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Cysteamine functionalised reduced graphene oxide (rGO) was
grafted to polypropylene-graft-maleic anhydride (PP-g-MA)
and subsequently melt blended with PP. The covalent bridging
of rGO to PP-g-MA via the cysteamine molecule and co-crys-
tallization are routes to promoting interfacial interactions
between rGO and the PP matrix. A rheological percolation
threshold was achieved for a nanofiller loading between
3wt% and 5 wt%, but none detected for the composites pre-
pared with un-functionalized rGO. At low loadings (0.1 wt%),
functionalized rGO is well dispersed in the PP matrix, an inter-
connecting filler-filler, polymer-filler and polymer-polymer
network is formed, resulting in increased tensile toughness
(1500 %) and elongation at break (40 %) relative to neat PP.
Irrespective of whether the rGO was functionalised or not, it
had a significant effect on the crystallization behavior of PP,
inducing heterogeneous nucleation, increasing the crystallisa-
tion temperature (T,,) of PP by up to 10°C and decreasing the
crystalline content (X.) by ~30% for the highest (5 wt%) filler
loading. The growth of the monoclinic a-phase of PP is pre-
ferred on addition of functionalised rGO and f crystal growth
suppressed.

1 Introduction

The exceptional intrinsic properties of graphene(s) allows this
material to be used in a wide array of applications as diverse
as in energy storage devices (Foster et al., 2017), for biomedi-
cal purposes such as drug delivery (Sun et al., 2008) and also
as a functional filler for polymer composites (Potts et al.,
2011). It is widely reported both experimentally and from MD
simulations (Zheng et al., 2007), that the dispersion of gra-
phene in polymer matrices is critical in order to obtain a func-
tional composite material. This becomes more so in the case
of non-polar polyolefin matrices (e. g. polypropylene (PP) and
polyethylene (PE)) as they tend to have limited interfacial in-
teractions with graphene(s) due to low interaction energy be-
tween the two moieties (Lv et al., 2010). Appropriate functio-
nalisation of the surfaces of graphene(s) will result in
effective dispersion and distribution in polymer matrices and
therefore enhancements in properties.
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To overcome the incompatibility between non-polar poly-
mers and graphene(s), a compatibilizer is required to promote
interfacial interaction and permit interfacial stress transfer be-
tween the graphene and polymer. Many studies have reported
the use of graft co-polymers as compatibilizers for composites
of polymers and nanomaterials (Yetgin, 2020). Polypropy-
lene-graft-maleic anhydride (PP-g-MA) is a common third
component used to enhance mixing and adhesion between
composite components. With the addition of PP-g-MA, com-
patibility between non-polar and polar entities are achieved as
PP-g-MA locates to the interface with PP and encourages inter-
facial interaction through the chemical linking of the maleic
anhydride groups with functionalities present on for example,
graphene oxide (GO) (Lertwimolnun and Vergnes, 2005).
Hsiao et al. (2011) introduced PP-g-MA to a diaminohexane
functionalised thermally reduced graphene oxide (DAH-
TRGO). Through an amidation reaction, the maleic anhydride
groups of PP-g-MA and the amine groups on the functionalised
TRGO surface were covalently linked prior to melt blending
with PP. Nucleophilic reactions between primary amines and
maleic anhydride groups of PP-g-MA chains have been re-
ported widely and, rapidly yields amic acid and/or imid bonds
during solution/melt blending (Li et al., 2017; Parija and Bhat-
tacharyya, 2016; Yuan et al., 2014). Song et al. (2014) modi-
fied GO using bis(3-aminopropyl)-terminated poly(ethylene
glycol) (NH,-PEG-NH,) and subsequently grafted with PP oli-
gomer through reactive compatibilization. Through this GO
modification, the free amines present react with the PP-g-MA
resulting in better compatibility between the functionalised
GO and the matrix. As a consequence improved thermal stabil-
ity and flame retardant properties were obtained but, the crys-
tallization behavior of PP was altered. Another approach de-
scribed by Sanchez-Valdez et al. (2018), functionalised PP-g-
MA with -[2-(dimethylamine)-ethoxy] ethanol (DMAE) in the
melt to form PP-g-DMAE, again via an amination reaction.
Composites of PP and GO were prepared by both solution and
melt blending with the addition of PP-g-DMAE. PP-g-DMAE
assisted exfoliation and dispersion of the GO within the poly-
mer matrix resulting in significant improvements in mechani-
cal, thermal and electrical properties.

In our previous work (Abbas et al., 2020a), we described
the preparation and characterisation of the reaction between
PP-g-MA and cysteamine modified reduced GO (rGO).
Cysteamine was chosen to functionalise rGO as it is bi-func-
tional, a thiol end group reacts with the double bonds of rGO
(via a click reaction) and an amine end group reacts with the
PP-g-MA once solution blended (via an amination reaction).
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In that work, GO was reduced using hydrazine and then func-
tionalised with cysteamine. The thiol end of the cysteamine
molecule reacted with the double bonds of rGO using a ther-
mal initiator (AIBN) and the amine was then further reacted
with PP-g-MA to produce PP-g-MA-rGOcyst.

