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Abstract: The aim of this article was to investigate the effect of carbon nanotubes (CNTs) on the 
buckling behavior of fiber-reinforced polymer (FRP) composites. The materials used included three 
layers: carbon-fiber-reinforced polymer (CFRP), epoxy and CNTs. A set of mechanical tests, such 
as com pression and buckling tests, was perform ed, and also analytical solutions were developed. 
Damage analysis was also carried out by controlling the damage initiation and crack progression on 
the composite samples. Experimental results revealed that using 0.3% with CNT additives enhanced 
the buckling performance of the composite. Finally, the average load-carrying capacity for the 
clamped-clamped boundary condition was 268% higher in the CNT samples and 282% higher in the 
NEAT samples compared to the sim ple-sim ple condition.

Keywords: carbon nanotube; polymer composites; buckling analysis; laminated composites

1. In tro d u ctio n

CN Ts are utilized  as im p ortan t additive m aterials for h igh-p erform ance stru ctural co m ­
p osites, w h ich  have a lot of application  potential [1]. The extrem e in terest in  nanostructu res 
am ong scien tists and researchers is lead in g  to  the rapid  d ev elop m en t and ch aracterization  
o f n a n o co m p o site  m ateria l. W h e n  th e  d im en sio n s o f th ese  stru ctu res  are  v e ry  sm all, a t 
m icro  and nano scale , it has b een  sh ow n  using both  exp erim ental and atom istic sim u lation  
th a t the size  e ffect on  m ech an ica l p ro p erties  g ains im p ortan ce  [2 ] . A  sin gle-w alled  carb on  
n a n o tu b e  (S W C N T ) is fo rm e d  as a cy lin d e r w ith  a d ia m ete r  o f  1 n m . A  m u lti-w alled  
carb on  nanotu be (M W C N T) consists of a concentric form  and a 0 .35 nm  sep arated  array of 
cy lin d ers  fro m  2 to  100 n m  in  d iam eter an d  ten s o f m icron s in  len g th  [3] . F id elu s e t al. [4] 
reported  the exp erim en tal elastic p roperties of SW C N T  and M W C N T. The elastic m od u lu s 
o f C N Ts is rep orted  to v a ry  in a w id e  ran ge  from  200 G P a to 5.6 T P a  [5 ] .

C o m p o site  m ateria ls  co n sist o f m atrix  an d  re in fo rcem en t p h ases, an d  it is a  m ateria l 
system  th at achieves d istinctive features that no single com p onent can  achieve alone [6- 15]. 
G enerally , com p osites are form ed  b y  d isp ersing  the re in forcem ent phase in a m atrix  phase. 
T h e  re in fo rcem en t p h ase , w h ich  is a  lo ad -b earin g  e lem en t, d eterm in es the stren g th  o f the 
com p osite  and its stru ctural prop erties, su ch  as therm al stability, e lectrical therm al con d u c­
tivity, etc. It  is effective in  d eterm ining other fu nctions such  as the m atrix  phase hold ing  the 
re in forcem ent m aterials together, tran sferring  the load to the rein forcem ents and protecting 
the re in forcem ents from  chem ical and m echanical d am age [15] . The m atrix  phases m ay  be
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m e ta ls , p o ly m e rs  o r  ce ram ics , w h ile  th e  fib ers  m a y  b e  p artic les  o r w h isk e rs  [16- 19] . T h e  
p e rfo rm an ce  o f lo a d -b e a rin g  fibers in  co m p o site  co n stru ctio n s is s ig n ifican tly  in flu en ced  
b y  th e  m atr ix 's  m ech an ica l p ro p erties  [20] . T h e  m a tr ix 's  p resen ce  en su res th a t th e  load  is 
e v e n ly  d istr ib u ted  a m o n g  all fibers. T h e  m e ch an ica l ch aracteristics  o f th e  m atrix  an d  the 
b on d  stren g th s b etw een  th e  fiber and the m atrix  are sign ifican t p aram eters th at d efine the 
stren g th  o f th e  com p osite  stru ctu re  in the d irection  p erp en d icu lar to  the fiber orien tation s 
(i.e ., to w ard  th e  len g th  o f th e  fibers) [6 ,21- 23 ] . T h e  m a trix  is m o re  d u ctile  an d  less s tro n g  
th a n  fiber. T h e  d e s ig n  o f co m p o site  co n stru ctio n s  sh o u ld  tak e  th is a sp e c t in to  acco u n t. 
A  b rea k  in  e ith er  th e  fib er o r th e  m a trix  co u ld  sp read  in  a ll d irectio n s w ith o u t ch a n g in g  
d irection  if the sh ear strength  of the m atrix  and the b on d  stren gth  b etw een  the m atrix  and 
the fiber are sufficien tly  h igh  [24 ]. In  th is case, since the com p osite  acts as a brittle  m aterial, 
th e  ru p tu re  su rface  sh ow s a c lean  an d  sh in y  stru ctu re. If th e  b o n d  stren g th  is to o  low , the 
fib ers b eh a v e  lik e  a fib er b u n d le  in  th e  v o id , an d  th e  co m p o site  w e ak e n s. A t a m o d era te  
b o n d  stren g th , a  cra ck  in  th e  tra n sv erse  d irectio n  sta rtin g  fro m  th e  fib e r o r m a tr ix  m ay  
re tu rn  to  th e  fib e r/ m a trix  in terface  an d  p ro g ress in  th e  fib e r d irectio n . In  th is  case , the 
co m p o site  exh ib its  a fibrous su rface , su ch  as in th e  ru p tu re  o f d u ctile  m aterials.

