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Polyamide 6 (PA6)/graphene oxide (GO) nanocompo-
sites were prepared via in situ, ring opening polymer-
ization of e-caprolactam in the presence of both dried
powder and colloidally dispersed single layer GO.
Characterization of the composites and GO (both as
received and after removal from the composites) was
carried out using atomic force microscopy (AFM), Fou-
rier transform infra-red spectroscopy (FTIR), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), thermogravimetric analysis, dif-
ferential scanning calorimetry and tensile testing.
Reduction in the GO during polymerization was
observed. So too was functionalization of the GO
flakes with PA6 chains. FTIR demonstrates the reten-
tion of some carbonyl oxygen functionalities after poly-
merization. AFM imaging indicated the presence of
single layer GO and the sheet height increased to
�4 nm for graphene sheets after polymerization. This
suggests the graphene acts as a base for polymer
chain formation, leading to good interfacial interaction
between the filler and matrix. Raman data show no
evidence of the restoration of sp2 hybrid as a result of
polymerization. The nanocomposites are thermally sta-
ble while molecular weight and crystallinity have both
been affected by GO inclusion. A percentage linear
increase in Young’s modulus was observed as colloi-
dally dispersed GO content increased. POLYM. COM-
POS., 00:000–000, 2015. VC 2015 Society of Plastics
Engineers

INTRODUCTION

Graphene is a two-dimensional sheet comprised of car-

bon atoms arranged in a hexagonal honeycomb structure

[1]. There is a concerted international research effort aimed

at exploiting the material’s extraordinary properties [2].

These include excellent mechanical properties with a

reported Young’s modulus of 1 TPa and a tensile strength

of 130 GPa [3]. A thermal conductivity of 5000 watts per

metre Kelvin W (m�k)21 [4] and an extremely high electri-

cal conductivity of around 6000 S cm21 [5]. Chemical

vapour deposition, epitaxial growth and micromechanical

cleavage are just a few of the methods currently used for

graphene production [6]. However, these methods can pro-

duce only a limited amount of the material. The production

of graphene oxide (GO) via the chemical exfoliation of

graphite, in most cases using a modified Hummer’s

method [7], is the most feasible technique for large scale

production of the nanomaterial. Consequently, it is the use

of this material which receives the most interest in the

development of polymeric nanocomposites [8].

Polyamide 6 (PA6) is a thermoplastic, semicrystalline

condensation polymer that is notable for its high moisture

absorption [9]. Better known as Nylon 6; its wear resist-

ance, toughness, excellent mechanical performance, and

chemical resistance lead to its use in a range of applica-

tions. Including self lubricating gears, bearings, fibres,

under the hood automotive applications, and use in vari-

ous commodities. Nanocomposite fabrication can produce

high performance and light weight materials; with uses as

high strength structural materials and anti-scratch coatings

for lens and surface protection. To exploit the enhanced

properties of nanomaterials such as graphene in bulk

materials it is essential to incorporate them into a com-

posite material, frequently into a polymer matrix [10].

Relative to neat polymers; improvements have been

observed in flammability resistance, enhanced thermal

and electrical properties, and most commonly mechanical

reinforcement. Use in biomedical applications and fuel

cells have also been reported [11]. The evidence for pre-

viously prepared PA6/Graphene nanocomposites suggests

they achieved good interfacial bonding with the polymer

[12]. Improvements in thermal properties such as onset

degradation temperature [13], while mechanical improve-

ments in tensile strength and Young’s moduli have also

been recorded [14]. Contrasting changes in the affect on
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crystallinity have been reported with graphene inclusion

[15, 16]. The reduction in GO during polymerization is

also attested [17]. The main obstacles to achieving

improvements are adequate dispersion and interfacial

bonding. A range of techniques have been used to prepare

graphene nanocomposites including melt mixing [18],

covalent functionalization [19], addition of chemical

groups such as surfactants [20], dispersion into solvents

[21], and in situ polymerization. In situ polymerization

offers great potential in transferring the properties of the

graphene to the polymer [22] by producing composites

with graphene sheets that are well dispersed throughout

and attached to the host matrix.