In this paper, we describe the preparation of composites of
PP-g-MA-rGOcyst and PP, and investigate if the blend compo-
nents are compatibilized by testing the hypothesis that the GO
platelets are bound to PP-g-MA via the cysteamine molecule
and the PP co-crystallizes with bulk PP. For comparative stud-
ies control samples were also produced without PP-g-MA and
without cysteamine, and melt blended with bulk PP.

2 Experimental

2.1 Materials

PP (material grade 1063L1), melt flow rate (MFR): 8.0 g/10 min.,
was purchased from ExxonMobil (Machelen, Belgium) and used
in pellet form. Graphene oxide (GO) (1 nm thick/size of flakes 2
to 20 pm) was purchased from Abalonyx, Oslo, Norway, polypro-
pylene-graft-maleic anhydride (PP-g-MA) (average M,, ~9,100
by GPC and maleic anhydride 8 to 10 wt%), cysteamine hydro-
chloride (> 97.0%) and 2,2’-Azobis (2-methylpropionitrile)
(AIBN) (98%) were purchased from Sigma Aldrich, Dorset,
UK, and used as received. Sodium hydroxide pellets (> 97 %), di-
methylformamide (DMF), methanol, ethanol, toluene and ammo-
nia were purchased from Fisher, and hydrazine hydrate (78 to
82 %) from Honeywell Fluka, Rugby, UK, and all used as re-
ceived.

2.2 Synthesis of PP-g-MA-rGOcyst

To prepare PP-g-MA-rGO-cyst, GO was first reduced using
hydrazine and ammonia and then functionalised with cystea-
mine using AIBN as thermal initiator. The rGO-cysteamine
was then solution blended with PP-g-MA in toluene at reflux
conditions (120 °C) for 24 h under N,. For more details on pre-
paration and characterisation see our previous publication (Ab-
bas et al., 2020a). The mixture was then washed with methanol
repeatedly using hot filtration with a 0.2 pm polytetrafluor-
oethylene (PTFE) membrane. The product was dried in a va-
cuum oven at 80 °C overnight to yield PP-g-MA-rGO-cyst.

2.3 Composite Preparation

PP pellets were first cryo-milled to form a powder using a SPEX
SamplePrep Freezer Mill (Stanmore, UK). These PP pellets
were cooled for 10 min using liquid nitrogen, followed by
2 x 10 min grinding cycles at 15 Hz. In between each cycle the
samples were allowed to cool for a 5 minute interval. The resul-
tant PP powder was then dried in a vacuum oven at 40°C for
24 h before processing. Composites were prepared using the fol-
lowing amounts of polymer (see Table 1) and modified GO so as
to achieve 0.1, 0.5, 1.0 and 5.0 wt% GO loading. The compo-
nents were first dry-blended and then melt-blended using a
laboratory scale extruder (model Haake Lab, Thermo Scientific,
Waltham, MA, USA), equipped with twin conical screws
(non-modular, screw diameter =5/14 mm (conical), screw
length = 109.5 mm) at 170 °C. After melting, each composition
was then fed directly into a microinjection molding machine
(model Multijet Plus, Thermo Scientific, Waltham, MA, USA)

Nomenclature PP PP(x)-g-MA(y) wt% rGO rGO-cyst
wt% Xy wt% wt%*
PP 100
PP/NF (0.1) 99.9 0.1
PP/NF (0.5) 99.5 0.5
PP/NF (1.0) 99.0 1.0
PP/NF (3.0) 97.0 3.0
PP/NF (5.0) 95.0 5.0
PP/C/NF (0.1) 99 0.8:0.1 0.1
PP/C/NF (0.5) 95 4:0.5 0.5
PP/C/NF (1.0) 90 8.0:1.0 1.0
PP/C/NF (3.0) 75 24:3 3.0
PP/C/NF (5.0) 50 40:5 5.0
PP/C/NF-F (0.1) 99 0.8:0.1 0.1
PP/C/NF-F (0.5) 95 4:0.5 0.5
PP/C/NF-F (1.0) 90 8.0:1.0 1.0
PP/C/NF-F (3.0) 75 24:3 3.0
PP/C/NF-F (5.0) 50 40:5 5.0
*Refers to rGO content (wt%) only
Table 1. Nomenclature and composition of blends studied
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to yield standard dumbbell-shaped specimens according to
ASTM D68V for tensile testing and disk shaped samples
(d =25 mm, h = 1.5 mm) for oscillatory rheology and X-ray dif-
fraction measurements. The injection and mold temperatures
were set to 190°C and 100°C, respectively with the injection
pressure = 200 bar and post pressure of 100 bar for 10 s. For
simplicity, the following blend nomenclature is adopted; bulk
PP=PP, rGO=NF (nanofiller), rGOcyst=NF-F (functionalised
NF) and PP-g-MA=C (compatabilizer).

