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The en vi ron men tal du ra bil ity of car bon nanotube (CNT)-mod i fied car bon-fi bre-re in forced poly mers (CFRPs) 

is in ves ti gated. The key prob lem of these new-gen er a tion com pos ites is the mod i fi ca tion of their poly mer ma -

trix with nanoscaled fill ers. It was re cently dem on strated that the dam age tol er ance of these ma te ri als, as man -

i fested by their frac ture tough ness, im pact prop er ties, and fa tigue life, can be im proved by add ing CNTs at

weight frac tions as low as 0.5%. This im prove ment is mainly at trib uted to the in cor po ra tion of an ad di tional

in ter fa cial area be tween the CNTs and the ma trix, which is ac tive at the nanoscale. How ever, this ad di tional

in ter face could have a neg a tive ef fect on the en vi ron men tal du ra bil ity of the afore men tioned sys tems, since it is 

well known that the mois ture ab sorp tion abil ity of a ma trix is en hanced by the pres ence of mul ti ple in ter faces,

which serve as an in gress route to wa ter. To ex am ine this prob lem, CNT-mod i fied CFRPs were ex posed to hy -

dro ther mal load ings. At spec i fied in ter vals, the com pos ites were weighted, and the wa ter up take vs. time was

re corded for both the mod i fied and a ref er ence sys tems. The elec tri cal con duc tiv ity of the com pos ites was reg -

is tered at the same time in ter vals. Af ter the en vi ron men tal ex po sure, the interlaminar shear prop er ties of the

con di tioned com pos ite sys tems were mea sured and com pared with those of un mod i fied com pos ites, as well as

with the shear prop er ties of un ex posed lam i nates.

1. In tro duc tion

Car bon fi bre-re in forced poly mers (CFRPs) are widely used in many ap pli ca tions, such as aero space, civil, and de -

fence in dus tries. This is mainly due to their low den sity and good me chan i cal prop er ties. How ever, one of the great est chal -

lenges as so ci ated with the ap pli ca bil ity of these ma te ri als is their poor interlaminar tough ness, frac ture be hav iour, and fa tigue

prop er ties. The in tro duc tion of a nanoscaled re in force ment in oth er wise con ven tional fi bre-re in forced com pos ites has opened

an ex cit ing new area in the me chan ics of com pos ite ma te ri als. The unique prop er ties of these ma te ri als, com bined with the de -
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sign ver sa til ity of fi brous com pos ites, may of fer both en hanced me chan i cal prop er ties and mul ti ple functionalities, which has

been the fo cus of at ten tion in the aero space tech nol ogy dur ing the last de cades. One of the most at trac tive nanofillers for the

ma trix mod i fi ca tion of fi bre-re in forced com pos ites are car bon nanotubes (CNTs). CNTs pos sess unique prop er ties, such as a

high elas tic modulus at the terascale, a huge as pect ra tio, and an ex tremely large spe cific sur face area (or the in ter fa cial area

when in cor po rated in the ma trix) [1-3]. More over, the elec tri cal con duc tiv ity of such sys tems has been re ported to di rectly cor -

re late with (i) the mac ro scopic strain ap plied to the ma te rial and (ii) the in ter nal dam age that ac cu mu lates in the ma te rial dur ing

its ser vice life [4-8]. Re cent re search has fo cused on the use of nanoparticles as dop ants for fi bre-re in forced plas tics (FRPs) [4,

6, 7, 9-14]. Spe cif i cally, it was found that the ad di tion of CNTs to the ma trix of CFRPs at weight frac tions as low as 0.5%

greatly im proved the im pact prop er ties and frac ture tough ness of the ma te rial, as well as pro longed their fa tigue life con sid er -

ably [4, 11-13]. Ac cord ing to these stud ies, the im proved dam age tol er ance of these sys tems can be at trib uted to the in cor po ra -

tion of an ad di tional in ter fa cial area, i.e., that be tween the CNTs and the ma trix. This area is ex pected to ac ti vate the ad di tional

en ergy dis si pa tion mech a nisms re lated to the in ter fa cial slid ing, fi bre pull-out, and bridg ing, as well as to crack bi fur ca tion and

ar rest at the nanoscale. Other re search ers stud ied the re in forc ing mech a nisms in CNT-re in forced poly mers and con cluded that

these mech a nisms in volved the in ter fa cial shear ing between the CNTs and resin [15, 16], or even an additional sword-in-sheath 

mechanism, where the outer layer of multiwall CNTs (MWCNTs) breaks first, but the resin-MWCNT interface remains

effective in load transfer [3, 17]. 