This work focuses on the preparation and characteriza-

tion of a number of PA6/GO nanocomposites via in situ

ring opening polymerization of e-caprolactam in the pres-

ence of both colloidally dispersed and dried powder GO,

with the aim of understanding the effect of in situ poly-

merization on the properties of GO and its oxidative state.

The properties of the nanocomposites will also be exam-

ined. The use of colloidally dispersed GO may offer

some advantages over composites, which have been pre-

pared using a dried GO powder and reduced GO, as

detailed in previous work [23].

EXPERIMENTAL

Materials

Single layer GO dispersed in water was purchased

from ACS Materials (10 mg ml21). GO powder was pur-

chased from NanoInnova Technologies. e-Caprolactam

(C6H11NO, 99%), 6-amino caproic acid (C6H13NO2,

99%), formic acid (CH2O2, 98%), and ethanol (C2H6O,

99.5%) were purchased from Sigma-Aldrich.

Preparation of PA6 and Composites

Thirty grams of e-caprolactam was placed into a 50-ml

round-bottomed flask on a temperature controlled hot

plate with a magnetic stirrer, inside a fume hood and

under an inert argon atmosphere. The temperature was

raised to 808C to melt the caprolactam and a magnetic

flea was used to stir throughout polymerization. Colloi-

dally dispersed GO was then added by pipette in the

required amounts to give weight percentage (wt%) com-

posites of 0.1 wt%, 0.25 wt%, 0.5 wt%, 0.75 wt%, and 1

wt%, by dropping 1 ml (10 mg ml21) at a time into the

solution and allowing the water to evaporate. Dried GO

powder was added in the same wt% amounts. Neat PA6

samples for controls where produced with and without

water. After addition of GO at 808C the solutions were

tip sonicated for 30 min. The polymerizable mixture was

then held at 1508C at which point 10 wt% of 6-amino-

caproic acid (3 g) was added. The temperature was then

raised as follows: 1508C for 30 min, 2008C for 30 min,

2258C for 30 min, and finally 2508C for 5 h [13, 15, 17].

The resulting viscous polymer was poured into boiling

water and allowed to cool. The material was then

chopped into small pieces which were washed in a beaker

of boiling water for approximately 2 h. This washing was

repeated four times to remove any unreacted monomer.

All samples were dried overnight under vacuum at 858C.

Characterization

Atomic force microscopy (AFM) was carried out using

a VEECO DI 3100 Scanning Probe Microscope system in

gentle tapping mode at a scanning frequency of 1 Hz. A

TESP (n) doped silicon tip was used (stiffness approxi-

mately 40 Nm21, approximately 274–386 kHz resonance

frequency).

Fourier transform infra-red spectroscopy (FTIR) was

conducted using a Varian 640 IR FT-IR spectrometer

over a range of 4000–400 cm21 at a resolution of 4 cm21

in absorbance mode. The powder samples were analyzed

by diffuse reflectance infra-red Fourier transform spec-

troscopy (DRIFTs) using potassium bromide as a

background.

Raman Spectroscopy was carried out using an ISA

Labram 300 confocal Raman spectroscope with a 632.8-

nm helium-neon laser and a 1-lm spot size. A charged

coupled camera and backscattering geometry was used to

collect spectra from 400 to 4000 cm21. Exposure times

of 10 s were used along with a laser power of 10 mW.

High resolution X-ray photoelectron spectroscopy

(XPS) of samples was carried out using a Kratos Axis

Ultra DLD spectrometer using a monochromatic alumin-

ium Ka X-ray source (hv 5 1486.6 eV), operating at a

pressure of approximately 8 3 1029 torr, a voltage of 15

kV and a current of 10 mA. An electrostatic and magnetic

hybrid lens mode was used with a 300 3 700 lm analy-

sis area. Charging effects on samples were corrected by

calibrating the lowest component of the spectral envelope

of the C 1 s peak to 285 eV. Quantification of compo-

nents was conducted using a Shirley background

correction.

