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A b s t r a c t

In this study the creep behaviour and its dependence on moisture content in injection

moulded hybrid composites reinforced with carbon fibres and carbon nanotubes was

investigated. The tensile tests and the scanning electronmicroscope images confirmed that

the presence of carbon fibres helped the uniform distribution of carbon nanotubes in the

matrix. In the composites reinforced onlywith carbonfibres, the creep ratewas lower than in

any of the composites reinforced with only carbon nanotubes. Synergistic effects were

observedwhen carbonnanotubeswere added to the composite besides the carbon fibres: the

creep rate was even lower and decreased with the increase in nanotube content. In the

composites only reinforced with carbon nanotubes, crystallinity decreased, and moisture

absorption increased with increasing nanotube content, but in the hybrid composites, the

decrease in crystallinity andmoistureabsorptionwasmuch lower, thus thedisadvantageous

effect of moisture on the creep rate was much smaller in the hybrid composites.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Over the past 10e15 years, carbon nanotube reinforced poly-

mer composites have become more and more prominent, but

their breakthrough has so far lagged behind. This may be due

to the fact that the mechanical properties of nanocomposites

produced bymass production technologies have not improved

considerably compared to conventional composites. In the

case of the widespread, fibre-reinforced composites, even the
M�esz�aros).

by Elsevier B.V. This
mathematical modelling of their mechanical behaviour is

extensively researched, but only little information is available

about nanocomposites including their long-term behaviour

and the effects of environmental parameters [1e5].

The mechanical properties of composites are significantly

determined by the size of the interface between the fibre and

the matrix; reinforcing is most effective when the reinforcing

material adheres to the matrix on the largest possible surface.

In the early 2000s, nanoscale reinforcements came to the fore,

due to their extremely high surface/volume ratio. A very
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Table 1 e Components of the investigated composites.

Name PA6 content
[wt%]

CNT
content
[wt%]

Carbon fibre
content [wt%]

PA6 100 0.00 0

PA6þ0.25CNT 99.75 0.25 0

PA6þ0.5CNT 99.50 0.50 0

PA6þ0.75CNT 99.25 0.75 0

PA6þ1CNT 99.00 1.00 0

PA6þ30CF 70.00 0.00 30

PA6þ30CFþ0.25CNT 69.75 0.25 30

PA6þ30CFþ0.5CNT 69.50 0.50 30

PA6þ30CFþ0.75CNT 69.25 0.75 30

PA6þ30CFþ1CNT 69.00 1.00 30
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promising nanoscale reinforcement is carbon nanotubes,

which have a surface/volume ratio of a few tens of thousands
1
m. Compared to this, conventionally used short carbon fibres

have only a few hundreds 1
m of surface/volume ratio. In addi-

tion, nanoscale reinforcing materials have outstanding me-

chanical properties, well beyond those of conventional

reinforcements of composites. Multi-wall carbon nanotubes

(MWCNT), have approximately 200e900 GPa tensile modulus,

14GPa bending strengthand 20e63GPa tensile strength [6e10].

However, mechanical properties of carbon nanotube rein-

forced composites are highly dependent on the degree of

dispersion of the nanotubes. Carbon nanotubes tend to adhere

strongly to each other and usually form large aggregates

during their production, thus during the processing of the

composite material, nanotubes tend to remain in this aggre-

gated form. This may lead to nanotubes functioning as stress

concentration centres instead of reinforcing. To achieve uni-

form dispersion of nanotubes, a large variety of methods have

been developed in the past few years, most of which are based

on the chemical surface modification of nanotubes that may

disrupt the regular structure of nanotubes, and often are quite

expensive which limits the widespread use of nanotube-

reinforced composites [1,11e13].

Uniform distribution of carbon nanotubes can be achieved

in the polymer matrix by means of high shear stresses during

mixing [14,15]. Adding various fibrous fillers can increase the

apparent viscosity of thematrix to the desired extent and lead

to a higher shear stress during processing,moreover they have

a reinforcing effect themselves. In the past years a few re-

searches dealt with these kind of hybrid composites, Karsli

et al. observed synergistic effects on the tensile and impact

properties of short glass fibre and carbon nanotube hybrid

reinforced, injectionmouldedcomposites. Polyamide6 (PA6) is

one of the popular matrix materials for high performance

composites as it can be effectively reinforced eitherwith fibres

or with nanoparticles, and these composites are well appli-

cable for injection moulding. One of the most popular re-

inforcements for injection moulded polyamide matrix

compositesare short carbonfibresdue to their lowdensity, and

high tensile strength and tensile modulus. Recently, a lot of

promising carbon nanotube and carbon fibre reinforced, poly-

amide matrix hybrid composites have appeared, however

most of these are based on growing the nanotubes onto the

carbonfibreswhichmakes their productionexpensive [16e21].

In case of a polyamide matrix nanocomposite, as being

thermoplastic its long-term behaviour is another important

issue, the nanotubes may effectively block the movement of

the polymer chains that may decrease the creep significantly.

Only a few studies have investigated the creep behaviour of

carbon nanotube reinforced thermoplastic composites so far,

and there has been even less research on hybrid composites.