An other chal lenge as so ci ated with the ap pli ca bil ity of CFRPs is re lated to their en vi ron men tal du ra bil ity [18-31]. It is

well known that ep oxy-ma trix com pos ites are sus cep ti ble to heat and mois ture, par tic u larly when they op er ate in vary ing en vi -

ron ments. The amount of mois ture ab sorbed by the ma trix is sig nif i cantly dif fer ent from that ab sorbed by the re in forc ing phase. 

The pres ence of mois ture and the stresses as so ci ated with the mois ture-in duced ex pan sion may de te ri o rate the ma trix-re lated

prop er ties of the com pos ite and, as a re sult, ad versely af fect its dam age tol er ance and struc tural sta bil ity. It was found [18-31]

that the higher the tem per a ture, the higher the mois ture up take rate of the com pos ites and the more in tense the nu cle ation of

delaminations. Fur ther more, the in ter fa cial ad he sion deg ra da tion de pends on the con di tion ing tem per a ture and ex po sure time.

Among the prop er ties of poly mer-ma trix com pos ites that are af fected ad versely by mois ture up take is the stiff ness [18, 19], the

in ter fa cial strength [20], the interlaminar in ter face [21-29], the damp ing ra tio [30, 31], etc. Some of the mech a nisms oc cur ring

dur ing mois ture ab sorp tion in clude weak en ing of the fi bre-ma trix in ter face [21, 24, 28, 29], plasticization, swell ing, and, in

some cases, even soft en ing of the ma trix [24]. From the above-said, one can con clude that, in the case of CFRPs, the prop er ties

dom i nated by the matrix or the fibre/matrix interface are degraded by moisture absorption, whereas those dominated by fibres

are less influenced. 

Al though CFRPs have at tracted con sid er able at ten tion, very few pa pers have been pub lished on the en vi ron men tal

deg ra da tion of CNTs-re in forced com pos ites [32-34]. The study by Zhang et al. [32-33] pres ents an an a lyt i cal ap proach to de -

scrib ing the hygrothermal ef fects on the pull-out force and the in ter fa cial stress trans fer in CNT-re in forced com pos ites, which

takes into con sid er ation the dif fer ence be tween the ther mal and mois ture ex pan sion co ef fi cients of CNTs and poly mer. How -

ever, no ex per i men tal re sults are avail able about the ef fect of mois ture ab sorp tion on the wa ter up take and me chan i cal prop er -

ties of CNT-re in forced CFRPs. In a re cent com mu ni ca tion [35], it was em pha sized that the spe cific sur face area of nanosized

par ti cles is huge, in di cat ing that a large pro por tion of the sur round ing ma trix will be in con tact with the in ter face, or even a sep -

a rate phase — an interphase — will be de vel oped with prop er ties dif fer ent from those of the bulk ma trix. One im por tant point is 

that, in cross-link ing res ins, the abil ity of CNTs to ab sorb or do nate elec trons may well af fect the cross-link ing den sity. As dis -

cussed above, the ma trix and re in force ment/ma trix in ter face are more prone to ab sorb wa ter and al ter their prop er ties. The fact

that CNT-re in forced com pos ites pos sess an in creased in ter fa cial area may be ben e fi cial for their fracture toughness; however,

this could also prove to be their weakest point in terms of the in-service durability. 

Based on the above-said, the pur pose of this study is two fold. The first aim is to eval u ate the per for mance of

CNT-mod i fied CFRPs in ex treme en vi ron ments. The ef fect of wa ter ab sorp tion on the interlaminar shear strength (ILSS) of the 

CFRPs is of spe cial in ter est. To this end, MWCNTs are in cor po rated in a com mer cial ep oxy sys tem (EP), which is sub se -

quently used for man u fac tur ing quasi-iso tro pic CFRP lam i nates. The mod i fied CFRPs are sub jected to hy dro ther mal load ings.