X-ray diffraction (XRD) data were acquired using a

Bruker D8 Discover X-ray diffractometer, with a step

size of 0.048, a time per step of 60 s and voltage and cur-

rent settings of 40 kV and 20 mA, respectively, using a

monochromatic Cu Ka source (k 5 1.5418 Å).

Tensile testing of composites was performed using a

Zwick/Roell (Ulm, Germany) ProLine, machine (5 kN

load cell) under uniaxial stress with a cross head speed of

20 mm min21. Testing was carried out at room tempera-

ture using ASTM standard D638 Type V samples; the

dimensions of which are 63.5 mm length, 9.53 mm gauge

length, and 3.18 mm width. Thickness was measured sep-

arately for each sample at three points within the testing

area. At least five specimens where tested for each sam-

ple type.

Thermogravimetric analysis (TGA) was carried out

using a Mettler Toledo DSC1 STARe system with a 10-
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mg sample size under a flowing nitrogen atmosphere over

a temperature range of 30–6008C and at a heating rate of

18C per minute.

Differential scanning calorimetry (DSC) was conducted

using a Mettler Toledo TGA/SDTA 851e with a 10-mg

sample size in a flowing nitrogen atmosphere in the tem-

perature range 30–6008C at a heating rate of 18C per

minute. Samples were preconditioned in the DSC at 508C

for 2 min before analysis.

Sample Preparation

Post polymerization graphene samples were obtained

by dissolving approximately 1 g of composite in 50 ml of

formic acid, then centrifuging the solution using a Her-

aeus 17RS centrifuge at 10,000 rpm for 90 min. Approxi-

mately 49 ml supernatant was then removed using a

pipette to remove any free polymer, and approximately

49 ml of formic acid added to make the volume back up

to 50 ml. This solution was then centrifuged again at

10,000 rpm for 90 min to obtain a pellet of functionalized

graphene which was free from any unattached polymer.

AFM samples were prepared by drop drying GO dis-

persed in water (sonicated for 2 h) at a concentration of

0.2 mg ml21 onto silicon substrates then drying at 408C.

Samples for XPS, XRD, Raman, and FTIR were prepared

by drop drying GO dispersed in water (sonicated for 2 h)

at a concentration of 1 mg ml21 onto silicon substrates

and drying at 408C. Functionalized graphene samples

were dispersed in formic acid. Samples for TGA and

DSC were prepared by drying the GO dispersion in an

oven at 408C overnight.

Samples for tensile testing were moulded using a

Thermo Scientific HAAKE MiniJet II injection moulder

with cylinder and mould temperatures of 2558C and 558C,

respectively. Cylinder and mould pressures were 300 bar

and 150 bar.

Note on the display of results: the GO dispersion and

GO powder have similar results for FTIR, Raman, XPS,

XRD and thermal analysis. GO powder results are pub-

lished in earlier work (23). In light of this, only the data

for GO dispersed in water (before and after removal from

composite) are shown (GO and f-GO); except in the case

of AFM and Tensile testing where the results are all new.

This also applies to PA6 controls produced with and with-

out water.

Henceforth, the GO dispersed in water will be named

GO. While the GO powder will be named as such. Colloi-

dally dispersed GO after removal from composite post

polymerization will be referred to as functionalized-GO

(f-GO) whereas the GO powder after removal from com-

posite will be named f-GO powder.

RESULTS AND DISCUSSION

In Fig. 1, the presence of single layer GO is confirmed

by AFM imaging showing a sheet height of 0.86 nm for

GO dispersed in water and 0.91 nm for GO powder [24,

25]. It is illustrated that the thickness and morphology of

the GO before and after polymerization show substantial

differences; with the GO sheet height increasing from

0.86 nm to approximately 4 nm postpolymerization [14].