2.4 Characterisation

For tensile testing (10 replicates), a autograph AGS-X frame
(Shimadzu, Kyoto, Japan) was used. This was equipped with a
10 kN load cell with a twin TRIViewX noncontact digital video
extensometer (500 and 120 mm field view), Shimadzu Corp.,
Kyoto, Japan. Data was captured using Trapezium X version
1.4 software package (Shimadzu Corp., Kyoto, Japan), and the
samples tested were standard dumbbell-shaped test specimens
with an extensometer gauge length of 7.62 mm and a constant
crosshead speed of 10 mm/min. The total mechanical energy
consumed by the material when straining it to break per unit vol-
ume was used as a measurement for the tensile toughness (Wy)
of a material. This value can be extrapolated by integrating the
area under stress-strain curves using the following equation
(Van Vlack, 1989):

W, = fog ode.

Dynamic mechanical thermal analysis (DMTA) was carried
out in the dual cantilever mode with a free length of
17.50 mm, sample width of 10 mm and thickness of 4 mm
using a Triton Tritec 2000 DMA (Triten Technology Ltd., Lei-
cester, UK) equipped with a standard oven.

A rheometer with parallel-plate geometry (model Haake
Mars III, Thermo Scientific, Waltham, MA, USA) was used
to measure the rheological behavior of the composites. These
samples first underwent oscillatory amplitude stress sweeps
over a stress range of 0.1 to 100 Pa at a fixed temperature and
frequency of 185°C and 1 Hz, respectively. This determined
that at 10 Pa the storage modulus is independent of deforma-
tion; frequency scans were performed from 0.1 to100 Hz under
a controlled stress of 10 Pa in an air atmosphere.

X-ray diffraction measurements were performed on a 3"
generation instrument equipped with multicore (iCore/dCore)
optics and a Pixcel3D detector operating in 1D scanning mode
(all Malvern Panalytical Empyrean, Malvern, UK). A Cu tube
was used giving Cu Ka,,, radiation (1.5419 A) and a beam
knife was used to reduce air scatter at the low angles. Scans
were made in the range 4° to 40° 20 with a step size of
0.0263° and a counting time of ~ 130s/step.

Differential Scanning Calorimetry (DSC) was performed
using a DSC1 (model 700, 400 W, Mettler Toledo, Leicester,
UK) and the data collected and evaluated using a STARe Ver-
sion 15.01 software package (Mettler Toledo, Leicester, UK).
The samples were studied between 25 °C and 200 °C at a heat-
ing and cooling rate of 10 K/min for two cycles. The thermo-
grams were used to determine the melt temperature (T,,), crys-
tallisation temperature (T.), enthalpy of melting (AH,,),
enthalpy of crystallisation (AH,) and the percentage crystalli-
nity (X.) of PP. The crystallinity was calculated by dividing
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the AH,, or AH_ for the sample by the theoretical 100 % crystal-
line value for PP (AHg: 209 J/g) (Dechant, 1990) and allowing
for blend composition.

Scanning electron microscopy (SEM) images were obtained
using a field emission instrument (model Zeiss Sigma, Zeiss,
Oberkochen, Germany). Tensile dumbbell specimens were
cryo-fractured by placing them in a bath of liquid nitrogen for
30 min and then striking them. The fractured surfaces were at-
tached to aluminium SEM stubs using carbon adhesive tape
with the fractured surface facing upward. The samples were
also sputter coated (10 nm) with a Au/Pt metal target (Cres-
sington 108 auto) to minimize charging effects.

3 Results and Discussion

The inclusion of C in both PP/C/NF and PP/C/NF-F composites
is expected to alter the PP chain dynamics and the viscoelastic
properties of the composites as seen in the rheology results
plotted in Fig. 1. An increase in storage modulus (G’) was ob-
served for PP/C/NF-F composites with increasing NF-F loading,
at lower frequencies. This increase is associated with the strong
interactions between the NF-F and the C, the uniform distribu-
tion of C-NF-F within the PP matrix and the enhanced interfa-
cial interaction between the NF-F with the polymer (Bai et al.,
2019). This increase in G’ shows that the C/NF-F contributes
more to the elasticity than the viscous nature of the polymer
composite (Mun et al., 2014). For the 5.0 wt% loading, some
shear thinning behavior was observed even at low frequencies.
This transition from ‘liquid-like’ to more ‘solid-like’ behavior
at lower frequency is a consequence of the interconnected net-
work formed hindering polymer chain dynamics (Abbas et al.,
2020b). Further evidence for the formation of a percolated net-
work was seen from a plot of tan § versus frequency. A transi-
tion to more ‘solid-like” behavior results in a decrease in tan 9,
as seen for the PP/C/NF-F composites. For unfilled PP and the
composites with low C/NF-F loading, from 0.1 to 1.0 wt%, an
increase in tan § was obtained. In contrast, for composites with
C/NF-F loading of 3.0 and 5.0 wt%, tan & decreases signifi-
cantly at lower frequency, forming a plateau suggesting that per-
colation was reached at some loading between 3.0 and 5.0 wt%
C/NF-C (McClory et al., 2010).