For com par i son, un mod i fied CFRPs and the CNT-mod i fied EPs are ex posed to the same hy dro ther mal load ing. Dur ing the en -
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vi ron men tal con di tion ing, the com pos ites are weighted at spec i fied time in ter vals, and the wa ter ab sorp tion vs. time is re corded 

for both the mod i fied and the ref er ence sys tems. Af ter the ex po sure, the con di tioned com pos ite sys tems and the ref er ence ma te -

ri als are both tested in interlaminar shear. The prop er ties of the mod i fied sys tems are com pared with those of the unmodified

composites and with CNT-modified matrices subjected to identical conditioning.

The sec ond aim is to study the ef fect of hy dro ther mal load ing on the me chan i cal prop er ties of the ma te ri als by us ing

non de struc tive meth ods. The ul ti mate goal here is to re late the hy dro ther mally in duced changes in the me chan i cal prop er ties to

the changes in the elec tri cal re sis tiv ity. The elec tri cal re sis tiv ity of FRPs [27, 36-42] and CNT-re in forced FRPs [4, 6-8, 13] has

al ready been in ves ti gated as a func tion of dam age, strain, and stiff ness dur ing static and cy cling load ings, but very lit tle has

been done to study the mois ture-caused changes in the re sis tiv ity of CFRPs and CNT-mod i fied CFRPs [26, 27, 43]. To this end, 

dur ing the en vi ron men tal con di tion ing, the elec tri cal re sis tiv ity was re corded at the same time intervals as the water uptake of

the systems studied. 

2. Ex per i men tal

2.1. Ma te ri als

The multiwall CNTs (MWCNTs) were sup plied by ARKEMA, France. Their di am e ter was 10-15 nm and length more 

than 500 nm, re sult ing in as pect ra tios (length/di am e ter) vary ing be tween 30 and 50. The nanotubes were dried in an oven over -

night prior to use. The ep oxy sys tem used for the fab ri ca tion of CNT-doped res ins and CFRPs was the Ar al dite LY564/Aradur

HY2954 from Hunts man Ad vanced Ma te ri als, Switzerland.

2.2. Spec i men prep a ra tion

The dis per sion of MWCNTs in the ep oxy resin was car ried out in a to rus mill de vice (VMA Getzmann GmbH). The

mill cre ates high shear forces by a high-speed ro tat ing disc, and the nanoparticle ag glom er ates are crushed ow ing to the mill ing

ef fect gen er ated by zir co nium di ox ide beads. The beads have a di am e ter of 1.2 to 1.7 mm and cause strong shear ac tion and col -

li sion ef fects. The dissolver disc pro vides ad di tional shear forces and main tains the vor tex flow. The com pound is stirred in a

vac uum con tainer to avoid the in clu sion of air. The vor tex flow, achieved by the ge om e try of the disc, leads to con tin u ous mix -

ing of the com pound. The mix ing speed was 2000 rpm for 3 h. Mod i fied ma tri ces with a CNT con tent vary ing from 0.1 to 1%

were man u fac tured. All the mod i fied res ins were used to man u fac ture nonreinforced rect an gu lar cast spec i mens. The resin

with 0.5% CNTs was sub se quently used for man u fac tur ing modified CFRPs. This process is schematically shown in Fig. 1. 
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Fig. 1. Out line of spec i men prep a ra tion: 1 — ad di tion of MWCNTs to the EP; 2 — mix ing in a

to rus mill de vice at 50°Ñ in vac uum; 3 — ad di tion of a cur ing agent and mix ing; 4 — mak ing

CF-re in forced laminas; 5 — prep a ra tion of mod i fied CFRP lam i nates by hand lay-up; 6 — cur -

ing in an au to clave (1 h at 80°Ñ + 8 h at 140°Ñ). 



16 plies of quasi-iso tro pic [(0/+45/–45/90)2]s  CF laminas, sup plied by Hexcel, Ger many, with a spe cific weight of

160 g/m
2
, were used for mak ing CFRPs. Each panel was made by hand lay-up and then pro cessed in an au to clave by em ploy ing 

the vac uum bag tech nique. A ref er ence panel was also man u fac tured with a neat resin for a di rect com par i son. In all, two lam i -

nates of CFRP ma te ri als were tested: one hav ing a CNT-mod i fied ma trix and the other with an un mod i fied (neat) ma trix. Spec i -

mens for test ing the interlaminar shear strength (ILSS) were cut, ac cord ing to BS EN ISO 14130 [44], from the afore men tioned

laminates with a diamond saw. 