The same is seen with GO powder samples increasing

from 0.91 nm to 3.6 nm. This increase in flake height

demonstrates that the in situ polymerization causes attach-

ment of PA6 chains to the surface of GO. It is not known

whether this functionalization is covalent or noncovalent

[26]. Physisorption is a distinct possibility, however a

possible mechanism for chemisorption is the reaction

between carboxylic acid groups on the edge of GO and

the amino acid end groups of PA6 chains [15]. Lateral

sheet size does not seem to have been greatly affected by

the polymerization or tip sonication processes with sizes

ranging from hundreds of nanometres to 1-2 microns.

However the largest sheet sizes of GO are not present in

f-GO samples suggesting perhaps the breakup of the larg-

est sheets by tip sonication and the subsequent polymer-

ization. This is especially prevalent in Fig. 1C) with a

sheet 2.7 lm wide, whereas for post polymerization sam-

ples no such large sheets are seen.

F-GO samples can achieve much more stable suspen-

sion in formic acid compared with GO due to grafted

polymer chains on the graphene surface and their affinity

for organic solvents [27]. Centrifugation should remove

any free PA6 so the presence of bound PA6 on the sur-

face of GO will promote good interfacial adhesion

between the polymer and graphene, and should assist

with dispersion. F-GO could not be dispersed in water

giving weight to the idea of reduction during polymeriza-

tion as GO is easily dispersed owing to oxygen groups

promoting hydrophilicity [28].

In Fig. 2, the peaks in the FTIR spectra located at

3650 cm21, 1750 cm21, 1625 cm21, 1410 cm21, and

1225 cm21 and between 1050 and 1150 cm21 are attrib-

uted to the functional groups hydroxyl (CAOH), carbonyl

and double bound carboxyl (C@O), aromatic carbon

(C@C), single bound carboxyl (CAO), basal plane epox-

ide (CAOAC) and alkoxy (CAO), respectively [29, 30].

The peaks due to these oxygen functionalities are greatly

reduced in f-GO spectra. This shows the lack of oxygen

functionalities on the postpolymerization samples. The

loss of epoxide, carboxyl, and hydroxyl groups with the

peaks at 1050–1150 cm21 and 1225 cm21 being absent

from the functionalized samples, and the peak at 1750

cm21 being greatly reduced give evidence to attest the

reduction in GO. From the spectra of f-GO, it can be

seen that the carbonyl functionalities represented by the

discreet peak at 1750 cm21 seem to be more resistant to

this reduction [31].

Referring to Fig. 3, in the Raman spectra of GO the

typical G peak is located at 1590 cm21. The D peak is

located at 1330 cm21 [32]. Subtly located at 2650 cm21 is

the 2D peak. While the D1D’ peak is seen at 2900 cm21

[33]. ID/IG ratio for GO is 1.15 and for f-GO it is 1.21.

DOI 10.1002/pc POLYMER COMPOSITES—2015 3



FIG. 1. Pseudo-colored AFM images including depth and step profiles of pre- and postpolymerization GO.

(A) GO flakes with a height of approximately 0.8 nm and (B) f-GO flakes with a height of approximately 4

nm. (C) GO powder with a height of approximately 0.9 nm and (D) f-GO powder with a height of 3.6 nm.

The depth profile is taken of the whole image, whereas step height is taken from the region shown by the

dotted white line. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Raman spectroscopy is extensively used to study disor-

der and defects in nanostructured carbon materials [34].

The absence of a sharp 2D peak is due to the presence of

functional groups such as epoxide and hydroxyl which

transforms the carbon atoms from planar sp2 hybridized

to distorted sp3 hybridized orbitals. The lack of a signifi-

cant change in the ID/IG ratio would suggest that the reduc-

tion in GO has not restored the sp2 hybrid for post

polymerization GO. It is assumed that although the oxygen

has been removed the sp2 network has not been restored

and defects are still present. The 2D peak at 2650 cm21

indicates the presence of single layer GO [33], as this peak

arises due to intact sp2 regions [35]. This supports the

AFM results by further demonstrating monolayer GO. It is

assumed that while there are clusters of sp2 hybridized

atoms present, the low intensity and high FWHM of the

peak suggest these are sparsely located, possibly situated

in small regions between oxygen functionalities.