C arb o n -fib e r-re in fo rced  e p o x y  re s in  co m p o sites  are  p o ly m e ric  co m p o sites  th a t are 
u sed  e x te n siv e ly  in  aero sp ace  an d  m ilita ry  fie ld s d u e  to  th e ir  d u ra b ility  an d  lig h tn ess. 
C arbo n  fiber sh ow s good  m ech an ica l p ro p erties  [25- 27] as w ell as good  fatigu e resistance 
an d  h e a t res istan ce . W h e n  a p o ly m e r is u sed  as th e  m atrix  p h a se , lo w  sh rin k ag e , g ood  
ad hesion , excellen t m echanical properties and chem ical resistance are achieved. In ad dition  
to  th e se  a d v a n ta g e s , ca rb o n  fib er a lso  h as so m e d isa d v a n ta g es . F o r e x a m p le , co m p o site  
lam in ates using  carbon  fiber exh ib it re latively  w eak  in terlayer b o n d  properties. T h is is d ue 
to  the low  fracture to u gh n ess of ep oxy  resins cau sed  b y  the h igh  cro sslin k  density. To find 
a so lu tion  to th is d isad vantage, the exce llen t therm al, e lectrical, m echanical and functional 
p roperties o f CN Ts have b een  the su b ject of sign ificant research  in  recent years. C N T-based 
fiber-rein forced  p o ly m er (FRP) com p osite  m ateria ls  h av e  b eco m e th e  focus of a tten tion  in 
vario u s ap p lica tio n s [2 8 ] . N u m erou s an aly tica l, exp erim en ta l and n u m erica l stu d ies have 
b e e n  p e rfo rm e d  to  d em o n stra te  th e  u ltra -h ig h  s tre n g th -to -w eig h t ra tio  an d  stiffn ess-to - 
w eig h t ratio  of C N T -rein forced  com p osite  (C N TR C ) stru ctu res [29- 3 8 ] . D ep en d in g  on the 
m a tr ix  c lass , v a r io u s  co m p o site  m ate ria ls  w ith  C N T  re in fo rce m e n t h av e  b e e n  p ro d u ced . 
R ecen tly , stu d ies  in c lu d in g  b en d in g , b u ck lin g  an d  v ib ra tio n  an a ly ses  o f p o ly m e r m a trix  
com p osites rein forced  w ith  carb on  fibers and CN Ts have b een  of interest. P eigney et al. [3 9 ] 
an d  Z h an  e t al. [4 0 ] crea ted  sev era l exam p les  o f C N T s-rein fo rced  ceram ic resin , an d  M ilo  
e t  al. [4 1 ] e m b e d d ed  C N Ts in  a p o ly m e r m atrix . In  la rg er  m a tr ix  lay ers , re in fo rc in g  b y  
ad ding a little am ou nt of nanotube lead s to a sign ificant gain  in b eam  stiffness, and SW C N T  
b u ckles at red uced  b end ing  angles and greater flattening ratios according to  pu blished  data 
on  C N TR C s [4 2 ] . CN Ts have been  su ccessfu lly  incorporated  into  FR P s, providing increased  
stren gth  and stiffness com pared  to stand ard  carb on  fibers. Sh ahbaz [43 ] presen ted  a stu d y 
on  the effect of CNTs on hybrid  G FR P /C FR P  com posites. H e used  tw o d ifferent techniqu es 
to  add C N Ts to hybrid  g lass/ carb on -fib er-rein forced  com p osites. M ad en ci [4 4 ] p erform ed  
free  v ib ra tio n  an aly sis  o f F G -C N T  co m p o site  b eam s. H e estim ated  th e  e ffe ctiv e  m ateria l 
p ro p erties  o f n an o b e am s u sin g  th e  m ix in g  ru le . Q ia n  e t a l. [4 5 ] sh o w ed  th at, b y  a d d in g  
d ifferent p ercentages of C N T  (abou t 1% b y  w eight) to  the m atrix  m ateria l, in  their research  
o n  th e  sam p le  o b ta in ed , th e  h ard n ess  o f  th e  co m p o site  co u ld  b e  in cre ase d  b y  b e tw ee n  
36 %  and 42% , and th e  ten sile  stren gth  cou ld  b e  increased  b y  25% . Z h u  et al. [46 ]  obtained  
th e  s tre s s -s tra in  cu rv e  o f 1  an d  4  w t%  C N T -re in fo rced  e p o x y  resin . T h e  a u th o rs  fo u n d  
a 3 0 -7 0 %  in crease  in  th e  e la s tic  m o d u lu s fo r th e se  w e ig h t frac tio n s. T arfaou i e t al. [47 ] 
in vestigated  the e ffect o f C N T  in C N T R C s w ith  d ifferent v o lu m e fractions. T h ey  observed  
th at an increase in the C N T vo lu m e fraction  decreased  (0 .5 -2% ) the m aterial p roperties after 
a ce rta in  v a lu e . G o u d a  e t  al. [4 8 ] in v e stig a te d  th e  im p a ct o f  C N T  o n  a h y b rid  co m p o site  
G F R P / C F R P  at v ario u s v o lu m e ratios.