Jia et al. [22] observed, that adding 2.8 vol% carbonnanotube to

the polypropylene matrix decreased the creep strain by 36%,

even though the dispersion of the nanotubeswas not uniform.

As the hybrid reinforcement showed synergistic effect on the

tensile and impact properties, it may have a positive effect

also on the creep behaviour [22e26].

Themaindisadvantageof polyamide ismoisture absorption,

as its mechanical properties are highly dependent on the
quantity of absorbed moisture. The moisture-dependent me-

chanicalpropertiescanbestrongly influencedbythepresenceof

reinforcingmaterials, especially in the case of nanocomposites,

where the large surface of the particles results in a large inter-

phase region. In this region, thepolymerchainsmaybeattached

to the nanotubes which block the chain movement that results

in lower crystallinity and ultimately, higher moisture absorp-

tion. If the nanotubes form larger aggregates, it may also block

the crystallization and if the aggregates are not impregnated

properly by the matrix, the capillary moisture absorption may

also increase. On the other hand, the uniformly dispersed car-

bon nanotubes may act as crystal nucleation agents, and the

higher crystallinity cause lowermoisture absorption and better

mechanical properties. Short carbon fibres may have a similar

effect on themoisture absorption in PAmatrix composites, and

in the carbon fibre and carbon nanotube reinforced hybrid

composites the combined effect of these reinforcements on the

moisture absorption and its effect on themechanical properties

is not reported in the literature [27e33].

The aim of this research was to investigate the effect of the

moisture content on the mechanical properties, namely the

tensile and the creep behaviour of carbon fibre and carbon

nanotube reinforced, polyamide 6 matrix composites that can

be easily produced by extrusion and injection moulding.
2. Experimental

2.1. Materials

As matrix material, polyamide 6 homopolymer produced by A.

SchulmanGmbH (USA)wasused (SHULAMID6MV13F, PA6). Its

density was 1.13 g/cm3 (at room temperature), and itsmelt flow

index (MFI) was 14.7 g/10 min (2.16 kg, 230 �C). The carbon

nanotubeswereproducedbyNanocyl s.a. (Belgium); theaverage

diameter of the NANOCYLNC7000 carbon nanotubes (CNT)was

9.5 nm and their length was 1.5 mm. For fibre reinforcement,

Panex 35 Chopped Pellet 95 carbon fibres were used (CF), pro-

duced by Zoltek Zrt. (Hungary). The fibres had an average

starting length of 6mmand diameter of 8.3 mm.Thefibres had a

density of 1.81 g/cm3.

From the materials mentioned above, 10 different com-

posite materials (Table 1) were prepared by extrusion on a

Labtech LTE 26e44 type twin-screw extruder. Before

https://doi.org/10.1016/j.jmrt.2021.12.030
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Fig. 1 e Determination of deformation components from

the creep curves.
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extrusion, the PA6 granules were dried for 4 h at 80 �C in a

Despatch LBB2-27-1CE type drying oven, then the raw mate-

rials were mechanically mixed at room temperature. Extru-

sion temperature was between 230 �C and 240 �C, and the

speed of the screws was 25 1/min.

After extrusion, dumbbell type specimens with a cross-

section of 4 � 10 mm2 were injection moulded with an

Arburg Allrounder 370 S 700e290 injection moulding machine

(Germany). Melt temperature was between 255 �C and 275 �C,
mould temperature was 80 �C and injection pressure was

1200 bar. The injection moulded specimens were conditioned

in desiccators at 25 �C at 23.1% (distilled water þ potassium

acetate desiccant), 52.0% (distilled waterþmagnesium nitrate

desiccant), 74.5% (distilled waterþ sodium chloride desiccant)

and 99.9% (distilled water) for a month before testing.

2.2. Characterization methods

Tensile tests were carried out on at least 5 specimens/material

on a Zwick Z005 universal testing machine (Germany) ac-

cording to EN ISO 527. The tensile moduli were determined by

the linear regression line fitted between the 0.05% and 0.25%

displacement values. The tensile speed was 5 mm/min and

gauge length was 110 mm.

Creep tests were carried out on at least 3 specimens/ma-

terial on the same machine, the test load was approximately

30% of the tensile strength,which is still the linear viscoelastic

range, but large enough to allow the differences to be well

analysed [22,24,34]. In order to prove the linear viscoelasticity

of the composites, pre-tests were carried out on the speci-

mens conditioned at 100% relative humidity before the creep

tests. During the pre-tests, the creep loads were 25%, 30% and

35% of the tensile strength. The creep compliance curves were

coincident in the case of 25% and 30% loads, and higher creep

compliance were observed in the case of 35% load. Therefore,

30% of the tensile strength was considered as the limit of the

linear viscoelasticity. Based on the tensile tests, the test load

was 17.5 MPa in the case of the pure, and CNT reinforced PA6,

and 45 MPa for the CF reinforced and hybrid composites. To

make these creep data comparable, the registered

deformationetime plots were transformed to creep

complianceetime plot, according to Equation (1).

JðtÞ¼ εðtÞ
s0

(1)

where εðtÞ is the measured deformation as a function of time

and s0 is the applied load. Testing time was 1200 s and the

speed of uploading and unloading was 100 N/s.