However, it is more correct to construct Cole-Cole (G’ vs.
G”), Han (0’ vs. ") and Van Gurp-Palmen (3 versus G*) plots
to asses if percolation has been achieved, see Fig. 2. If increas-
ing the C/NF-F loading results in more ‘solid-like’ behavior
and the formation of a percolated filler-filler and/or filler-poly-
mer network, then the associated changes in the viscoelastic
behavior of the polymer will be obvious from these plots (No-
bile, 2011). In the Cole-Cole plot (Fig. 2A) the deviation in
the linear relationship between G’ vs. G” can be interpreted as
a transition to either more ‘liquid-like’ or solid-like’ behavior.
For C/NF-F loadings up to 1.0 wt%, the plots for the compo-
sites of G’ vs. G” directly overlap that of unfilled PP. However,
as the C/NF-F content increases up to 5 wt% these curves are
no longer superimposed on the PP curve and clearly show the
onset of the formation of a percolated network at 3 wt% C/
NF-F. The value of G’ for any given G” was higher for the
3.0 wt% and 5.0 wt% composites as these composites are more
elastic than unfilled PP (Chin et al., 2015). The Han plots in
Fig. 2B show the imaginary (loss) viscosity () and relative
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(real) viscosity (') where neat PP exhibits a semi-circle
shaped curve, behavior attributed to the mechanisms of relaxa-
tion of the polymer chains. The composites with low C/NF-F
loadings (< 3 wt%) show similar trends to that of the unfilled
PP, whereas at loadings > 3 wt% the composites start to exhibit
a more linear relationship between real viscosity versus the loss
viscosity. This sudden increase in 1" between 3 and 5 wt% C/
NF-F further confirms the transition to more ‘solid-like’ behav-
ior and increased polymer relaxation times as a consequence of
the formation of a filler-filler and filler-polymer network (Gup-
ta etal.,, 2017). In this instance, the increased interactions
between NF and NF and NF and PP are achieved via the cova-
lently bonding with C resulting in an interconnected percolated
network which delays polymer relaxation processes (Bai et al.,
2019). This conclusion is further supported from the Van Gurp-
Palmen plot (i.e. Figure 2C, § versus G*) for these composites,

where generally the phase angle (8) of an ideal elastic solid is
0° and for an ideal viscous fluid 90°. Therefore, for a more
elastic (‘solid-like’) material, usually lower values of & are
measured (Bai et al., 2019). For neat PP and the composites
with < 1.0 wt% C/NF-F, the dynamics of the PP chains is not
greatly altered, therefore in the lower G* region (10% to 10° Pa),
d is between 80° and 90°, more ‘liquid-like’ or viscous flow is
dominant (Chiu et al., 2016). For composites with > 3 wt% C/
NF-F, in the same G* region, & decreases to as low as 63.4° for
the 5.0 wt% composite, i.e. enhanced elastic behavior of the
composites.

The onset of a rheological percolation starts around 3.0 wt%
and a percolated network has clearly formed at some C/NF-F
loading between 3.0 and 5.0 wt%.

This behavior is clearly associated with the formation of an
interconnected PP/C/NF-F network, which is not observed for
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Fig. 1. Variation in (A) storage modulus (G'), B) loss modulus (G"), C) complex viscosity (n*) and D) tan d as a function of angular frequency (w)
for neat PP and PP/C/NF-F composites
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the PP/NF and PP/C/NF composites, i.e. without cysteamine
functionalisation, at similar filler loadings (> 3 wt%). The evi-
dence for the formation of percolated networks can be seen by
comparing the Cole-Cole, Han and Van Gurp-Palmen plots
for all three sets of composites, PP-NF, PP/C/NF and PP/C/
NF-F, see Fig. 3. No evidence for percolation was obtained
for the PP/NF composites, rather a behavior similar to that of
neat PP. In contrast, when C and or NF-F are added to the bulk
PP at >3 wt%, the deviation obtained in the relationship be-
tween G’ vs G”, § vs IG*| and 1" vs 1’ are responses indicative
of a percolated network. These changes show that the presence
of NF alone is not effective at creating a percolated network in
PP, but functionalisation with cysteamine (NF-F) is required
and achieved by covalently linking the PP-g-MA (C) and rtGO
(NF) to produce C/NF-F, which in turn is more compatible
with PP than C/NF or NF alone.

The strong nucleating effect that graphene(s), including GO,
have for PP is well documented and the role, if any, of cystea-
mine functionalisation was investigated by DSC and XRD. Fig-
ure 4 shows the first and second DSC heating and cooling cycles
for the PP/C/NF-F composites. The relevant thermal parameters