T h e  low  m ech an ica l p ro p erties  of the m atrix  and th e  w eak n ess  of th e  C F R P  in terface  
are the m ain  reasons for im p ro v in g  th e  in terfacia l b eh av io r and ep oxy  p ro p erties of C FR P
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co m p o sites  b y  th e  ad d itio n  o f n an o p artic les . D o p in g  la rg e-sca le  co m p o sites  w ith  an o th er 
m aterial such  as C N T  can  offset the d isad vantage of sin gle rein forcem ent. W ith the ad dition  
o f CN Ts to carb on -fib er com p osites, stru ctu ral im p ro vem en ts are exp ected  in th rou gh -th e- 
th ick n e ss  p ro p e rtie s , p a rticu la rly  in te rla y e r  s tren g th  an d  to u g h n e ss , w h ich  ca n  lead  to  
in cre ase d  d a m a g e  resistan ce  an d  d a m a g e  to leran ce . O n  th e  o th er  h an d , th e  a d d itio n  o f 
CN Ts m ay  raise other issu es that need  to be con sid ered ; the d ispersion  o f carbon  nanotubes 
in  the m atrix  phase and the cou pling  betw een  the m atrix  and the CN Ts shou ld  be exam ined.

A  cru cial e lem ent of stru ctural and continu u m  m echanics, stab ility  theory, has lim itless 
applications in  civ il, m echanical, aerospace, naval and nu clear engineerin g  [4 9 ]. The im pact 
o f CN Ts added to  conventional po lym er-m ix-based  com p osites d uring bu ckling  analysis is 
e xam in ed  in  th is research . L o w -C N T  v o lu m e fractio n s can  v is ib ly  ch an g e  th e  m ech an ica l 
b eh av io r of com p osites . E x p erim en ta l tensile  and com p ression  tests are u sed  to  ob tain  the 
m echanical p roperties of C N TR C  b eam , and theoretical and experim ental bu ckling  analyses 
are  p resen ted . M e ch a n ica l p ro p erties  su ch  as d en sity  an d  Y o u n g 's  m o d u li are  o b ta in ed  
th ro u g h  e x p e rim e n ta l te s ts ; th u s, th e  a ccu ra te  p re d ictio n s o f  su ch  co m p o site  b ea m s are 
sig n ifican t research  ob jectives. A  b u ck lin g  analysis is p erfo rm ed  b y  ap p ly in g  T im oshenko 
theory. T h e  g o v ern in g  eq u atio n s o f m o tio n  are  d eriv ed  fro m  th e  th eo ry  u sin g  H am ilto n 's  
princip le. In  ad d ition  to  the experim ental tests, calcu lations are m ad e w ith  the m ixture rule 
m od el. W ith in  the scop e of the study, n eat ep oxy  and 0 .3%  b y  w eig h t C N T R C  carbon-fiber 
co m p o site  sam p les w ere  prep ared .

2. P ro d u ctio n  o f  M a te r ia ls

In  o rd er to  m a n u fa ctu re  co m p o site  m ateria l u sin g  th e  h an d  la y u p  m e th o d , fab ric  
lay ers  w ere  m a n u a lly  p laced  in to  th e  m o ld , an d  th e  e p o x y  resin  w as ap p lied  b e tw ee n  
e a ch  la y e r  o f th e  ca rb o n  fab ric  to  co m p le te ly  co a t th e  layer. B y  u s in g  a sm all roller, the 
a ir  w a s  trap p ed  an d  ev acu ated . T h e  p ro cess  w a s  p e rfo rm e d  a t ro o m  te m p e ra tu re , and  
n o  cu rin g  p ro cess  w as carried  ou t. B y  u n ifo rm ly  co m b in in g  C N T s in  e p o x y  resin  and  
using  the m ixture of resin/C N T  as the m atrix  of the com p osite, C N TR C  w as m anu factu red  
(F igu re 1) . T h e  in d u stria l m eth o d  is a  p ro d u ctio n  m eth o d  th a t u ses a tm o sp h eric  p ressu re  
to  co m p ress  resin -im p reg n ated  lay ers together. T h e  e q u ip m en t th a t w as u sed  in clu d ed  a 
vacu u m  pu m p, peel ply, sealant tape, bag ging  film s, carbon  fabric, epoxy  resin  and infusion  
m esh  (Figure 2 ) . A fter layup w as fin ished , the peel p ly  w as applied  over the layers to  create 
a clean  surface, and, over the peel ply, a layer of in fu sion  m esh  w as p laced  to assist the flow  
o f resin  across and th rou gh o u t the lam in ate d uring the resin  in fu sion  process. L ayers w ere 
sealed  in  an airtight v acu u m  b ag , and ep oxy  resin  w as tran sferred  b y  force of v acu u m  and 
p assed  th rou gh  th e  fabric layers. L ike  the p rev iou s m eth o d , th e  p rocess w as perform ed  at 
room  tem p eratu re , and no cu rin g  w as carried  out. Som e o f the ad van tages o f th is m ethod  
are th at no air is trap p ed , and u n ifo rm  resin  d istrib u tio n  is ach iev ed .