In or der to fa cil i tate the elec tri cal re sis tance mea sure ments dur ing the en vi ron men tal con di tion ing, spec i men ends

were grinded us ing a grind ing wheel to en sure the ex po sure of car bon fibres. The ends (across which the elec tri cal re sis tance

was mea sured) were coated with a con duc tive sil ver paint. Then, elec trodes were pasted on spec i men ends with a con duc tive

ep oxy glue (Fig. 2). Fi nally, spec i men ends were coated with sil i cone. This pro ce dure ef fec tively elim i nated the fluc tu a tions in

re sis tance mea sure ments caused by dif fer ences in con nec tor clamp ing pressures, or by deterioration of electrode properties. 

2.3. C-scan 

 A C-scan sys tem man u fac tured by the Phys i cal Acous tics Cor po ra tion was used to eval u ate the in teg rity of the lam i -

nates man u fac tured. The sys tem con sists of a sin gle-bridge ul tra sonic im mer sion tank with five com puter-con trolled co or di -

nate axes (x, y, z, gimbal, and swivel), a 1-mm step, a com puter-con trolled pulser-re ceiver, a high-speed A/D con verter with a

100-Msps dig i tiz ing rate, and mul ti ple soft ware gates. A 10-MHz trans ducer was used in the pulse–echo mode. The lam i nates

were eval u ated in the amplitude mode on the laminate back surface.

2.4. En vi ron men tal con di tion ing and re sis tance mon i tor ing

A wa ter bath with tem per a ture con trol was used for the hy dro ther mal con di tion ing of test spec i mens. Be fore plac ing

the spec i mens into the wa ter bath, they were dried in an oven at 50°C up to a sta ble weight. The weight was mea sured us ing an

an a lyt i cal bal ance with an ac cu racy of ±0.1 mg. The spec i mens were then placed in dis tilled wa ter at a tem per a ture of 80°C,

con trolled to ±1°C, and left to stand for about 1200 h. The spec i mens used for mois ture up take mea sure ments were re moved at

spec i fied time in ter vals (see Ta ble 1), wiped, air-dried for five min, and then weighted. The mois ture up take ki net ics was mea -

sured at dif fer ent in ter vals of con di tion ing time. The weight gain was calculated from the formula

M t
m m

m
( ) (%) =

-
×w d

d

100,

where md  is the dry weight and mw  is the wet weight of the spec i men.

The spec i mens used for re sis tance mea sure ments were in serted in a sealed con tainer with dis tilled wa ter, which was

placed in the wa ter bath. The elec trodes were passed through holes in the con tainer lid, which were then sealed us ing sil i con to

avoid evap o ra tion losses. This set-up was cre ated in or der to avoid any dis tur bances in re sis tance mea sure ments stem ming
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Fig. 2. Con fig u ra tion of elec tri cal re sis tance mea sure ments.



from the dis tur bance of the en vi ron ment or the con nec tions. The spec i mens were not re moved from the con tainer dur ing the

course of the ex per i ment. The re sis tance mea sure ments were per formed si mul ta neously with the weight gain mea sure ments by

us ing a dig i tal Keithley multimeter of ac cu racy 0.1 mW. The rel a tive change in the electrical resistance was calculated as

DR t

R

R t R

R

( )
(%)

( )

0

0

0

100=
-

× ,

where R t( ) is the time-de pend ent elec tri cal re sis tance, and R0  is the ini tial re sis tance.

2.5. Me chan i cal char ac ter iza tion

To de ter mine the interlaminar shear strength (ILSS), three-point bend ing tests were run, ac cord ing to the BS EN ISO

14130 [44], on a 100-kN Instron hy drau lic uni ver sal test ing ma chine at a crosshead speed of 1 mm/min. The value of ILSS for

each spec i men was cal cu lated by the formula

t =
3

4

F

bh
,

where F is the load ap plied; b and h are the width and thick ness of the test spec i men, re spec tively.