Wide energy XPS survey scans for GO, f-GO, and

PA6 are shown in Fig. 4: A which displays peaks at

approximately 285 eV, 400 eV, and 532 eV, which are

attributed to C 1s, N 1s, and O 1s, respectively. GO C 1s

components were peak fitted to four spectral components:

CAC at 285 eV, CAO at 287.1 eV, C@O at 287.9 eV,

and O@CAOH at 288.9 eV. PA6 C 1s peak was fitted to

the following components: CAC at 285 eV, CAC@O at

285.8 eV, CAN at 286.2 eV, and CONH at 288 eV. The

f-GO C1s peaks were located as follows: CAC at 285

eV, CAC@O at 285.7 eV, CAN at 286.2 eV, and CONH

at 288 eV [36, 37].

XPS data coincide with the Lerf-Klinowski and

D�ek�any models for GO with epoxide and hydroxyl groups

present on the basal plane with carboxyl and carbonyl

(ketone) edge groups [38, 39]. As outlined in our previous

work this XPS further supports the reduction in GO dur-

ing polymerization, with a lack of the prominent CAO

peak at approximately 287 eV in f-GO. The dominance

of PA6 peaks in post polymerization GO samples sup-

ports the idea of the functionalization of graphene flakes

via polymer chain propagation from the surface. The

CAO peak in GO occurs at the same binding energy as

CAC@O for PA6 samples (approximately 285.8 eV). The

CAO peak is a mixture of CAOH (hydroxyl) and

CAOAC (epoxide) bonds with hydroxyl occurring at a

lower binding energy [36]. Upon reduction, the CAO

peak eV appears to lower to 285.8 eV when in fact this is

due to hydroxyl groups making up the majority of oxygen

functional groups present. With higher binding energy

epoxy groups having been removed during polymerization

which takes place at temperatures up to 2508C.

Figure 5 shows that the X-ray diffraction pattern for

GO gives a sharp peak at 2h 5 10.78, which is brought

about by intercalated water molecules and oxygen func-

tionalities and corresponds to an interlayer spacing of

0.83 nm (002). Peaks in the diffraction pattern for f-GO

are observed at 20.38 and 24.28 and coincide to previously

reported peaks for reduced GO (rGO) and correspond to

interlayer spacings of 0.44 nm and 0.37 nm, respectively.

These are attributed to spacings between the carbon layers

depending on the amount of graphitization or oxidation

[40]. All additional peaks observed in samples above 258

are attributed to either graphite, graphite oxide or exfoli-

ated graphite including the distinct peak at 548 (004) in f-

GO samples [41]. In 5: B, there are three peaks present.

The peak at 21.28 is assigned to g phase crystallites in

PA6. Peak locations at 20.58 and 23.28 are attributed to a

phase crystallites [42].

Pristine single layer graphene does not have an inter-

layer spacing thus the presence of any peaks in the XRD

patterns indicates that along with single layer GO there is

also some multilayer material present. Values in the liter-

ature for the d-spacing of GO vary from around 0.65 nm

[43] to 0.96 nm [44] depending on the degree of exfolia-

tion and various oxide groups present. The d-spacing of

0.83 nm in our GO samples is attributed to the amount of

interlamellar water present between the hydrophilic sheets

[45]. Reduction in the GO during polymerization is fur-

ther established owing to the fact that the data for f-GO

replicates the diffraction pattern for rGO with d-spacing’s

of 0.37 and 0.43 nm [43], while having no sign of the

GO identifying peak at 10.78 [46]. It could be assumed

that along with reduction there has also been a little

FIG. 2. FTIR absorbance spectra showing GO (bottom) and f-GO

(top). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

FIG. 3. Raman spectra of GO (bottom) and f-GO (top). [Color figure

can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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restacking of GO sheets after polymerization due to the

presence of a graphitic peak at 548 [47]. However, the

functional groups present in GO should dissociate interac-

tions in the carbon backbones between sheets thus keep-

ing them apart [36]. So rather than the single layer sheets

restacking; it is quite possible that the same partially

FIG. 4. Shows (A) XPS wide energy survey scan for GO, f-GO, and PA6; (B) peak fitted C1s for PA6; (C)