for all composites were determined and listed in Table 2. As ex-
pected, neat (unfilled) PP displays one relatively sharp peak,
with a melting peak (T,,) at 167 °C. However, the extruded com-
posites exhibit a broader, less intense melting transition peak,
with T,, decreasing with increasing C/NF loading down to
156 °C, associated with the melting of both PP o and f crystal-
lites. The decrease in T, is less when the NF is functionalised
with cysteamine (NF-F), down to 160 °C. Increasing anhydride
content within the composites also results in a reduction in T,
and a broadening of the crystallisation peaks (Menyhdrd et al.,
2008). The depression of the melting peak and T, and the ab-
sence of a distinct T, peak for C suggests that the crystalline re-
gion of C has co-crystallized with the isotactic PP (Harper et al.,
2009). Furthermore, X, increases from 48 % for the neat PP to
55 % with just the addition of 0.1 wt% PP/C/NF-F. Overall, X,
for the composites was higher than that for neat PP, the presence
of NF-F and C initiated heterogeneous nucleation. However, at
the highest loadings studied (5 wt%), X, drastically decreases
to 38 %, as the increased PP-g-MA(C) and NF/NF-F content that
formed a percolated network hinders polymer chain dynamics
and conformational change, limiting crystal growth (Martinez-
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PP/C/NF and PP/C/NF-F composites
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Colunga et al., 2018). Additionally, with increasing C/NF-F
content, the crosslink density increases altering crystallisation
behavior. In contrast, are for NF loadings < 5 wt%, X, and AH,
is higher than for neat PP, suggesting a strong nucleating effect
where a PP phase crystallises on the NF surface (Khare et al.,
2011; Parija and Bhattacharyya, 2016). Tc increases by as much
as 10°C. The super cooling values (AT=T,, — T,) have also been
listed in Table 2 and AT decreases for all composites relative to
neat PP, which is a strong evidence for a higher nucleation and
crystallisation rate. Both PP/C/NF and PP/C/NF-F have lower
AT values relative to the PP/NF highlighting the role that the
compatibilized NF (C/NF-F) plays in nucleation, increasing the
rate of crystallization, promoting interfacial interaction between
the NF and PP and PP crystallization on the NF surface (Kalan-
tari et al., 2015a).

Clearly, inclusion of both NF and NF-F altered the crystalli-
sation behavior of PP. This relationship was investigated
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further by XRD, as the width of the diffraction peak can be re-
lated to the apparent crystal size (ACS) calculated from the
Scherrer equation:

ACS = Kik, (1)
BocosB

where K is a constant and refers to how the width is calculated
(0.94), X\ is the wavelength of radiation (0.15419 nm), B, is the
full-width at half-maximum intensity of a pure equatorial re-
flection in radians (FWHM) and 0 is the diffraction angle in ra-
dians (Murthy, 2016). Additionally, the fraction of PP 3-phase
formed (Kp) for the composites can be calculated using Eq. 2:

H
= . : 2)
Hg + He1 + Hap + Hys

where Hyg is the intensity of the B (300) peak and Hy,;, Hyp and
Hs are the intensities of the o (100), a (040) and a (130) peaks,

Kp
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Fig. 4. First and second heating cycles (A, B) and first and second cooling cycles (C, D) for PP and PP/C/NF-F composites
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respectively (Huo et al., 2004; Juhdsz et al., 2002). All values
are listed in Table 3. Figure 5 shows the XRD patterns for neat
PP relative to the PP/NF, PP/C/NF and PP/C/NF-F composites.
For neat PP, the o crystalline peaks were seen at 20: 13.81°
(100), 16.57° (040), 18.23° (130) and 20.77° and 21.51°
(111)+(301). Additionally, a strong B peak was also recorded
at 20: 15.77° for the B (300) for neat PP, showing the poly-
morphism of the PP used in this study. Without the inclusion
of C, i.e. for the PP/NF composites, a general decrease in
FWHM was observed for the (100), (300) and (040) crystal
planes. For the (100) crystal plane, a decrease in FWHM with
increasing NF loading was measured, which resulted in an in-

crease in ACS relative to neat PP (20.25 nm). Additionally, a
general decrease in Kg (%) was also exhibited with the addition
of NF to PP as the NF acts as an effective o-nucleating agent
increasing the a crystallite size and crystallinity (DSC) and de-
creasing the amount of  crystallite formed. When C is in-
cluded (PP/C/NF), a further decrease in Kg (%) was obtained,
showing that both NF and C act as a 3 polymorph suppressant.
Additionally, the ACS for the (100) crystal plane increased for
NF loadings < 0.5 wt% followed by a decrease at higher load-
ings > 1 wt% relative to neat PP. Similar trends for the FWHM
values for these compositions were observed. For the PP/C/NF
composites, Kg (%) is significantly decreased due to suppres-

Sample AH,, AH, Th T, X, AT =TT,
Jg! Jg! °C °C % °C
PP 78 69 167 113 48 54
PP/NF (0.1) 107 102 162 118 49 44
PP/NF (0.5) 108 98 161 121 46 40
PP/NF (1.0) 110 108 162 121 51 41
PP/NF (5.0) 110 100 164 123 45 41
PP/C/NF (0.1) 102 94 164 117 45 47
PP/C/NF (0.5) 76 78 162 118 47 44
PP/C/NF (1.0) 102 103 162 120 48 42
PP/C/NF (3.0) 91 90 162 121 41 41
PP/C/NF (5.0) 77 79 156 119 34 37
PP/C/NF-F (0.1) 89 105 165 118 55 48
PP/C/NF-F (0.5) 108 105 165 119 50 47
PP/C/NF-F (1.0) 88 97 161 120 54 42
PP/C/NF-F (3.0) 97 134 161 121 54 41
PP/C/NF-F (5.0) 89 87 160 122 38 38