3. Re sults and Dis cus sion

In Fig. 3, the ul tra sonic im ages of the mod i fied and un mod i fied lam i nates be fore and af ter the hy dro ther mal ex po sure

are shown. As can be seen, the lam i nates were de fect-free both be fore and af ter the ex po sure. The ex posed lam i nates ex hib ited

an in creased at ten u a tion of ul tra sound due to the wa ter up take. How ever, the dif fer ence in the am pli tudes be fore and af ter the

ex po sure was more pro nounced in the case of the un mod i fied lam i nates. This fact can be at trib uted to the pres ence of CNTs in

the ep oxy ma trix, which me di ated be tween the ef fect of wa ter up take by the neat ma trix and the acoustic impedance of the

modified system (Fig. 3b).

Fig ure 4 shows the weight gain of the neat and CNT-mod i fied ep oxy ma tri ces. All the sys tems reached sat u ra tion dur -

ing the hy dro ther mal ex po sure. Within the lim its of ex per i men tal er ror, all the sys tems reached 95% of their sat u ra tion value af -

ter 400 h of ex po sure. The neat ep oxy ex hib ited the least weight gain at sat u ra tion com pared with all the mod i fied sys tems,

reach ing ap prox i mately 1.6%. The CNT-mod i fied ep ox ies ex hib ited an in creased wa ter up take, rang ing from 1.7 to 1.9%. This
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Fig. 3. C-scans of neat (a) and CNT-mod i fied (b) lam i nates be fore (1) and af ter (2) a hy dro ther -

mal ex po sure.



was to be ex pected, since an in ter face was cre ated be tween the CNTs and the ep oxy ma trix, which served as a route for wa ter

up take. How ever, no clear cor re la tion was ob served be tween the CNT con tent and the relative weight gain for the modified

matrix systems. 

Fig ure 5 de picts the weight gain ver sus the square root of time for the neat and 0.5% CNT-mod i fied CFRP lam i nates.

For com par i son pur poses, re sults for the neat and 0.5% CNT-mod i fied ma tri ces are also shown in the fig ure. A 95% sat u ra tion

was reached ap prox i mately in 400 h, as in the case of the nonreinforced ma tri ces. The sat u ra tion for the lam i nates oc curred at

an ap prox i mately 0.4% weight gain. The pro nounced dif fer ence in the wa ter up take be tween the ma tri ces and lam i nates was

due to the pres ence of CFs, which did not ex hibit any wa ter ab sorp tion. In this re gard, there were no vis i ble dif fer ences be tween 

the two lam i nates. It can there fore been con cluded that the pres ence of the car bon fi bre re in force ment was mask ing any in -

crease in the wa ter up take cre ated by the CNTs. It is in ter est ing to note that the in tro duc tion of an in ter face at the microscale,
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Fig. 4. Weight gain DW W ver sus the square root of time t  for the neat and mod i fied ep oxy

ma tri ces: neat resin (m) and res ins con tain ing 0.3 (r), 0.5 (k), and 1.0% CNTs (s).
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Fig. 5. The same for the neat (m) and  0.5% CNT-mod i fied (k) ep oxy and neat (n) and mod i -

fied CFRPs (l).



i.e., that be tween the CF re in force ment and the ma trix, di min ished the ef fect of the in ter face at the nanoscale, i.e., that be tween

the CNTs and the matrix, despite the fact that the latter was larger by some orders of magnitude. 

In Fig. 6, the elec tri cal re sis tance R of the mod i fied ep oxy sys tems as a func tion of the square root of ex po sure time t

and CNT con tent is il lus trated. The re sis tance of the spec i mens with 0.3% CNTs fell rap idly with ex po sure time from an ini tial