T h e  co m p o site  m ateria l w as m an u factu red  b y  th ree  layers o f carb o n  fibers as w ell as 
resin  ep o x y  (F igure 3 ) .

T h e  e p o x y  re s in  u tilize d  in  th e  m a n u fa c tu rin g  h ad  a v isco s ity  o f 6 0 0 -9 0 0  m P as and  
w as tw o  p h ase , w ith  8 0 -9 0 %  d ig ly cid y l e th e r b isp h e n o l A , an d  it co n ta in e d  a m ixtu re  
o f 1 0 -2 0 %  a lip h a tic  d ig ly c id y l ether. M u lti-w a lle d  ca rb o n  n an o tu b es (M W C N T s) w ere  
p re ferred  in  th e  cu rre n t s tu d y  d u e to  th e ir  lo w  co s t an d  h o m o g e n eo u s  d isp e rs ib ility  in  
ep o x y  resin s co m p ared  to  M W C N T s. T h e  m e ch an ica l p ro p erties  o f th e  M W C N T s w e re  a 
d ia m ete r  o f 5 -5 0  n m  an d  a len g th  o f 1 0 -3 0  ^m . In  th is  study, 20 0  g r ca rb o n -fib er fab ric  
p rodu ced  from  Tenax-E H TA  40 3k y arn  in  p la in  w eave type w as used . C arbon-fiber fabric 
(C F R P ) is  id ea l fo r ap p lica tio n s w h ere  lig h tn ess , stren g th  an d  ca rb o n  are  im p o rtan t. T he 
m e ch a n ica l p ro p e rtie s  o b ta in ed  fro m  th e  m a n u fa c tu re r o f th e se  m ate ria ls  are  sh o w n  in  
Table 1.
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Figure 2. Manufacture of CNTRC composite material.
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Figure 3. CNTRC composite samples. 

Table 1. Material properties.

C^^b>on ^̂ b>er Epoxy Matrix CNT

E n  (GPt) 230 2. 72 500
E22 (GPt) 15 2.72 500
E33 (GPa) :L5 2.72 500

d(2 0.282 0.3 3.3(5
1̂3 0.28 0.3 3.26
2̂3 0.28 0.3 0.26

G12 (CJPa) 15 1.18
G13 (CiI’al) 15 1.18
G13 (GPal) 15 1.18

3. A n a ly tica l M e th o d s
3.1. E ffective P roperties o fC N T R C

Y o u n g 's  m o d u lu s , P o isso n 's  ra tio  an d  sh ear m o d u lu s are  a fe w  ex a m p le s  o f the
m aterial p aram eters that need  to  be u n d erstood  in  order to  pred ict the m echanical behavior
o f  C N TR C s under bu ckling stress . In  th is section , the th to re tica l m ixture ru 'e  m odel uti lized 
to  d e term in e  tine p ro p erties  o f com  p o tite s  (C N T + ep oxy) is d efined  as [5 0 ] :

E eprxy+CNT _  ;/iV c n tE 1CiN0 +  VmE m (1)

^2 _  VCNT . Vm (2)
E 22 _  E c n t  +  E m  (2)

t]3 _  VCNT . Vm
G 12 GCN t  1 G

(3)
m

V12 _  Vc n T V ™ 7 +  VmVm (4)

P _  VCNTPCNT +  VmPm (5)

w h ere  ECNt , ECNt  an d  GCNT are  Y o u n g 's  an d  sh ear m o d u lu s o f th e  s in g le -w a lled  C N T , 
respectively, and E m and G m represent the correspond ing  p roperties of the isotrop ic m atrix. 
To a cco u n t fo r th e  sca le -d e p e n d e n t m a te ria l p ro p e rtie s , y i (i _  1 ,2 ,3 )  is th e  C N T / m atrix  
e ffic ie n cy  p a ra m ete rs  w h ich  ca n  b e  d eterm in e d  b y  m a tch in g  th e  e ffe ctiv e  p ro p erties  o f 
th e  C N T R C  o b serv ed  fro m  th e  m o le cu la r  d y n am ics  s im u la tio n s w ith  th e  p re d ictio n s o f
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th e  e x ten d ed  ru le  o f m ixtu re . P c n t  an d  p m are  th e  m ass d en sities  o f th e  C N T  an d  m atrix , 
respectively. Vc n t  and Vm are the vo lu m e fractions of the C N T  and the m atrix , respectively, 
and are related  b y :

