sloaws o L [+454/-45,]

20

10 ~

i

s
(JSbyLa)
o

3
.:1‘
19 -10
WL iy g O
20 T g s e 0.1
B L 1y was 0.5
30
B AL g g e 1
-40

4_’.“§ a)Ln.a:r

DLl CojeelSel 6lp (chp w5 P JSS
winsS SBlIgl s ki claao o b [+45,/-45,]

CieeelS slp wlowy i @S 55 7 5 0SS5 0

o aSl b a el sa &Il [+454/-454] il
Sl jao by sl s [0/90] sy slecy jamls
s 9, SUlsl S oy n ol [45-45] losex
ool e SUL agy Jlaassly o ay ol oas colaiul oy

VOV

Jse) (il VST S (Gl g (Sl Lol
0928 (gl copd 9 (il blucdl oy sl
b ooy sles 5l les (aals Gl jsbimen g oY Gloss
oolss 5l eolizl b e ol8 asliyy ol 5 el 361 cloo
Lol cojeels S o 1) vileny s YSS S§

J9oz 50 5,5 Sl g ey 5 SLl & by o olss
Sl 0oy BLIY Joaz ;0 VST SO a4 bgy e plg> 9 )
a0 Ve g WWe coifan 6T sles g ooy les jsbieon
Ny aY e Cwlbro sl ol s oS Sle
Lcenl onds a3 S Jlaiys IVA (gwley copd g foihee
0s S5 VST plys o glaill, deliy ol 5l eslia
Oledezr b slacojouallsil sl ()l Silomsy slais
oo s gl [#454/-454] ot 5 [02/905]s o lae
@ 5 dmlre ae) o (oS SUIGL 5l (S5 Al
Shge & dlewsy gl i polae cwl oals anslas
sl 0 @) F B ¥ gla IS o (glanli

il Bl sl 1) (00 97 wlowy 5 B S0
ol obas Jds a4 ams e las [02/905] sl
4 Cad 5 plp 59908 9 (5)970 Wlowy ST (Cuj5elS
Lrty) o oy 09 aimlys o line Vair Sl culies
ol oan ) g aY Jler aly e 5 LS
P R O sl glasr o Gl peboees
RYTIREAPESIP T YU G

25

20

15

p——

S

Loy

o

o

(JSatyle)

oy o

t

WL g e O
Sk

B il g e 0.1
ol

= I g 335 20 0.6

my Bl g g 2t 1

o bl

[02/90,]5 y,lise Co50alS9b (sly (5970 ilowy s F JSC&
5 Sl 59 il slava,s L

WA QLT € 8olad VW B9 wydo S LS 0 Lwdigo



S Ko g 4 JS& 010 ph0 Sgocro

b oadicnsis e cnl 5l aelsl o ol wales ey )1~
LI L sasasly) 4V Cyjoels o s Sl
Plsr sy Bl S g wd eslial (Adnd g S
S bge @l b oy VST S Sl g S
Bl b ooady a3l eolaiul wes o plas YSS
Slisly 5o ohgn [ A¥SE Sy olss Cujenls o S
S (6,955 5 ookl b gl jo aisn oo dgue s05
S ol ol (sl Selsag S wilowy slo s sty
9 Aitw glasy L wSaland/BUlsl slay
S i g, BLIIgl og38l ol eols lid g ol dlore
e e Sl o ¥ b Y jp Sl So wilony
Sl jea> )0 ate) dlmi¥l Joso Gl aiz e
Ol gdior Wlowy (A 50 (Sl lB) o (05
ol blusil oo Jials b awslie jo ol cplas ol ools
FB Gl 4wl a5 Sale 09 Sl CoealeS
o wlemy i S andl b malS glalisdle
Sl clie mj8 a4 ool Gliee @ by j5alSsil
oo, Loyl S o)l S ilie Juad g aie) 10 ()5
Wi Jodo 4 (VL g (Fg vy ) S0 VU (S
pod slaosg obml 5 anwey 0 S SUISL e
ol 5 o @l il Ste Jab g ons
b5 salys Aol g5

3 Wl S5 @35 855 S Sl S 35T
aalllas (025 9 5,95 Ojpe & sl Gy jeals culis
2l L 35 oys8 il dwglin Sl olply ool ot
WooaisS 5yl 51 (6595 (o) 2 ol Crnd ol B (e ol
4 Sy S wilony b5 55, (52,5 Sllsl alex
A o g o ol Coealy anse cpl o a8 gl Glgie
S5 o3l sl ookl b (6,55 gl b oj> (nl )o (g0
elny 55aalS U s Sl Ko wilanny sl iuis

&l =%

[1] Hahn H. T., “Residual Stresses in Polymer Matrix
Composite Laminates”, Journal of Composite
Materials, Vol.10, 1976, pp. 266-278.