According to the Burgers model, the total deformation (εt)

of creep tested polymers can be divided into three compo-

nents: the instantaneous elastic (ε0), the time-dependent

viscoelastic (εv) and the time-dependent viscous (or relaxa-

tion) deformation components (εr) (Fig. 1). Instantaneous

elastic deformation is the initial deformation at t ¼ 0. Visco-

elastic deformation was determined by subtracting the

instantaneous elastic deformation from the section of the

t ¼ 0 line and the tangent fitted to the endpoint of the creep

curve. Viscous deformation was determined by subtracting

the instantaneous elastic and the viscoelastic deformation

from the total deformation [35e37].
The fracture surfaces of the tensile tested specimens were

inspected with a JEOL 6380 LA type scanning electron micro-

scope (SEM), (Japan) after sputtering with gold.

Crystallinity was determined by thermal analysis per-

formed on a TA Instruments Q2000 DSC machine (USA). The

~5 mg samples were cut out from the centre of the injection

moulded dumbbell specimens, then heated to 240 �C, with a

heating rate of 10 �C/min. In the crystallites, there are a and g

phases with different melting enthalpies. As their ratio is

unknown, an average 240 J/g was considered to be themelting

enthalpy of the 100% crystalline PA6 [38,39].

The moisture content of the matrix was determined by

mass measurement, the mass of the conditioned dumbbell

specimens were measured on a high-precision scale, then

dried at 80 �C for 4 h, then measured again. The absorbed

moisture contents of the specimens were calculated as

follows:

Am ¼ Wc �Wd

Wd,ð1� 4Þ
where Am is the absorbed moisture, Wc is the weight of the

conditioned and Wd is of the dried specimens and 4 is the

weight ratio of the reinforcement. From each material, 3-3

specimens were measured, the results were evaluated by

statistical methods.

2.3. Results and discussion

2.3.1. Tensile tests
Tensile tests were carried out on specimens conditioned at

25%, 50%, 75% and 100% relative humidity. It can be seen in

Table 2 that the tensile strength, the tensile modulus and the

elongation at break of the composites reinforced only with

carbon nanotubes decreasedwith increasing carbon nanotube

content. The tensile strength and tensile modulus of the car-

bon fibre and carbon nanotube reinforced hybrid composites

https://doi.org/10.1016/j.jmrt.2021.12.030
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Table 2 e Tensile properties of the composites.

Name Tensile
strength [MPa]

Standard
deviation [MPa]

Tensile
modulus [MPa]

Standard
deviation [MPa]

Strain at
break [%]

Standard
deviation [%]