Table 2. Thermal parameters for neat PP, PP/NF, PP/C/NF and PP/C/NF-F composites determined from DSC measurements

Sample FWHM (100) | FWHM (300) | FWHM (040) ACS (100) ACS (040) ACS (300) Kg

° ° ° nm nm nm )
PP 0.41 0.29 0.42 20.25 19.75 28.86 31.60
PP/NF (0.1) 0.37 0.29 0.36 22.41 23.10 23.08 1543
PP/NF (0.5) 0.36 0.28 0.36 23.05 23.15 23.13 28.61
PP/NF (1.0) 0.34 0.28 0.36 24.65 23.40 23.37 24.23
PP/NF (3.0) 0.39 0.31 0.38 21.38 22.32 22.30 23.77
PP/NF (5.0) 0.33 0.31 0.36 25.16 23.23 23.21 13.88
PP/C/NF (0.1) 0.39 0.49 0.38 21.54 22.33 17.21 10.47
PP/C/NF (0.5) 0.40 0.36 0.40 20.67 20.73 23.17 18.23
PP/C/NF (1.0) 0.55 0.62 0.45 15.07 18.48 13.62 19.70
PP/C/NF (3.0) 0.48 0.63 0.42 17.39 19.81 13.27 15.60
PP/C/NF (5.0) 0.68 0.71 0.40 12.23 20.76 11.80 12.64
PP/C/NFE-F (0.1) 0.44 0.41 0.42 19.14 20.02 20.29 15.63
PP/C/NE-F (0.5) 0.36 0.29 0.37 23.01 22.48 29.12 17.82
PP/C/NF-F (1.0) 0.44 0.56 0.41 18.99 20.32 14.87 11.63
PP/C/NF-F (3.0) 0.34 0.53 0.35 24.24 23.88 15.75 8.88
PP/C/NF-F (5.0) 0.48 0.47 0.41 17.25 20.39 17.73 16.32

Table 3. FWHM and ACS values calculated from XRD peaks for (100), (300), and (040) crystal planes. Ky values tabulated for neat PP,

PP/NF, PP/C/NF and PP/C/NF-F composites
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sion of the formation of the f polymorph on inclusion of both
NF and C together. The general trend for the PP/C/NF-F com-
posites is an increase in ACS for the (100) and (040) planes
and a decrease in ACS for the  (300) plane. The covalently
bound C-NF-F within the PP matrix results in preferential
growth of the monoclinic o-phase of PP and suppressing 3
crystals growth, seen by the decrease in Kg (%). Additionally,
the a-form is attributed to brittle behavior while the B-form is
associated with more ductile behavior for PP (De Rosa, Scoti,
Di Girolamo, de Ballesteros, Auriemma and Malafronte 2020).

Representative stress-strain curves from static tensile testing
of the composites relative to neat PP are shown in Fig. 6. For
the PP/NF composites, an increase in strain at break (gg) is re-
corded at the lower NF loading (< 0.5 wt%), but at higher load-
ings the composite exhibits lower values of strain, as it is more
brittle. This is a common observation with poorly dispersed un-
functionalised graphene(s) in non-polar polymers, as with in-
creasing NF content, NF agglomerations act as stress concen-
tration points in the PP matrix. When C is added to PP/C/NF,
the lowest NF loading (0.1 wt%) gives the highest e relative
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to neat PP, an increase of about 50 %. With increasing NF load-
ing in PP/C/NF, the composites become brittle even more so
than neat PP. The presence of C ‘plasticizes’ the matrix, mak-
ing it more ductile but, with increasing NF content, agglomera-
tion dominates causing embrittlement of the composite. Final-
ly, for the PP/C/NF-F composites, a significant enhancement
in g for the 0.1 wt% loading is obtained, up to about 600 %.
At this loading, the cysteamine functionalised rGO (NF-F)
binds with C covalently, facilitating more effective interfacial
interaction between the NF-F and the PP matrix. Without the
covalent attachment, the composite at the same 0.1 wt% load-
ing is also more ductile than neat PP, but not to the same level
as to when C is included.

In addition, values for Young’s modulus (E), tensile strength
(o), tensile toughness (W}) and strain at break (eg) for neat PP
and PP/C/NF-F, PP/C/NF and PP/NF composites were deter-
mined and are shown graphically in Fig. 7. For PP/NF, no sig-
nificant changes were seen in ¢ and only a modest increase E
at the highest (5 wt%) NF loading, relative to neat PP. After ad-
dition of C, to form PP/C/NF or P/C/NF-F composites, ¢ was
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Fig. 5. XRD diffractograms for neat PP, and A) PP/NF,
B) PP/C/NF and C) PP/C/NF-F composites
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similar to neat PP and all other composites. A similar trend was
obtained for E, except at the 5 wt% C/NF-F loading, when o
was about 40 % than for both unfilled PP and all other compo-
sites. Most interesting was the significant increase in tensile
toughness (W) by about 1500 % and &g (as described above)
when the C/NF-F loading was just 0.1 wt%. It may be that a
combination of a highly dispersed NF-F component at this
low loading covalently bonded to C results in major increases
in tensile toughness and ductility (Liu etal., 2016). With
further successive increases in NF-F loading, a significant drop
in Wy, and &g is obtained.