[2] Shokrieh M. M., Kamali M., “Determination of
Residual Stress in Polymer Based Composites

1. Agglomerate

WA QLT € 8lad \P B9 wydo S il o Lwdigo

GRS egogee 5 Sy Sl S 2 opdle Y leaex
9 oo 5 polie 55 Lxil )0 0gdioe dlml 5 (B
2ole LS cnlple g 03 LSy CojelS ln s35ee
Slowny (550 S5 Sl oads &l (59500 25 4 by e
SUIgl (559 Alisee slaso o LIy Cojonals (al 1o (65970
09938 el ain a5 agTlen wo o las oS
WY o Wlowy 1550 10l G ae) 4 (0,5 SUlgil
S Sl (G55 ey ) Gl el ol e 99 o
el 00y Ao 0 YA e

Cojopals 50 oudeldll (Lhp wlewy 5 g8 7SS
Sy ly amse olas |, [+45/-45,] otz
Sl pledez cpl baY (Lhp (A5 69y G5 SUIsL
LIS (o538 wctens] o0 00l ()l a5 joboslod ansl 0
FB Ole 5 1 Y e by A5 Ay 4 (oS
(s,S SBlllgl Ji9 oy Vo aes s Juals glaka>dle
ol 223 Vo ¥ s (b dileny (25 a8 e

Ailony lo s ol Lol Jole a5 aos oo oylid gl
bldl colp jo BUS glay slacyjeals 1o 51>
S SBUIGL 0938l b ceplplo sl a5 SLII 5l >
@ (VU8 @lhe) ey (&)l bl cups e @
Slowy G5 0 G o g wboo 225 0L Oliee
w3 e plid (63,90 Slallas 09b so Seiles S (Sl
W] Jgoe Gl G ()5 SUIGL (39381 oS
2 ol Gl gl S )9 Gillae 5 eud Ak
Slay B 5 Lil38) Sl e e} ¥ g
Lol (el 00> Blod o]yl zmls jo il ol 45) s aalys
Soles 59 9 009 @S s ylil oSl blusl cpo rals
sie Sl 05,5 Jaiys b i 45 smse ol il
Sl G5 0,5 SBUIGL S oy Vo eyl
i Gl Y 5e 0 glabisdle BB Gl 4 Sl S

G S dxid =0
S ole> (55, » ()5 SLll Tl (Gl o
wse ol @l b adlae ek A SO s
o 05 b (S35 oo o b (g o)S SLISL g5
bll coys o 2ol 5 aanta¥l Jooe 5o (258

Vof



S Ko g 4 JS& 010 ph0 Sgocro

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

VOO

Al-Saleh M. H., Sundararaj M., “A Review of

Vapor Grown Carbon  Nanofiber/Polymer
Conductive Composites”, Carbon, Vol. 47, Issue 1,
2009, pp. 2-22.

Tibbetts G. G., Lake M. L., Strong K. L., “A
Review of the Fabrication and Properties of
Vapor-Grown Carbon Nanofiber/Polymer
Composites”, Composites Science and Technology,
Vol. 67, Issues 7-8, 2007, pp. 1709-1718.

Prolongo S. G., Campo M., Gude M. R., “Thermo-
Physical Characterization of Epoxy Resin
Reinforced by Amino-Functionalized Carbon
Nanofibers”, Composites Science and Technology,
Vol. 69, Issues 3-4, 2009, pp. 349-357.

Halpin J. C., Kardos J. L., “The Halpin-Tsai
Equation: a Review”, Polym Eng Sci, Vol. 16,
1976, pp. 344-352.

Mori T., Tanaka K., “Average Stress in Matrix and
Average Elastic Energy of Materials with
Misfitting Inclusions”, Acta Metall, Vol. 21, 1973,
pp- 571-574.

Cox H. L., “The Elasticity and Strength of Paper
and Other Fibrous Materials”, Br J Appl Phys, Vol.
3, 1952, pp. 72-79.

Gonnet P., Thermal Conductivity and Coefficients
of Thermal Expansion of SWNTS/Epoxy
Nanocomposites, Degree of Master of Science
Thesis, Florida State University, 2004.

Mohammed H., Sundararaj U., “Review of the
Mechanical Properties of Carbon
Nanofiber/Polymer Composites”, Composites:
Part A, Vol. 42, 2011, pp. 2126-2142.

(3]

(4]
(5]

(6]

(7]

(8]

(9]

[10]

using Hole Drilling Method”, Journal of
Composite Materials, Vol. 39, No. 24, 2005, pp.
2293-2311.

Nishino N., Kotera M., Sugiura Y., “Residual
Stress of Particulate Polymer Composites with
Reduced Thermal Expansion”, Journal of Physics,
Vol. 148, 2008, pp. 657-8501.

Tsai S. W., Composites Design, 4t Edition, Think
Composites, Dayton, USA., 1988

Gascoigne Harold E., “Residual Surface Stresses
in laminated Cross-Ply Fiber-Epoxy Composite
Materials”, International Congress on
Experimental Mechanics, 7" Vol. 2 (A94-12901
02-39), Las Vegas, 1992, pp. 1077-1084.

Turan K. h., Onur M., “Investigation of Residual
Stresses on Transversally Loaded Thermoplastic
Composite Plates”, Turkish Journal of Science &
Technology, 2009, Vol. 4, No 1, pp. 31- 44.

Hsiao K. T., “Investigation on the Spring-in
Phenomenon  of  Carbon  Nanofiber-Glass
Fiber/Polyester Composites Manufactured with
Vacuum Assisted Resin Transfer Molding”,
Composites: Part A Vol. 39, 2008, pp. 834-842.
Harris B. Residual Strains, Engineering Composite
Materials, London, IOM Communications, 1999,
pp. 79-83.

Nairn J. A., Zoller P., The Development of
Residual Thermal Stresses in Amorphous and
Semicrystalline Hermoplastic Matrix Composites,
Toughened Composites, Houston, USA, 1985, pp.
328-341.

Jang J. S., Varischetti J., Lee G. W., “Experimental
and Analytical Investigation of Mechanical
Damping and CTE of Both SiO, Particle and
Carbon Nanofiber Reinforced Hybrid Epoxy
Composites”, Composites Part A: Applied Science
and Manufacturing, Vol. 42, Issue 1, 2011,
pp- 98-103.

WA QLT € 8olad VW B9 wydo S LS 0 Lwdigo