Vc n t  +  Vm =  1 (6)

The m ixture ru le  w as d eveloped  for the m echanical prop erties of the fiber and m atrix  
(C N T  + epoxy) as fo llow s [5 1 ] :

E comVosite =  Vflhef r +  VmE(epoxy+CNT) (7)

y c° mp°site =  Vfiher v(2ber +  Vm v eJ oxy+CNT (8 )

3.2. G overn in g  E quation s o f  C N T R C

T h e d isp la ce m e n t field  co n sis tin g  o f th e  ax ia l d isp la ce m e n t u  an d  th e  tran sv erse  
d isp lacem en t w  b ased  on  the T im osh en k o  b eam  th eo ry  of the form s are [52- 5 4 ] :

u (x , z, t) =  u0 (x , t) +  z $ x (x , t)
v (x , z, t) =  0 (9)
w (x , z, t) =  w 0 (x , t)

w h ere  u0 and W0 are th e  ax ial and tran sv erse  d isp lacem en ts in th e  m id  p lan e  (z = 0 ) o f the
b eam , respectively . $>x is th e  m id -p lan e  ro tatio n  o f th e  tran sv erse  n o rm al ab ou t the y-axis.

T he stra in -d isp la ce m e n t re lations can  b e  evalu ated  as:

7xz =  +  tyx

H am ilto n 's  p rin cip le  can  b e  w ritten  as [5 5 ] :

(10)

12

j  (SU  +  £V  -  S K )d t =  0 (11)

h

w h ere  K  d en otes th e  k inetic en erg y  g iv en  b y  [5 6 ] :

L
SK = f  f  p (z )[u S u  +  w S w ]d A d x

0l A (12)
=  / [ 10 (u 0 Su0 +  w0 Sw0) +  h ( $ x  Su0 +  u0 S $ x ) + 12 $x S$x ]dx

0

in w h ich  Ii(i = 0 , 1, 2 ) is th e  m ass m o m en t o f in ertia  g iv en  by:

Ii =  j  p ( z ) z ld A  (i =  0 ,1 ,2 )  (13)

A

and SU  is th e  v irtu a l v aria tio n  o f th e  to ta l stra in  energy :

L
SU  =  j  j  ( Q h £ xxS txx +  Q55YxzS7 x z )d A d x  

0 A

=  f  ( N x dd x  -  M x dJd t  +  Qx ( ^  -  S$x ) ) d x  
0

(14)

an d  SV  is th e  v irtu a l w o rk  p e rfo rm e d  b y  th e  tra n sv erse  lo ad  q an d  a x ia lly  co m p ressiv e  
force Nx0, rep resented  as:
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L

3 V  =  +  N ,0  ̂  ̂  d  {15}

0

w h ere  th e  stress-re lated  effects are as fo llow s:

N x =  f  CxxdA  
A

M x =  f  0'xxz d A  (16)
fA

Qz — f  &xzdA
A

T he sim p lified  s tre ss-s tra in  co n stitu tiv e  eq u atio n s are g iven  below :

&xx =  Q 1l£ 
&xz =  Q557.

xx
xz

(17)

w h ere
Q n -  - A -1- 1̂ 2#21 (18)
Q55 =  G13

Su bstitu ting  E qu ations (10) and (17) in to  E qu ation  (16), the fo llow ing  is a list of all the
stress resu ltants that m ay be expressed  as m aterial stiffness com p onents and d isplacem ents:

d x  =  D h M  (19)
d X  +  p < =  k ; A 55Qx

w here k s =  5 is the shear correction  factor, and D'11 and A 55 are the e lem ents of the inverse 
m atrix  of D 11 and A 55.

f /2 N zk+1

D 11 =  j  Q 11Z2dz =  E  I  Q ii )z2dz
- h/2 k= 1 zk (20)
h/2 N zk+1 (20)

A 55 =  j  Q 55dz =  E  j  Q 55 dz
-  h/2 k= 1 zk

T h e fo llo w in g  eq u atio n s o f m o tio n  are  o b ta in ed  for sy m m etrica lly  lam in ated  b eam s 
b y  u sin g  th e  in teg ra tio n -b y -p arts  a p p ro ach  an d  g a th erin g  th e  co effic ien ts  o f 5w 0 an d  8q>x 
w h en  the in -p lan e  d isp lacem en ts u 0 are zero.

dQx +  n  n d W0 +  q =  Tn 32wa
dx +  Nx0 dx2 +  q =  l0 dt2 (21)

dM< m    j d2pxoMlx r\   j u px
dx Qx =  T2 dt2

The equ ation  o f m otion , E qu ation  (21), m ay be expressed  using  E qu ation  (19) in  term s 
o f d isp lacem en ts as:

k ,G ,z A (  d w + dpx) + f-N ,0^ ° + q = (22) 