25% relative humidity

PA 60.98 6.63 2.57 0.22 82.76 17.88

PAþ0.25CNT 58.77 2.94 2.51 0.09 35.55 28.74

PAþ0.5CNT 54.98 6.07 2.57 0.16 3.39 2.24

PAþ0.75CNT 49.39 15.74 2.29 0.81 5.51 15.60

PAþ1CNT 52.03 7.86 2.53 0.09 2.92 1.38

PAþ30CF 173.33 7.35 12.15 0.80 3.45 0.89

PAþ0.25CNTþ30CF 172.56 4.69 12.21 0.93 3.47 0.28

PAþ0.5CNTþ30CF 178.50 4.03 12.85 0.87 3.13 0.45

PAþ0.75CNTþ30CF 177.87 2.66 12.56 0.38 3.21 0.39

PAþ1CNTþ30CF 177.19 5.74 12.56 2.48 3.87 2.86

50% relative humidity

PA 58.90 8.00 2.10 0.14 105.95 138.83

PAþ0.25CNT 50.24 13.08 1.98 0.09 21.39 32.75

PAþ0.5CNT 43.39 14.33 2.10 0.02 4.72 13.68

PAþ0.75CNT 45.80 9.34 2.09 0.07 6.26 14.11

PAþ1CNT 47.77 15.15 2.14 0.04 8.89 19.25

PAþ30CF 156.78 4.46 10.64 1.33 6.45 15.54

PAþ0.25CNTþ30CF 155.09 3.64 10.85 0.05 3.42 0.51

PAþ0.5CNTþ30CF 159.08 6.10 11.15 1.15 3.81 5.05

PAþ0.75CNTþ30CF 158.26 3.82 11.32 0.28 3.15 0.54

PAþ1CNTþ30CF 153.02 13.03 11.22 1.09 3.01 1.37

75% relative humidity

PA 55.02 9.02 1.58 0.03 179.63 49.53

PAþ0.25CNT 48.04 2.97 1.68 0.07 65.30 67.54

PAþ0.5CNT 35.27 17.42 1.68 0.22 5.33 17.32

PAþ0.75CNT 40.60 21.93 1.57 0.22 15.22 32.65

PAþ1CNT 32.69 8.89 1.59 0.27 3.89 5.46

PAþ30CF 140.10 8.36 10.04 1.34 3.64 0.45

PAþ0.25CNTþ30CF 141.14 1.66 10.43 1.03 3.39 0.52

PAþ0.5CNTþ30CF 146.34 3.05 10.63 0.91 3.34 1.22

PAþ0.75CNTþ30CF 142.54 6.71 10.16 1.63 2.99 1.06

PAþ1CNTþ30CF 142.49 5.59 10.12 1.97 3.03 0.53

100% relative humidity

PA 54.15 128.43 1.41 0.02 210.89 82.73

PAþ0.25CNT 31.22 23.15 1.35 0.06 8.32 25.82

PAþ0.5CNT 32.11 28.86 1.34 0.06 12.15 50.00

PAþ0.75CNT 29.18 23.46 1.35 0.06 8.18 33.96

PAþ1CNT 31.39 56.88 1.02 1.70 46.07 124.36

PAþ30CF 116.11 6.36 7.08 2.54 4.59 2.40

PAþ0.25CNTþ30CF 118.20 8.24 8.11 0.28 3.99 0.41

PAþ0.5CNTþ30CF 117.60 3.91 8.26 0.60 3.94 0.62

PAþ0.75CNTþ30CF 118.37 6.08 8.62 0.22 3.58 0.36

PAþ1CNTþ30CF 119.31 2.77 8.52 0.27 3.73 0.40
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are higher than those of the composite containing only carbon

fibres and increased with increasing nanotube content. Based

on this and the SEM images discussed later, it can be

concluded that adding carbon fibres to the composite resulted

in a much more homogenous distribution of carbon nano-

tubes. The nanotubeswere able to produce a reinforcing effect

in the carbon fibre reinforced composite, in contrast to the

composite reinforced only with nanotubes, where the large

aggregates functioned as stress concentration centres.

The hybrid reinforcement had an advantageous effect also

on the moisture dependent mechanical properties, in the

presence of the carbon fibres the tensile strength and the

modulus decreased to a lesser extent with the increasing

moisture content, which effect intensified with the higher

nanotube content. This is explained by the fact that in carbon

fibre and carbon nanotube reinforced hybrid composites, the
hydrophobic carbon fibres (which are 20 v% of the composite)

are the primary load carriers and the failure of the softening

matrix due to the moisture content is less significant. In the

hybrid composites, the nanotubes are dispersed uniformly,

and as a result, a higher fraction of polymer chains are

immobilized by them, which compensate the softening effect

of moisture.

2.3.2. SEM images
Figure 2 a shows the ductile fracture surface of the reference

PA6, which is typical for polyamides with high modulus and

strain at break. However, the fracture surfaces of the nano-

tube reinforced composites (Fig. 2 b-e) a show a much less

ductile behaviour, and it is well noticeable that the starting

point of failure is an aggregate of about 200e300 mm in

diameter. Based on SEM images and tensile properties, it can

https://doi.org/10.1016/j.jmrt.2021.12.030
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Fig. 2 e SEM images of the nanocomposites (25% RH): a) pure PA6, b) PA6þ0.25 CNT, c) PA6þ0.75CNT, d) PA6þ1CNT, e)-g)

PA6þ0.5CNT.
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be assumed that instead of reinforcing, CNTs created a stress

concentration centre in the composite. The analysis of ag-

gregates at higher magnification shows that the aggregates

were impregnated by the matrix satisfactorily (Fig. 2 f, g),

moreover, uniformly dispersed, single nanotubes can also be

found near the aggregates, but the effect of the aggregates on

the mechanical properties was dominant. A similar structure

was found in composites with a carbon nanotube content of

0.5 m%, 0.75 m% and 1 m%.

On the fracture surface of the composites containing 30 m

% carbon fibres (Fig. 3 a), the starting point for failure cannot

be clearly identified, moreover large amount of broken fibres

can be observed. The hybrid composites show a similar frac-

ture surface (Fig. 3 b), that suggests that failurewas not caused

by large aggregates of carbon nanotubes. A magnification of

5000� did not show any CNT aggregates on the surface of the

sample, and mostly single nanotubes are recognizable, which

indicates their uniform dispersion (Fig. 3 c-f).

2.3.3. The effect of nanotube content on moisture absorption
and crystallinity
Figure 4 a shows that the moisture absorption of the carbon

nanotube reinforced composites slightly increased with the

increase of the carbon nanotube content, and this increasing

became significant at larger relative humidity. This may

indicate that the higher nanotube content increased the
influence of relative humidity, and thismay be reflected in the

mechanical properties of the composites. Fig. 4 b shows the

moisture absorption of the hybrid composites reinforced with

carbon fibre and carbon nanotubes. Increasing the carbon

nanotube content did not lead to a significant increase of

moisture absorption. To detect the causes for this, DSC tests

were carried out to investigate crystallinity, as the reinforcing

materials have an effect on themorphology of thematrix, and

this may influence moisture absorption.

It can be seen on Fig. 5 that the crystallinity of the only

carbon nanotube reinforced composites, decreased as carbon

nanotube content increased, and this is strongly related to

increasingmoisture absorption, as in the polymer matrix only

the amorphous parts can absorb moisture. The lower crys-

tallinity of the only carbon nanotube reinforced composite

may be explained by that the nanotubes hindered effectively

the movement of the polymer chains, that did not allow them

to form a crystalline structure. Additionally, the nanotubes

improved the thermal conductivity of the composites, the

solidification from melt was faster, and only a shorter period

of time was available for the crystallization (see Fig. 6).