3 MW to ap prox i mately 0.75 MW, which was the re sis tance mea sured at sat u ra tion. The spec i mens with 0.5% CNTs be haved in

a sim i lar man ner; how ever, their ini tial re sis tance was much lower, i.e., at ap prox i mately 0.75 MW, and the sat u ra tion was

reached at ap prox i mately 0.25 MW. As can be seen, the be hav iour of the afore men tioned spec i mens was nonmonotonic up to 25 

h of ex po sure. On the other hand, when us ing the same re sis tance scale, the re sis tance of the sys tem with 0.1% CNTs ap peared

al most con stant in the course of ex po sure. As the CNT con tent in creased, the re sis tance drop be came less pro nounced. This fact 

can be at trib uted to the elec tri cal per co la tion thresh old of the mod i fied res ins, which was ex per i men tally de fined at ap prox i -

mately 0.3% CNT [45]. As the CNT con tent of the mod i fied sys tems moved well above the per co la tion thresh old, the spec i -

mens be came less sen si tive to the wa ter up take as far as their elec tri cal re sis tance val ues were con cerned. On the other hand, the 

nonmonotonic be hav iour of the lower con cen tra tion sys tems may be linked to the ex is tence of two com pet i tive mech a nisms af -

fect ing the elec tri cal re sis tance. As should be noted, the hy dro ther mal exposure generally reduces the resistance, whereas the

tensile strain have an opposite effect, i.e., the resistance increases [45].

In Fig. 7, the re sis tance ver sus the square root of time is de picted for the un mod i fied and CNT-mod i fied lam i nates.

The re sis tance of the mod i fied spec i mens in creased monotonically with ex po sure time. The re sis tance of the un mod i fied

CFRPs in creased for about the first 20 h of ex po sure, and there af ter de creased to ap prox i mately the ini tial re sis tance. At this

point, it should be noted that the re sis tance of the CFRPs was of the or der of 1 W, whereas the or der of re sis tance mag ni tude of

the mod i fied ma tri ces was six times higher, namely 1 MW. The prin ci pal con duc tive phase of the lam i nates was the car bon

fibres, which dom i nated the elec tri cal be hav iour of the ma te rial. How ever, the CNT mod i fi ca tion dra mat i cally al tered the elec -

tri cal re sis tance of the lam i nates, which was monotonic in the case of the mod i fied sys tem, whereas for the unmodified ones, it

reached a pick at about 20 h and fell thereafter. 

Fig ure 8 pres ents the rel a tive elec tri cal re sis tance ver sus weight gain for the CNT-mod i fied ep oxy spec i mens. The

scal ing to the ini tial DR value re vealed that the trend no ticed in Fig. 6 was the same for all CNT con tents. How ever, this trend

was masked by the small re sis tance vari a tions in the case of 1% CNT con tent. The rel a tive re sis tance in creased for all three

con fig u ra tions un til a 1% weight gain was reached. From this point on wards, all the sys tems be came more con duc tive. A sim i -

lar ef fect was re ported by Singh et al. [46], where the con duc tance of glass fi bre/ep oxy lam i nates in creased with ex po sure to a
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hy dro ther mal en vi ron ment and exhalate va pours. How ever, to our knowl edge, this is the first time that the ir re vers ible dam age

pro cesses are found to de crease the elec tri cal re sis tance of sys tems where car bon in any form (fi bre, nanotube, or car bon black)

is the con duc tive phase. This nonmonotonic be hav iour can be at trib uted only to the ep oxy resin or the CNT/resin in ter face, as

the con duc tiv ity of the CNTs was not expected to change as a result of the hydrothermal exposure. 

Sim i lar ob ser va tions can be made in re la tion to Fig. 9, al beit in a dif fer ent con text. The rel a tive re sis tance as a func tion

of weight gain for the spec i mens of neat CFRP was clearly nonmonotonic. It is no ta ble that the in clu sion of only 0.5% CNTs in

the ma trix ma te rial was enough to com pletely ef face this ef fect. In the for mer case, the con duc tiv ity reached a pla teau at ap -

prox i mately 0.2% rel a tive weight gain and rap idly de creased there af ter, but in the lat ter one, there was a clear monotonic

increase in the resistance. 

As al ready men tioned in con nec tion with Figs. 6 and 8, the in creas ing CNT con tent masked the nonmonotonic be hav -

iour of the mod i fied ma trix sys tems. How ever, this be hav iour was al ways pres ent. In terms of the ab so lute re sis tance (Fig. 6),

since the mod i fied sys tems were more con duc tive due to the in creased con duc tive phase, this nonlinearity tended to di min ish

within the sys tem noise. On the other hand, as shown in Fig. 9, the un mod i fied lam i nates ex hib ited be hav iour sim i lar to that of

the doped resin sys tems. More over, as can be safely as sumed, the to tal wa ter ab sorp tion was only due to the poly mer and the
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poly mer/in clu sion in ter face. The weight gain at the max i mum re sis tance was ap prox i mately 1% for the mod i fied res ins and

0.2% for the neat CFRPs (Figs. 8 and 9, re spec tively). This was al ready ex pected, as the vol ume frac tion of car bon fibres was

55% and the carbon fibre to resin density ratio was approximately 1.8. 