Peak fitted C 1s for GO; (D) Peak fitted C 1s for f-GO. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

FIG. 5. XRD pattern of (A) GO and f-GO and (B) in ascending order PA6, PA6/GO 0.1wt% and PA6/GO

1wt%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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exfoliated layers that are detected in the pattern for GO,

after having the intercalated water molecules and oxygen

groups removed from between them, then make up the

peaks for rGO and graphite that are seen in f-GO sam-

ples. Both a and g phase crystallites are present in the

neat PA6. This is caused by the cooling of PA6 and nano-

composites during preparation [42]. It is quite clear that

for PA6/GO 1 wt% there is no prominent g phase peak

thus leading to the conclusion that GO inclusion has

either inhibited the formation of the g phase or promoted

the growth of a phase crystallites. The a phase typically

occurs in quenched PA6 while a mixture of a and g

phases is seen in annealed samples [48].

The mechanical properties of the control PA6 are in

general agreement with values in the literature which

vary greatly due to the polymer processing techniques

and differences in percentage crystallinity [13, 49]. When

compared with the properties of control PA6 made using

water (Table 1, 469.4 MPa) the control PA6 produced

without water has an average Young’s modulus of 612

MPa. This shows that the use of water has a detrimental

affect on the mechanical properties of PA6. Immediate

improvements are seen in Young’s modulus and yield

strength with even the lowest colloidally dispersed GO

content. While elongation at break decreases. This is

attributed to the GO interrupting the growth of polymer

chains causing a lower molecular weight [14].

Tensile results (Fig. 6) for dried GO powder compo-

sites have no linearity and in all cases have decreased

Young’s modulus when compared with neat PA6. Results

for PA6/GO composites show a linear increase in

Young’s modulus as graphene content increased from 0.1

wt% to 1 wt% with a total of a 28% increase for PA6/

GO 1 wt%. Elongation at break shows a linear decrease

with increased filler content as the material becomes

stiffer and less flexible [50]. Improvement in yield

strength seems apparent of not substantial. For PA6/GO 1

wt% yield strength has improved by 16%, however,

results are not linear with increasing wt%. Compared

with GO powder the results for GO dispersion nanocom-

posites are substantially better, suggesting that the use of

GO dispersed in water yields better dispersion and, there-

fore, better mechanical performance. However, the use of

water weakens the materials properties overall and makes

it difficult to add a high wt% of filler as the mixture has

already begun polymerization by the time the last of the

dispersion is added.

Referring to Fig. 7, the weight loss curve for GO

shows an initial 10% moisture loss at approximately

1008C, proceded by a 30% loss at approximately 2008C

as a result of oxygen loss [51]. This step is not visible in

f-GO. For f-GO, sample weight loss occurs in line with

that of PA6 with an onset degradation temperature of

3698C, due to the large amount of polymer attached to

the now reduced GO sheets. PA6 and composites samples

undergo degradation between 350 and 4258C [52]. Further

decomposition occurs up to 6008C for all samples.

The 30% mass loss is indicative of the reduction in

GO [28]. The introduction of graphene into the polymer

TABLE 1. Ultimate tensile strength (UTS), yield strength (YS),

Young’s modulus (E), and percentage elongation at break for PA6

(made with water) and PA6/GO composites.