In the case of composites reinforced with carbon fibres and

carbon nanotubes, crystallinity dropped only by 2.3%, while it

dropped by 2.6% in composites reinforced only with carbon

nanotubes. In the hybrid composites the dispersion of the

nanotubes wasmuchmore uniform, thus their heterogeneous

https://doi.org/10.1016/j.jmrt.2021.12.030
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Fig. 3 e SEM images of the hybrid nanocomposites (25% RH): a) only CF reinforced PA6, b) -f) PA6þ30CFþ0.5CNT.
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crystalline nucleating effect became more significant

compared to the formerly mentioned chain mobility

decreasing effects.

2.3.4. Creep tests
The tensile tests showed that hybrid composites performed

well and showed synergistic effects as expected, but in the

case of composites containing only nanotubes, the reinforcing

role of nanoparticles was less effective. Similar results may be

observed on the creep compliance curves (Fig. 6) of the pure

PA6, and the CNT reinforced composites.

The carbon fibres have a high elastic modulus, which

significantly decreases the instantaneous elastic creep

compliance. In order to better understand the structure-

related creep behaviour of the composites, the time-

dependent part of the creep data should be investigated, for

which the instantaneous elastic creep compliance is sub-

tracted from the creep compliance curves (Fig. 7).
Fig. 4 e Moisture absorption of the matrix a) of the only carbon

carbon nanotube reinforced composites.
It is well noticeable that the time-dependent creep

compliance of the pure PA was the smallest, while it was

larger in the carbon nanotube reinforced composites for each

nanotube content (Fig. 7). No clear relationship could be

observed between carbon nanotube content and the magni-

tude of creep compliance. The reason for this may be that the

aggregates are loose structures of adhered nanotubes that are

deformed more than the matrix under constant load [26].

Deformation is significantly determined by the size and dis-

tribution of the aggregates, which are mainly influenced by

the melt flow processes that are difficult to determine and

control during processing (e.g. the melt viscosity is much

higher in the interphase between the matrix and the nano-

tubes), and the effect of carbon nanotubes is significantly

lower. However, in tensile tests, it was observed that tensile

strength and modulus, and elongation at break decreased

when carbon nanotube content increased. The explanation

for the difference between the tensile and the creep properties
nanotube reinforced composites, b) of the carbon fibre and

https://doi.org/10.1016/j.jmrt.2021.12.030
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Fig. 5 e Crystallinity of the composites.
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is that during tensile tests themodulus is valid for initial small

deformations (linear elastic region) and the tensile strength at

the moment of failure, but the creep test occurs in the linear

viscoelastic region between them. Deformation speed may

also affect the mechanical properties: while the tensile tests

had a deformation speed of 5 mm/min, it was on average an

order of magnitude lower during the creep tests.

The carbon fibres obviously had a positive effect on the

creep behaviour of the composites containing nanotubes and

carbon fibres (Fig. 7): the time-dependent creep compliance of

the composite reinforced only with carbon fibres was lower

than that of the pure PA6 or any of the composites reinforced

with only carbon nanotubes. Adding carbon nanotubes to the

composite besides the carbon fibres reduced creep compli-

ance of the composites even more; and it decreased signifi-

cantly as nanotube content increased. Similar creep
Fig. 6 e Creep compliances of the nano- and h
behaviour and trends were obtained in the 50%, 75% and 100%

relative humidity conditions tested.

The hybrid reinforcement was advantageous for the

moisture dependent creep behaviour, the hybrid composite

reinforced with 30 wt% carbon fibre and 0.5 wt% carbon

nanotubes (Fig. 8, black curves) showed a higher creep

compliance with increasing humidity, but the effect of hu-

midity here was much less significant than in the case of

the 0.5 wt% carbon nanotube reinforced composite (Fig. 8,

grey curves). The carbon fibres facilitated the uniform dis-

tribution of the nanotubes, therefore crystallization was

hampered less by the nanotube aggregates. Because of this,

the increasing nanotube content resulted in a slighter

decrease in crystallinity, thus a much smaller increase in

creep deformation.

Figure 9 shows that higher nanotube content resulted in

higher instantaneous elastic (a) and lower viscous (b) defor-

mation. The increasing instantaneous elastic deformation of

the nanocomposite suggests that in the composite, besides

the stochastically distributed aggregates, uniformly dispersed

nanotubes were present, which adhere well to the matrix

(Fig. 2). A decline in the viscous deformation component

suggests that nanotubes adhered adequately to the PA matrix

without special surface treatment and effectively hindered

the movement of the polymer chains [26].

Figure 9 b shows that higher humidity resulted in greater

viscous deformation: the viscous deformation increased from

8.7% to 14.9% of total deformation, while instantaneous defor-

mation decreased from 67% to 48.9% in the case of pure PA6.

With increasing moisture content, instantaneous elastic defor-

mation decreased, while viscous deformation became more

dominant, and this trend was strengthened by the presence of

the nanotubes. The reason for this is that according to the DSC
ybrid composites conditioned at 25% RH.

https://doi.org/10.1016/j.jmrt.2021.12.030
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Fig. 7 e Time-dependent creep compliances of the nano- and hybrid composites conditioned at 25% RH.
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tests, increasing nanotube content resulted in lower crystal-

linity, andascrystalline parts cannot absorbmoisture,moisture

absorption increased with increasing nanotube content.