Exxlyy d p -  -  k s G x z A ( ^  +  p x ) =  ^

To obtain  the governing equ ation  of b u ckling  u n d er com pressive edge load , the inertia 
te rm s an d  ap p lie d  tra n sv erse  lo ad  q  are  b o th  se t to  zero  fo r th e  b u ck lin g  a n a ly sis , and

Nx0 =  -  N 0x .

dx ?  + 1 f W  =  0

E x x ly y d P  -  k s G x z A (d ?  +  P x ) =  0
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E q u atio n  (23) can  b e  solved  for d j x /d x  to  obtain :

k s G xzA -djrr =  - ( k s GxzA  — bN x0) dx2 (24)

In te g ra tin g  E q u a tio n  (24 ) w ith  re sp ect to  x  a n d  d iffe ren tia tin g  E q u a tio n  (23 ) w ith  
resp ect to x , then  su b stitu tin g  th em  for d jx /dx  from  E q u atio n  (24) obta ins th e  result:

E T bN0x ) d4W  + hN0 d 2W  =  0 (25)
ExxIyy(1 k s GxzA ) dx4 +  bNxx d x 2 =  0 (25)

T he gen era l so lu tio n  of E q u atio n  (25) is:

W (x ) =  c i s in  Ax +  c2 cos Ax +  c 3 x  +  c4 (26)

w h ere

bN 0 =  A2 ExxIyy (27)
bNxx ( 1 +  A2ExxIyy \ (27)

^  +  ksGxzA J

w here the b ou n d ary  cond itions of the beam  m ay be used  to  d erive the in tegration  constants 
c1, c2, c3 and c4 .

4. E x p e rim e n ta l P ro g ram

Tw o d iffe ren t tests w ere  a p p lied  in  th is  stu d y : co m p ressiv e  an d  b u ck lin g  tests . Tw o 
d iffe ren t ty p es  o f sam p les w ith  0%  (n e a t e p o x y ) an d  w t 0 .3%  C N T  w e re  ex am in ed . For 
each  typ e of sam p le , tw o rep etitio n s w ere  in vestigated  to  g ive m ore accu rate  resu lts.

4.1. Tensile Test

In  o rd e r to  o b ta in  th e  te n s ile  s tren g th  o f th e  sam p les , th e  sam p les w ith  n o m in a l 
d im en sio n s o f 25 0  m m  x  2 5  m m  x  3 m m  (len g th  x  w id th  x  th ick n ess) w ere  tested  u n d er 
tensile  forces using a u n iversal testing m achine w ith  10-ton capacity. The d istance betw een  
the gages w as 200 m m . The procedure g iven  in  A ST M  D 3039 w as utilized . The forces w ere 
ap p lied  at th e  sp eed  o f 1 m m / m in .

4.2. C om pressive Test

In  ord er to  obtain  the com p ressive strength  o f the sam p les, the sam p les w ith  nom inal 
d im en sio n s  len g th  150 m m , w id th  2 5  m m  an d  th ick n e ss  3 m m  w e re  e x p o sed  to  ax ia l 
com p ression  forces u sin g  a Sh im ad zu  u n iv ersal testin g  m achine w ith  a cap acity  o f 1 0  tons. 
T h e  d ista n ce  b e tw e e n  th e  g ag es w as 4 0  m m . T h e  p ro ced u re  g iv e n  in  A S T M  D 6 9 5  w as 
applied . The forces w ere applied  at the sp eed  o f 1 m m / m in . T he test setu p  utilized  in th is 
stu d y  is p resen ted  in F ig u re  4 .

4.3. B u ck lin g  Test

T h e sam p les w ere  e x a m in e d  u n d e r co m p re ss io n  lo ad s to  d e term in e  th e  b u ck lin g  
b e h a v io r  o f th e  sam p les . T h e  n o m in a l d im en sio n s o f th e  sp ecim en s w e re  2 5 0  m m  x 
2 5  m m  x  3 m m . T h e  sam p les  w e re  te s ted  w ith  th e  sam e te s t m a ch in e . S im ila r  to  the 
com p ression  test, b u ckling  tests w ere carried  out w ith  a load speed  of 1  m m /m in. U tiliz ing  
c la m p e d -c la m p e d  an d  s im p le -s im p le  b o u n d ary  co n d itio n s, th e  b u ck lin g  p erfo rm an ce  of 
th e  sam p les w a s  ex am in e d . C law  sp acin g s o f 2 0 0  m m  an d  25 0  m m  w ere  ch o se n  fo r the 
c la m p e d -c la m p ed  and s im p le -s im p le  b o u n d ary  con d ition s, respectively . T he tests setu p s 
fo r d ifferent b o u n d a ry  con d ition s are sh ow n  in F ig u re  5 .
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(a) (b)

Figure 5. Test setups depending on boundary conditions. (a) sim ple-simple; (b) clamped-clamped.
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5. R e su lts

The m aterial p roperties o f the sam ples produ ced  using m icro-m echanical m odels w ere 
d eterm ined  analytically , and the ou tcom es are presented  in  Table 2  in  com p ariso n  w ith  the 
e xp erim en ta l find ings.