In view of the above-said, one would ex pect that the in clu sion of both car bon fibres and CNTs in the ep oxy would af -

fect the elec tri cal re sis tance of the com pos ite in the same way, re gard ing its re sponse to the hy dro ther mal ex po sure. How ever,

in the case of the mod i fied CFRP lam i nates, a par a dox was ob served. This par a dox man i fested in the fact that the elec tri cal re -

sis tance in creased monotonically with weight gain. The in clu sion of a small weight frac tion of a con duc tive phase (CNTs) in an 

al ready con duc tive ma te rial (due to the pres ence of car bon fibres), al though it is un likely that this af fected the ini tial re sis tance

of the sys tem (Fig. 7), to tally al tered its elec tri cal be hav iour. This phe nom e non can be at trib uted only to a syn er gis tic ef fect

caused by in ter ac tion be tween the main car bon fi bre re in force ment and the CNTs in cluded in the ep oxy ma trix. Last but not

least, the mon i tor ing of hy dro ther mally in duced dam age via the re sis tance tech nique for com pos ite lam i nates may be made fea -

si ble with in clu sion of CNTs. However, this method is not directly applicable to the conventional composite systems.

Fi nally, in Fig. 10, the interlaminar shear strength of all the com pos ite lam i nates be fore and af ter the hy dro ther mal ex -

po sure is de picted. The in clu sion of 0.5% CNTs in the com pos ite ma trix did not af fect the interlaminar per for mance of the com -

pos ite sys tems. This ob ser va tion is con sis tent with the fact that there was no ob vi ous dif fer ence in the wa ter up take be tween the
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mod i fied and neat spec i mens (Fig. 5). Al though the in clu sion of an ad di tional in ter face was ex pected to de te ri o rate the

interlaminar shear strength, this was not verified in the experimental investigation. 

4. Con clu sions

The cur rent study was fo cussed on the ef fect of hy dro ther mal ex po sure of ep oxy ma tri ces and car bon fi bre/ep oxy

com pos ites mod i fied and un mod i fied with CNTs. The weight gain and the elec tri cal re sis tance of the ex posed sys tems were

mea sured as a func tion of exposure time. 

There were very lit tle dif fer ences be tween the neat and mod i fied ep oxy res ins in terms of weight gain. The neat ep oxy

sys tem ex hib ited a slightly lower wa ter up take than the mod i fied sys tems. In the case of com pos ite lam i nates, there was prac ti -

cally no dif fer ence in terms of weight gain ver sus time. This ob ser va tion is con sis tent with the fact that there was no no ta ble dif -

fer ence in the interlaminar shear strength of the com pos ite lam i nates be fore and after the hydrothermal exposure. 

The mod i fi ca tion of ep oxy res ins ren dered them con duc tive, en abling the mon i tor ing of the elec tri cal re sis tance

through out the ex po sure. For all the sys tems stud ied, the re sis tance reached a peak value af ter about 20 h of ex po sure, or at a 1% 

weight gain. There af ter, the re sis tance de creased monotonically un til the end of ex po sure, i.e., at 600 h. A sim i lar be hav iour

was ob served for the neat CFRPs, with the peak value reached at al most the same ex po sure time, i.e., at 20 h and at a 0.2%

weight gain. On the con trary, in the case of the CFRP lam i nate mod i fied with 0.5% CNTs, the re sis tance in creased

monotonically through out the ex per i ment. This can be ex plained by a syn er gis tic ef fect caused by the in ter ac tion be tween the

two con duc tive phases, i.e., the carbon fibres and carbon nanotubes. 

Fur ther more, the in clu sion of CNTs in the ma trix of oth er wise con ven tional car bon fi bre/ep oxy com pos ites is prom is -

ing as far as the mon i tor ing of hy dro ther mal deg ra da tion of the ma te ri als by means of elec tri cal re sis tance measurements is

concerned. 
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