Therefore, an increase in carbon nanotube content may in-

crease the softening effect of moisture.

In the hybrid composites, the presence of carbon nano-

tubes had an advantageous effect on the moisture sensitivity

of the composites, as nanotube content increased, the ratio of

the instantaneous elastic deformation increased significantly

(Fig. 10 a), while the ratio of viscous deformation decreased

(Fig. 10 b). This indicates that the uniformly dispersed carbon

nanotubes properly adhered to the matrix and effectively

reduced the mobility of the polymer chains, thereby an
Fig. 8 e Time-dependent creep compliances of the nano- and hyb
interphase was created around the nanotubes, which had an

additional reinforcing effect.

According to the principle of moisture contentetime su-

perposition, under constant load, increase in the absorbed

moisture of a material produces a similar effect in a longer

load time, i.e. viscous deformation increases, and instanta-

neous deformation decreases [40]. As viscous deformation

does not increase at high humidity as much as in case of the

polyamide reinforced only with carbon fibres, due to the

presence of nanotubes, it can be concluded that at lower hu-

midity content (which is close to the operational conditions of

the composite) deformation remains low even at a long-time

load.
rid composites conditioned at different relative humidities.
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Fig. 9 e a) Instantaneous elastic deformation, b) viscous deformation of the composites reinforced with only carbon

nanotubes.

Fig. 10 e a) Instantaneous elastic deformation, b) viscous deformation of the composites reinforced with carbon nanotubes

and carbon fibres.
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3. Conclusions

We investigated the long-term mechanical behaviour of car-

bon nanotube reinforced composites and carbon nanotube

and carbon fibre reinforced hybrid composites. The effect of

the relative humidity of the environment on the mechanical

behaviour of the composites was also investigated.

We found that carbon fibres and carbon nanotubes have a

synergistic effect on the mechanical properties of the com-

posite. Adding carbon nanotubes to the carbon fibre rein-

forced composites improved the mechanical properties

compared to composites containing only carbon fibres.

In the SEM images, it was observed that in the composites

containing only carbon nanotubes, failurewas initialized in all

cases by a larger aggregate. No visible aggregates were found

in the carbon fibre reinforced hybrid composites, only uni-

formly dispersed, single nanotubes among the carbon fibres.
The increase of nanotube content resulted in higher

moisture absorption. However, in the case of the carbon fibre

and carbon nanotube reinforced composite, this increase was

much less significant. According to the DSC tests, higher

moisture absorption was caused by the lower crystallinity of

the nanotube-reinforced composites.

Adding carbon nanotubes made the elongation of the

composites at constant loads greater than that of pure PA in

the creep tests. The increasing nanotube content resulted in

smaller viscous and larger instantaneous elastic deformation.

Moisture content had a significant effect on the creep prop-

erties; in the case of composites reinforced only with carbon

nanotubes, nanotube content increased the influence of

moisture content, thus decreased instantaneous elastic

deformation and increased viscous deformation. In the case of

the hybrid composites containing carbon fibres, it was

observed that total deformation decreased, and instantaneous

elastic deformation increased with the increase in

https://doi.org/10.1016/j.jmrt.2021.12.030
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nanoparticle content. This indicates that the nanotubes were

homogenously dispersed in the composite; they adhere well

to the PA6 and effectively block the movement of polymer

chains. Moisture content had much less influence on the

creep behaviour of the hybrid composites; the decrease of

instantaneous elastic deformation and the increase in viscous

deformationwasmuch lower. In sum, carbon fibre and carbon

nanotube reinforced hybrid composites are less sensitive to

moisture content and have a more advantageous long-time

behaviour than composites reinforced with only nanotubes.
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Henning F, et al. Twin-screw extrusion of multi walled
carbon nanotubes reinforced polycarbonate composites:
investigation of electrical and mechanical properties. IOP
Conf Ser Mater Sci Eng 2012;40(1):012020.

[15] Margolis JM. Conductive polymers and plastics. New York:
Chapman & Hall; 1989.

[16] Ma Y, Jin S, Zhang S. Effect of trigger on crashworthiness of
unidirectional carbon fibre reinforced polyamide 6
composites. Plast Rubber Compos 2018;47:208e20. https://
doi.org/10.1080/14658011.2018.1466502.

[17] Gamze Karsli N, Yesil S, Aytac A. Effect of hybrid carbon
nanotube/short glass fiber reinforcement on the properties
of polypropylene composites. Compos B Eng 2014;63:154e60.
https://doi.org/10.1016/j.compositesb.2014.04.006.

[18] Yourdkhani M, Liu W, Baril-Gosselin S, Robitaille F, Hubert P.
Carbon nanotube-reinforced carbon fibre-epoxy composites
manufactured by resin film infusion. Compos Sci Technol
2018. https://doi.org/10.1016/j.compscitech.2018.01.006.