From DMTA measurements, PP displays three dynamic re-
laxations in a plot of tan 6 versus temperature, o, B and y. The
o-relaxation is attributed to lamellar slip and rotation within
the crystalline phase, typically observed at ~60°C. The [3-re-
laxation, derived from the dynamic glass-rubber transition of
the PP amorphous phase, occurs between —20°C and +20 °C.
Finally, the y-relaxation is associated with the mobility of a
few chain segments existing in the amorphous region of the
semi-crystalline polymer at —50 °C, but is often not observed

(Kotsilkova et al., 2010). In this study, the storage modulus (E’)
for all the composites decreased drastically, especially at the
glass transition temperature (T,, —15°C to 25°C), classically
associated with the polymer chains having higher molecular
mobility above T,, (Fig. 8). As expected, as the wt% of C/NF-
F increases, an increase in E’ is recorded relative to unfilled
PP, by about one order of magnitude at the 5 wt% level from
a stiffer interphase region between the NF-F and PP/C system
(Ardanuy et al., 2010). This interface/interphase forms more
readily for the PP/C/NF-F composites due to the improved
compatibility between the PP matrix and NF. The loss modulus
(E”) curves for the PP/C/NF-F composites were less intense
than those for the other composites, the viscous damping is
lower as is the dissipation capacity of the material (Benmesli
and Riahi, 2014), the composite is more stiff and polymer
chains less mobile. Additionally, the difference in intensity of
the main peak in the tan & plot (going through the T,) suggests
different molecular relaxations exhibited by the neat PP, PP/
NF and PP/C/NF to PP/C/NF-F composites, see Table 4. The
greater damping displayed by neat PP, PP/NF and PP/C/NF
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composites relative to PP/C/NF-F at T, is derived from a non-
percolated, non-interconnected polymer-filler network. The
network formed via C/NF-F hinders polymer chain dynamics,
resulting in an increase in the elastic response of the matrix
and therefore lowering the damping characteristics (Kalantari
etal., 2015b). For the PP/C/NF composites, the NF is not
bound to cysteamine (F) and therefore C is not covalently
bonded to NF, an increase in tan d is seen at Tg and the Tg de-
creases with increasing NF loading, see Table 4. Additionally,
all other composites had lower E’ relative to the PP/C/NF-F
composites. This decrease in T, values for the composites con-
taining C may be derived from a plasticizing effect where in-
creased polymer chain mobility shifts the glass transition to
lower temperatures (Létoffé et al., 2019).
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It is clear that C/NF-F promotes compatibilization of GO
(NF) and PP and NF dispersion in the polymer. The reaction
of C with NF-F seems to provide some degree of wetting be-
tween the NF and matrix by coating the GO (NF) platelets,
see SEM images in Figs. 9A and B. Moreover, the inclusion
of C and the formation of C/NF-F helps to partially exfoliate
the GO (NF) layers, Figs. 9C, D and E. This can be seen clearly
in e) where the C/NF-F (circled in red) is located between the
layers, but distributed widely.

The inclusion of C/NF-F in PP gives rise to three different
interactions, which in turn determine the properties of these
composites. Our physical interpretation of these interactions is
given schematically in Fig. 10. They are, i) polymer-polymer
interactions, i.e. between the PP chains of PP-g-MA and the
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Fig. 7. Variation in (A) tensile strength (a), B) Young’s modulus (E), C) tensile toughness (W) and D) strain at break (eg) for neat PP, PP/NF,
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PP matrix via co-crystallization, ii) interaction between C and  action between PP, C and NF-F. The different roles C plays are
NF-F covalently bound by the cysteamine (F) and iii) the inter- most obvious at the 5 wt% C/NF-F loading given the change in
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properties obtained. At this composition, rheological percola-
tion was achieved and the greatest increase in Young’s modu-
lus (E) and storage modulus (E’) relative to PP recorded. At this
composition, the C/NF-F forms an interconnected filler-filler
network with the PP, which results in a decrease in crystalli-
nity. However, it was at the 0.1 wt% loading that the greatest
increases in toughness (W) and ductility (eg) were obtained.
A highly dispersed and cross-linked C/NF-F to PP resulted in
a drastic change in crystal structure, co-crystallization and
polymer chain entanglements and therefore a range of matrix
properties. This effect of the change in properties can be seen
more clearly by plotting normalized values for five key proper-
ties, see Fig. 11. The normalized values (X/X,), where X is
some property value of the composite, is divided by the corre-
sponding value for the neat polymer (X,) and plotted as a func-
tion of NF concentration (Kotsilkova et al., 2010) for each
composite prepared.