Table 2. Young's modulus model results.

Sample
Young's M oduli (GPa)

Experimental Analytical

0.0%wt CNT 12.18 14.48

0.3%wt CNT 13.42 16.18

For the b u ckling  analysis of the sam ples, the analytical so lutions based  on  T im oshenko 
th e o ry  w e re  in  g o o d  a g re e m e n t w ith  th e  b u ck lin g  resu lts  o f th e  sam p les o b ta in ed  b y  
exp erim en ts, as sh ow n  in Tables 3 and 4 .

Table 3. Comparisons of critical loads for sim ple-sim ple CNTRC beams.

0% 0.3%

Experimental 933 1036
Analytical 947 1102

Table 4. Comparisons of critical loads for clamped-clamped CNTRC beams.

0% 0.3%

Experimental 3572 3817
Analytical 3593 3899

L o a d -d is p la c e m e n t cu rv es  o f th e  co m p re ss io n  tests  are  d ep icte d  in  F ig u re  6 . T h e  
resu lts d em on stra te  th at the average com p ressiv e  stren gth  of C N T 1 and C N T 2 at the tim e 
o f co llap se  w as 17,291.76 N , w h ile  th a t o f N EA T1 and N EA T2 w as 15,661.21 N . M axim u m  
co m p re ss iv e  load  v a lu e s  o f C N T 1 an d  C N T 2  w e re  6 %  an d  8 .10%  h ig h er th a n  th o se  o f 
N EA T1 and N EA T2, respectively, w h ile  C N T2 w as 12.6%  and 14.80%  higher (Table 5 ) . That 
is, it w as d eterm ined  that the sam ples w ith  C N T carried  an average of 10.4%  m ore load  than  
th e  sam p les w ith  N EA T. A ll sp ecim en s reach ed  th e  co llap se  p o sitio n  a fte r ap p ro x im ate ly  
2.5 m m  of d isplacem ent. A n other issue to be  consid ered  w h en  com paring the sam ples w ith  
C N T  and sam ples w ith  N EA T is that the d isp lacem en t am ounts w ere the sam e un d er these 
lo ad s. In  o th er  w o rd s , sam p les  w ith  C N T  ca rrie d  m o re  lo a d  fo r  th e  sam e d isp lacem en t. 
In ad d ition , th e  ratio  o f th e  m ax im u m  load v a lu e  to  th e  cro ss-sectio n al area o f th e  sam p le  
(25 m m  x  3 m m ) and the stress valu es w ere also calcu lated  (Figure 6 ) . D am age form ations 
in  the sam ples occurred as show n in  Figure 7 . The exp erim en t w as term inated  b y  observing 
fiber b reak ag e  d am age as a resu lt o f ty p ica l p ressu re  cru sh in g . T h e  in itia l stiffn ess v a lu es, 
th a t is, th e  angle  o f th e  cu rv e  w ith  the h orizo n ta l, w ere  h ig h er in the CN T.

Table 5. The maximum compression load and displacements of samples.

Sample M aximum Load (N) Rate of Increase (%)
M aximum 

D isplacem ent (mm)

NEAT1 15,816.18 — 2.51
NEAT2 15,506.25 — 2.65
CNT1 16,771.16 6 and 8.10 2.46
CNT2 17,812.36 12.10 and 14.80 2.64
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(a)

(b)

Figure; 6. (a,b) Compression test results of the; samples.

T he b u ck lin g  lo a d -d isp la cem en t p lots o f the sp ecim en s are sh ow n  in F igu res 8 and 9 . 
The relationsh ip  for s im p le -s im p le  is g iven  in  Figure 8, and the relationsh ip  for the c la m p e d - 
c la m p e d  s itu a tio n  is g iv e n  in  F ig u re  9 . W h e n  F ig u re  8 is e x a m in e d , i t  ca n  b e  seen  th a t 
th e  m e a n  b u ck lin g  load  v a lu e  o f C N T 1 an d  C N T 2  w a s  1036 N , w h ile  th e  m e a n  b u ck lin g  
lo ad  v a lu e  o f N E A T 1 an d  N E A T 2 w as 93 3  N . M a x im u m  b u ck lin g  lo ad  v a lu e s  o f C N T 1 
and C N T 2 w ere 12.8%  and 10%  h igher th an  N EA T1 and N EA T2, respectively, w h ile  C N T2 
w as 11 .8%  an d  9 .1%  h ig h er (Table 6 ) . In  o th er  w o rd s, sam p les  w ith  C N T  carried  a 11%  
g re a te r b u ck lin g  load  o n  a v e ra g e  th a n  sam p les  w ith  N EA T. A ll sp ecim en s h ad  v e rtica l 
d isp lacem en ts betw een  5 .48  m m  and 6.73 m m  due to buckling. This show s that the s im p le - 
s im p le  su p p o rted  C N T  sp ecim en s ach iev ed  s im ilar d isp la ce m en t w ith  a h ig h er  b u ck lin g  
load. W h en  Figure 9  is exam ined , it can  be seen  that the m ean bu ckling  load valu e of C N T 1 
an d  C N T 2  w as 3 8 1 7  N  as a re su lt o f th e  b u ck lin g  test, w h ile  it  w a s  ca lcu la ted  as 357 2  N  
fo r  N E A T1 an d  N E A T 2. T h e  a v e ra g e  lo a d -ca rry in g  ca p a c ity  fo r  th e  c la m p e d -c la m p e d  
b o u n d a ry  co n d itio n  w as 26 8 %  h ig h er in  th e  C N T  sam p les an d  28 2 %  h ig h e r in  th e  N E A T
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sam p les com p ared  to  the s im p le -s im p le  co n d itio n  (Table 7 ) . U p u n til th e  critica l b u ck lin g  
threshold , the specim ens show ed  a m ore rigid  behav ior as a resu lt of the clam p ed -clam p ed  
b o u n d a ry  con d ition s.