[19] He Y, Yang S, Liu H, Shao Q, Chen Q, Lu C, et al. Reinforced
carbon fiber laminates with oriented carbon nanotube epoxy
nanocomposites: magnetic field assisted alignment and
cryogenic temperature mechanical properties. J Colloid
Interface Sci 2018;517:40e51. https://doi.org/10.1016/
j.jcis.2018.01.087.

https://doi.org/10.1016/j.cossms.2003.10.006
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref2
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref2
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref2
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref3
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref3
https://doi.org/10.1016/j.compositesa.2014.11.006
https://doi.org/10.1177/1056789517709893
https://doi.org/10.1177/1056789517709893
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref6
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref6
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref6
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref6
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref7
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref7
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref7
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref7
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref7
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref7
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref7
https://doi.org/10.1016/j.compscitech.2005.04.021
https://doi.org/10.1016/j.compscitech.2005.04.021
https://doi.org/10.1016/S0266-3538(01)00094-X
https://doi.org/10.1016/S0266-3538(01)00094-X
https://doi.org/10.3311/PPme.11254
https://doi.org/10.1016/j.compscitech.2014.07.022
https://doi.org/10.1016/j.compscitech.2014.07.022
https://doi.org/10.1021/acsnano.0c03268
https://doi.org/10.1021/acsnano.0c03268
https://doi.org/10.3144/expresspolymlett.2017.20
https://doi.org/10.3144/expresspolymlett.2017.20
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref14
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref14
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref14
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref14
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref14
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref15
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref15
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref15
https://doi.org/10.1080/14658011.2018.1466502
https://doi.org/10.1080/14658011.2018.1466502
https://doi.org/10.1016/j.compositesb.2014.04.006
https://doi.org/10.1016/j.compscitech.2018.01.006
https://doi.org/10.1016/j.jcis.2018.01.087
https://doi.org/10.1016/j.jcis.2018.01.087
https://doi.org/10.1016/j.jmrt.2021.12.030
https://doi.org/10.1016/j.jmrt.2021.12.030


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 6 : 6 8 9e6 9 9 699
[20] Munoz-Velez MF, Valadez-Gonzalez A, Herrera-Franco PJ.
Effect of fiber surface treatment on the incorporation of
carbon nanotubes and on the micromechanical properties of
a single-carbon fiber-epoxy matrix composite. Express Polym
Lett 2017;11:704e18. https://doi.org/10.3144/
expresspolymlett.2017.68.

[21] Zhang L, De Greef N, Kalinka G, Van Bilzen B, Locquet J-P,
Verpoest I, et al. Carbon nanotube-grafted carbon fiber
polymer composites: damage characterization on the micro-
scale. Compos B Eng 2017;126:202e10. https://doi.org/
10.1016/j.compositesb.2017.06.004.

[22] Jia Y, Peng K, Gong X-l, Zhang Z. Creep and recovery of
polypropylene/carbon nanotube composites. Int J Plast
2011;27(8):1239e51. https://doi.org/10.1016/
j.ijplas.2011.02.004.

[23] Ansari R, Hassanzadeh-Aghdam MK. Micromechanical
investigation of creep-recovery behavior of carbon
nanotube-reinforced polymer nanocomposites. Int J Mech
Sci 2016;115e116:45e55. https://doi.org/10.1016/
j.ijmecsci.2016.06.005.

[24] Jia Y. Creep of thermoplastic polyurethane reinforced with
ozone functionalized carbon nanotubes. Express Polym Lett
2012;6:750e8. https://doi.org/10.3144/
expresspolymlett.2012.80.

[25] M�esz�aros L, De�ak T, Balogh G, Czvikovszky T, Czig�any T.
Preparation and mechanical properties of injection moulded
polyamide 6 matrix hybrid nanocomposite. Compos Sci
Technol 2013;75:22e7. https://doi.org/10.1016/
j.compscitech.2012.11.013.

[26] Szak�acs J, M�esz�aros L. Synergistic effects of carbon
nanotubes on the mechanical properties of basalt and
carbon fiber-reinforced polyamide 6 hybrid composites. J
Thermoplast Compos Mater 2017;31(4):553e71. https://
doi.org/10.1177/0892705717713055.

[27] Chung DDL, Chung D. Carbon fiber composites. Elsevier
Science; 2012.

[28] Morgan P. Carbon fibers and their composites. Boca Raton:
CRC Press; 2005.

[29] Lasoski SW, Cobbs WH. Moisture permeability of polymers. I.
Role of crystallinity and orientation. J Polym Sci
1959;36(130):21e33. https://doi.org/10.1002/
pol.1959.1203613003.

[30] Eitan A, Fisher FT, Andrews R, Brinson LC, Schadler LS.
Reinforcement mechanisms in MWCNT-filled polycarbonate.
Compos Sci Technol 2006;66(9):1162e73. https://doi.org/
10.1016/j.compscitech.2005.10.004.

[31] Sje K. Cooling rate dependence of the crystallinity at
nonisothermal crystallization of polymers: a
phenomenological model. J Appl Polym Sci 2016;133(6).
https://doi.org/10.1002/app.42977.