In this instance, the dynamic viscosity (1)) at ® = 0.01 592 rads/s,
E' (from DMTA) at 50°C, Young’s modulus (E), tensile strength
(o) and crystallinity (X,) values for PP/NF, PP/C/NF and PP/C/
NF-F composites were examined. For composites of PP and NF,
i.e. without C or functionalization of NF with F, any increase in
properties were modest. This is as expected and proves that the ad-
dition of slightly polar NF, (i.e. rGO), to PP alone will not yield in-
creased properties due to the incompatibility between the two moi-
eties (filler and matrix) and the propensity for NF to form
agglomerations. With the inclusion of C with NF (PP/C/NF compo-
sites), E” increases relative to neat PP, but the static tensile proper-
ties were unchanged, within experimental error. Additionally, at
low frequencies, 1" decreases relative to neat PP and a percolated
network has not formed. When C is not covalently bound to NF-F,
it plays a different role within the polymer matrix. When C is cova-
lently linked to NF-F and dispersed in PP, an increase in E, 6 and E’
are obtained with increasing C/NF-F loading relative to unfilled PP.
Furthermore, for C/NF-F loadings < 1 wt%, X_ also increases rela-
tive to neat PP and all other composites, as it is well dispersed in
the PP matrix and there are stronger interfacial interactions with
the PP matrix.

Sample T, (tan 9) tan § at T, T, (E")
PP 8.9 0.06 4.1
PP/NF (0.1) 8.2 0.07 3.8
PP/NF (0.5) 8.5 0.07 4.8
PP/NF (1.0) 8.1 0.07 6.1
PP/NF (5.0) 6.2 0.06 1.1
PP/C/NF (0.1) 9.0 0.08 53
PP/C/NF (0.5) 8.4 0.08 2.0
PP/C/NF (1.0) 8.6 0.08 3.6
PP/C/NF (5.0) 5.4 0.06 1.7
PP/C/NF-F (0.1) 9.5 0.06 3.9
PP/C/NF-F (0.5) 6.1 0.06 3.7
PP/C/NF-F (1.0) 7.6 0.06 3.8
PP/C/NF-F (5.0) 4.4 0.04 -1.1

Table 4. Glass transition temperature (T,) determined from tan ¢ and
E” plots as a function of temperature, and tan 6 values at T, for neat
PP, PP/NF, PP/C/NF and PP/C/NF-F composites

DE GRUYTER

Intern. Polymer Processing XXXVI (2021) 3

4 Conclusions

Addition of NF to PP resulted in a modest increase in static and
dynamic mechanical properties and no rheological percolation
threshold. The un-functionalized, polar NF is not well dis-
persed or distributed in the non-polar PP matrix. However,
when the cysteamine functionalized rGO (NF-F) is bound to
PP-g-MA (C), interfacial interactions are promoted between
NF-F and the PP matrix. When C is not bound to NF-F, C acts
more like a plasticizer for the PP. Therefore, for the PP/C/NF-
F composites, the covalent attachment between NF-F and the
C via cysteamine led to an increase in E, ¢ and at low C/NF-F
loadings significant improvements in Wy, and €g. Additionally,
a rheological percolated network was also formed between 3
and 5 wt% C/NF-F.

The linking covalently of C and NF-F facilitated different
interactions between the composite components, including
filler-filler, polymer-filler and polymer-polymer, the latter
via co-crystallization of the PP chains on PP-g-MA and the
bulk PP matrix. The primary mechanism for reinforcement
of the PP was the increase in nucleation sites for PP crystalli-
zation, which in turn altered the orientation of inter-lamellae
slipping during the deformation of the polymer under tension.
Functionalization and consequent effective GO dispersion
improved load transfer from the matrix to the filler (Castillo
et al., 2020).

The crystallization behavior of PP was greatly altered on in-
clusion of GO, irrespective of whether the GO was functiona-
lized or not. The GO has a strong nucleating effect on PP, pre-
ferentially inducing the formation of the a-polymorph and
supressing growth of the B-polymorph. The GO initiated het-
erogeneous nucleation of PP, increasing T,, with increasing
NF loading, by up to 10°C. The super-cooling (AT) decreased
by up to 17 °C with increasing filler loading.

Cysteamine functionalization of GO in combination with
PP-g-MA is effective in assisting dispersion of polar GO in
non-polar PP at low loadings (0.1 wt%) only, while at loadings
> 0.1 wt%, functionalisation does promote interfacial interac-
tion with a limited effect on dispersion.
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Fig. 9. SEM images of PP/C/NF-F, A), B) show re-
gions of NF platelets within the bulk composite. Ar-
row shows a rough coating on the platelets. C, D, E)
show regions of exfoliated platelets achieved by the
inclusion of C. Circles in E) show presence of C be-
tween layers

E)
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Fig. 10. Schematic representation of the pro-
posed role C plays in 1) polymer-polymer in-

" teractions, 2) polymer-NF-F interactions
PP matrix (via cysteamine) and 3) polymer-C/NF-F in-
teraction
m E at50°C
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Fig. 11. Normalized values for 1’ at w: 0.01 592 rads/s,
storage modulus (E’) from DMTA at 50°C, Young’s
modulus (E), tensile strength (a) and crystallinity (X,)
for A) PP/NF, B) PP/C/NF and C) PP/C/NF-F compo-
sites as a function of NF content. Scattered plots fitted
to the non-linear line of best fit
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