Figure 7. Macro damage in the samples.

Table 6. The buckling load and vertical displacements of simple-simple supported samples.

Sample M aximum Load (N) Rate of Increase (%)
M aximum 

D isplacem ent (mm)

IN EAT1 922.20 — 5.48
NEAT2 945.28 — 6.73
CNT1 1040.44 12.8 and 10 6.30
CNT2 1031.68 11.8 and 9.1 6.35

Table 7. The buckling load and vertical displacements of clamped-clamped supported samples.

Sample M aximum Load (N) Rate of Increase (%)
M aximum 

D isplacem ent (mm)

NEAT1 3516.02 — 3.88
NEAT2 3629.42 — 4.11
CNT1 3825.80 8.8 and 5.4 4.02
CNT2 3808.21 8.3 and 4.9 4.13
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Displacement (mm)

Figure 8. Buckling test results of the samples with sim ple-simple.

Displacement (mm)

Figure 9. Buckling test results of the samples with clamped-clamped.

F in al d am ag e  v iew s o n  th e  sam p les are  g iv en  in  F ig u re  10 . T h e  fin a l d am ag e  in  b o th  
su p p o rt b o u n d a ry  co n d itio n s  w a s  fib er b rea k a g e . H o w ev er, th is  s itu a tio n  w as o b serv ed  
m o re c learly  in th e  c la m p e d -c la m p ed  b o u n d ary  con d ition .
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clamped-clamped simple-simple
Figure 10. Damage analysis of sim ple-sim ple and clamped-clamped supported samples.

6 . C o n c lu s io n s

In  th is  p ap er, th e  im p a ct o f  C N T s o n  th e  b u ck lin g  a n a ly sis  o f C N T R C  b ea m s w as 
analyzed  an alytically  and experim entally . The m ech sn ical behav ior of com p osites w as con ­
sid erably  a lte re d b y  em all C N T  ratios;. C o n sid erin e the literatu re, significant im provem ents 
w ere  ob tained  in th e  caae o f low  C N T  ratios.

• T h e  e x p e rim e n ta l o u tco m es in d ica te d  th a t a d d in g  C N T  ca n  im p ro v e  a co m p o site 's  
m ech an ica l p erfo rm an ce  b y  u p  to 0 .3% ;

• T h e  d ev e lo p e d  a n a ly tica l m o d e l an d  th e  p re v io u sly  p re sen ted  exp erim ennal resu lts 
exh ib ited  g reat agreem ent;

• The average load-careying capacity  lor the c lam p ed -clam p ed  bou n d ary  cond ition  -was 
26 8 %  h ig h er in  th e  C N T  sam p les an d  2 8 2 %  h ig h er in  th e  N E A T  sam p les co m p ared  
to  ehe s im p le -s im p le  con d ition . Therenore, tire su p p o rtin g  co n d itio n s o f th e  aam ples 
cau sed  th e  cap acity  and lo a d -d isp la cem en t cu rves o f b u ck lin g  b eh av io r to change;

• T h e  y a m a g e  m o d es th a t occu rred  a fte r  co m p ressio n  an d  b u ck lin g  w ere  in ten se  fiber 
b reak ag e . In  o th er  w o rd ss in  a ll b u ck lin g  tests , it  w as o b serv e d  th a t th e  d am ag e  
in itia te d  w iih  m icro  crack s  an d  sh o w ed  p ro g ressiv e  d a m a g e  in  th e  fo rm  o f f i ie r  
rupture.

T his stud y w as lim ited  to  C N T R C  b eam s and to the com p ression  and elastic b u ck lin g  
behav ior. In  fu rth er reseoech, m cn y  d ifferen t typ es o f lam in ates c ou ld  b e  em p loy ed .
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