[32] Frihi D, Layachi A, Gherib S, Stoclet G, Masenelli-Varlot K,
Satha H, et al. Crystallization of glass-fiber-reinforced
polyamide 66 composites: influence of glass-fiber content
and cooling rate. Compos Sci Technol 2016;130:70e7. https://
doi.org/10.1016/j.compscitech.2016.05.007.

[33] Valentini L, Biagiotti J, L�opez-Manchado MA, Santucci S,
Kenny JM. Effects of carbon nanotubes on the crystallization
behavior of polypropylene. Polym Eng Sci 2004;44(2):303e11.
https://doi.org/10.1002/pen.20028.

[34] Starkova O, Buschhorn ST, Mannov E, Schulte K,
Aniskevich A. Creep and recovery of epoxy/MWCNT
nanocomposites. Compos Appl Sci Manuf
2012;43(8):1212e8. https://doi.org/10.1016/
j.compositesa.2012.03.015.

[35] Behbahani H, Ziari H, Kamboozia N. Evaluation of the visco-
elasto-plastic behavior of glasphalt mixtures through
generalized and classic Burger's models modification.
Construct Build Mater 2016;118:36e42. https://doi.org/
10.1016/j.conbuildmat.2016.04.157.

[36] Hossain MI, Faisal HM, Tarefder RA. Determining effects of
moisture in mastic materials using nanoindentation. Mater
Struct 2016;49(3):1079e92. https://doi.org/10.1617/s11527-
015-0559-9.

[37] Kumar R, Saboo N, Kumar P, Chandra S. Effect of warm mix
additives on creep and recovery response of conventional
and polymer modified asphalt binders. Construct Build Mater
2017;138:352e62. https://doi.org/10.1016/
j.conbuildmat.2017.02.019.

[38] Millot C, Fillot L-A, Lame O, Sotta P, Seguela R. Assessment
of polyamide-6 crystallinity by DSC. J Therm Anal Calorim
2015;122(1):307e14. https://doi.org/10.1007/s10973-015-
4670-5.

[39] Fornes TD, Paul DR. Crystallization behavior of nylon 6
nanocomposites. Polymer 2003;44(14):3945e61. https://
doi.org/10.1016/S0032-3861(03)00344-6.

[40] Maksimov RD, Mochalov VP, Urzhumtsev YS. Time d

moisture superposition. PolymMech 1972;8(5):685e9. https://
doi.org/10.1007/BF00856097.

https://doi.org/10.3144/expresspolymlett.2017.68
https://doi.org/10.3144/expresspolymlett.2017.68
https://doi.org/10.1016/j.compositesb.2017.06.004
https://doi.org/10.1016/j.compositesb.2017.06.004
https://doi.org/10.1016/j.ijplas.2011.02.004
https://doi.org/10.1016/j.ijplas.2011.02.004
https://doi.org/10.1016/j.ijmecsci.2016.06.005
https://doi.org/10.1016/j.ijmecsci.2016.06.005
https://doi.org/10.3144/expresspolymlett.2012.80
https://doi.org/10.3144/expresspolymlett.2012.80
https://doi.org/10.1016/j.compscitech.2012.11.013
https://doi.org/10.1016/j.compscitech.2012.11.013
https://doi.org/10.1177/0892705717713055
https://doi.org/10.1177/0892705717713055
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref27
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref27
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref28
http://refhub.elsevier.com/S2238-7854(21)01472-1/sref28
https://doi.org/10.1002/pol.1959.1203613003
https://doi.org/10.1002/pol.1959.1203613003
https://doi.org/10.1016/j.compscitech.2005.10.004
https://doi.org/10.1016/j.compscitech.2005.10.004
https://doi.org/10.1002/app.42977
https://doi.org/10.1016/j.compscitech.2016.05.007
https://doi.org/10.1016/j.compscitech.2016.05.007
https://doi.org/10.1002/pen.20028
https://doi.org/10.1016/j.compositesa.2012.03.015
https://doi.org/10.1016/j.compositesa.2012.03.015
https://doi.org/10.1016/j.conbuildmat.2016.04.157
https://doi.org/10.1016/j.conbuildmat.2016.04.157
https://doi.org/10.1617/s11527-015-0559-9
https://doi.org/10.1617/s11527-015-0559-9
https://doi.org/10.1016/j.conbuildmat.2017.02.019
https://doi.org/10.1016/j.conbuildmat.2017.02.019
https://doi.org/10.1007/s10973-015-4670-5
https://doi.org/10.1007/s10973-015-4670-5
https://doi.org/10.1016/S0032-3861(03)00344-6
https://doi.org/10.1016/S0032-3861(03)00344-6
https://doi.org/10.1007/BF00856097
https://doi.org/10.1007/BF00856097
https://doi.org/10.1016/j.jmrt.2021.12.030
https://doi.org/10.1016/j.jmrt.2021.12.030

	Moisture dependent tensile and creep behaviour of multi-wall carbon nanotube and carbon fibre reinforced, injection moulded ...
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Characterization methods
	2.3. Results and discussion
	2.3.1. Tensile tests
	2.3.2. SEM images
	2.3.3. The effect of nanotube content on moisture absorption and crystallinity
	2.3.4. Creep tests


	3. Conclusions
	Funding
	Authors' contributions
	Declaration of Competing Interest
	References