Sample

UTS

(MPa)

YS

(MPa)

E

(MPa)

Elongation

at break (%)

PA6 60.4 45.9 469.4 479

PA6/GO 0.1 wt% 58.2 49.7 522.8 327

PA6/GO 0.25 wt% 61.2 48.8 553.5 388

PA6/GO 0.5 wt% 52.5 52 571.3 372

PA6/GO 0.75 wt% 62 51.2 597 201

PA6/GO 1 wt% 53.4 53.3 600 177

FIG. 6. Average percentage change in Young’s modulus for composites with increasing GO wt% for (A)

GO powder and (B) Colloidally dispersed GO. (A) has as a baseline representative of the mechanical proper-

ties of PA6 produced without water. While (B) reports a baseline of PA6 produced with water. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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matrix has had no detrimental effects on the properties of

the polymer as the composites are thermally stable up to

approximately 3508C. Reduction in the GO during poly-

merization is attested by the absence of the 30% weight

loss step at 2008C in the post polymerization samples, as

the oxygen has by now been thermally decomposed dur-

ing polymerization [17] or degraded into conjugated

bonds [15]. The onset degradation of PA6/GO 1 wt% is

3788C compared with 3728C for PA6. While a 68C

change is only a modest increase in degradation tempera-

ture; several previous papers have attributed this to char

formation caused by the filler material, which degrades at

higher temperatures and slows degradation by shielding

the polymer [53, 54].

DSC data in Fig. 8 reveal that for control PA6, PA6/

GO 1 wt% and f-GO an exothermic peak is observed

between 2108C and 2308C. With peak locations at

226.58C, 2248C, and 220.58C, respectively. This peak cor-

responds to the melting point of the material [42] specifi-

cally the melting of g phase crystals. While the smaller

melt peak before 2108C is due to the melting of a phase

crystals [55] (Table 2).

The lower melting temperature in PA6/GO 1 wt% and

f-GO when compared with that of neat PA6 is thought to

be due to the graphene inhibiting polymer chain propaga-

tion resulting in a lower molecular weight, especially for

the polymer bound to the graphene surface [56]. Melt

enthalpy (DHm) is increased from 60.6 J g21 for control

PA6 to 74.7 J g21 for PA6/GO 1 wt%. This is because

graphene acts as a nucleation point for crystallites [13].

An increase in DHm for composites indicates an increase

in the percentage crystallinity of nanocomposite PA6 [16,

52]. A further increase to 83.9 J g21 for f-GO samples

indicates that percentage crystallinity is increased further

for PA6 that is directly attached to the graphene.

FIG. 7. TGA weight loss curves for (A) GO and f-GO and (B) neat PA6 and PA6/GO 1 wt%. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 8. DSC exothermic curve for neat PA6, PA6/GO 1 wt%, and f-

GO. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

TABLE 2. Onset degradation temperatures, residual material, melting

points, and melt enthalpy from TGA and DSC analysis.

Method

TGA DSC

Sample

Onset

degradation

(8C)

Residual

material

(%)

Melting

temperature

(8C)

Melt

Enthalpy

DHm (J g21)

PA6 372 2.1 226.5 60.6

PA6/GO 1 wt% 378 3.5 225.2 74.7

GO 168 46.6 – –

f-GO 369 3.6 224 83.9
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CONCLUSION

In this work the in situ preparation and characteriza-

tion of a number of PA6/GO composites are reported,

with a focus on the properties of the GO before and after

polymerization. After polymerization, functionalization of

graphene sheets with PA6 is observed along with reduc-

tion in the oxygen species. This reduction is thought to

be mainly thermal however some oxygen may be lost in

bonding with the polymer. A small quantity of doubly

bound oxygen is shown to be retained by FTIR in the

post polymerization samples. The use of colloidally dis-

persed GO obtains much better mechanical improvements

compared with the use of dried GO powder. Interfacial

interaction seems to be excellent in the composites due to

the amount of functionalization on f-GO sheets and the

improvement in Young’s modulus at low GO content. It

would seem that wetting is adequate for both GO powder

and colloidally dispersed GO, with the colloid achieving

much better dispersion. This work reports a simple

method for the production of multi functional nanocom-

posites which could easily be produced on a large scale.
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