
ELASTOMERE UND KUNSTSTOFFE 
ELASTOMERS AND PLASTICS

22 KGK · 6 2014 www.kgk-rubberpoint.de

Hybrid composites · wear · electron mi-
croscopy · flammability 

E-glass fabric/nano aluminum hydroxi-
de (ATH)/epoxy composites were pre-
pared by manual lay-up and compressi-
on molding.  An image processing tool 
was used to quantify fineness of dis-
persion of nano-ATH particles in epoxy. 
Fourier transform infrared (FTIR) spect-
roscopy was used to understand the in-
teraction between nano-ATH and ep-
oxy. Mechanical properties, sliding 
wear resistance and fire retardance of 
these composites improved upon addi-
tion of nano-ATH. The composite con-
taining 0.125 wt% of nano-ATH exhibi-
ted optimum mechanical properties 
and low specific wear rate. 

Einfluss von Nano-Aluminum-
hydroxid auf tribologische, 
mechanische und Brennbar-
keits-Eigenschaften von E-
Glasfaser/Epoxy Multi-
Schichtlaminaten 
Hybrid-Komposite · Abrieb · Elektro-
nenmikroskopie · Brandverhalten

E-Glasfaser/Nano-Aluminiumhydroxid 
(ATH)/Epoxy-Komposite wurden durch 
manuelles einlegen und Formpressen 
hergestellt. Für die Quantifizierung des 
Dispersionsgrades von Nano-ATH-Parti-
keln im Epoxy wurde ein bildgebendes 
Messverfahren eingesetzt. Die Fourier-
Transform-Infrarotspektroskopie (FTIR) 
wurde benutzt, um die Wechselwirkung 
zwischen Nano-ATH und Epoxy zu ver-
stehen. Die mit Nano-ATH additivierten 
Komposite zeigen verbesserte mechani-
sche Eigenschaften wie Abriebwider-
stand und Entflammbarkeit. Ein Opti-
mum der mechanischen Eigenschaften 
und der niedrigen spezifischen Abriebra-
te weisen die Komposite mit 0,125 
Gew.-% auf. 

Figures and Tables:
By a kind approval of the author.

Polymers reinforced with very small 
quantities of nano sized particles/fibres/
flakes are called polymer nanocomposi-
tes. These composites have potential ap-
plications in automotive, aerospace and 
construction sectors due to their excel-
lent structural and functional properties 
[1]. Nano filler(s) as reinforcement, have 
many advantages over micro filler(s) in 
polymer composites. Addition of a small 
quantity of nano filler(s) in polymer mat-
rix exhibits better properties compared 
to similar neat polymer or micro filler(s) 
filled polymer composite [2, 3]. The high 
specific surface area of nano filler(s) lead 
to remarkable reinforcing effect and im-
proved adhesion with a polymer matrix 
even at a small loading. This helps struc-
tural integrity and better load transfer 
capability for nanocomposites [4, 6].

Many researchers used nano fillers 
(such as TiO2, ZnO, SiO2 and carbon nano-
tubes) as additives to polymer matrices 
and reported enhanced mechanical and 
tribological properties [7-9]. Nano alumi-
na and aluminium hydroxide (ATH) were 
also used as wear resistant fillers in a 
number of polymer matrices due to their 
attractive properties like high thermal 
conductivity, hardness and endothermic 
decomposition behaviour at elevated 
temperature. It is reported that addition 
of nano alumina filler to epoxidized na-
tural rubber (ENR) improves its tensile 
modulus, hardness and decreases its ten-
sile strength, impact strength and elon-
gation [10]. Qiu et al. [11] reported that 
Al2O3 nanoparticles accelerated curing 
rate of epoxy and caused an increase in 
its impact strength and a decrease in 
wear rate and coefficient of friction. Gu-
ang et al. [12] reported that 0.24 vol. % 
nano-Al2O3 filled epoxy composite exhi-
bited lowest specific wear rate and a po-
sitive correlation between specific wear 
rate and impact strength. Also, they 
found that addition of nano-Al2O3 partic-
les to epoxy enhanced the flexural mo-
dulus, flexural strength and impact 

strength of the latter. Shen et al. [13] re-
ported improved ablation resistance 
with addition of nano Al2O3 and Al(OH)3 
in epoxy-based composite. But, the per-
formance of Al(OH)3 filler(s) was much 
better than Al2O3. Peng [14] reported 
that addition of 6 wt.% of Al(OH)3 micro 
filler to glass reinforced epoxy composite 
decreased its surface temperature, fric-
tion coefficient, and wear loss compared 
to the neat composite. But, filler content 
beyond 6 wt% in the composite decrea-
sed mechanical property and increased 
fatigue wear. Dudkin et al. [15] reported 
that Al2O3 nanoparticle/epoxy composi-
tes exhibited an increase in mechanical 
strength and Young’s modulus compared 
to neat epoxy. They recommended a 
combination of Al2O3 nanoparticles and 
fibres as the optimum reinforcement for 
epoxy matrix. 

Literature reports reveal that structural 
applications of fabric-reinforced polymer 
composites increase day by day. Use of 
nanoparticles could enhance certain 
functional properties in addition to struc-
tural properties of fibre reinforced epoxy 
based composites. In the present study, 
glass fabric reinforced epoxy composite 
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and glass fabric reinforced nano-ATH 
filled epoxy composites were prepared; 
their mechanical properties, sliding wear 
behaviour and flammability behaviour 
were investigated. Also, the wear rates 
and mechanical properties of these com-
posites were correlated. Fourier transform 
infrared (FTIR) spectroscopy was used to 
understand the interaction between na-
no-ATH and epoxy and the influence of 
nano-ATH on the cure behavior of epoxy. 
Filler dispersion in these hybrid composi-
tes was quantified by using an image 
analysis tool and it was used along with 
the FTIR spectroscopy results to under-
stand the trends in mechanical properties 
and wear behaviour of these composites.

Experimental

Materials
Composite laminates were fabricated 
using a bi-directional, plain-woven E-glass 
fabric (with an areal density of 200 g.m-2) 
obtained from Montex glass fibre India 
Pvt. Ltd., India, as the reinforcement. 
Bisphenol-A based epoxy resin (LAPOX 
L-12), hardener (LAPOX K-13) and accele-
rator (DY06) were purchased from M/s 
Atul Ltd. Valsad, Gujarat, India. Nano-
ATH was obtained from US Research 
Nanomaterial Inc. USA, (product ID: 
US3026, Purity: 99.9 % and average par-
ticle size: 10-20 nanometres). The tech-
nological properties of resin, hardener 
and glass fabric used for fabrication of 
composite laminates are mentioned in 
Table 1.

Fabrication of composites 
The matrix was prepared by mixing a v/v 
ratio 5:4 of epoxy resin and hardener at 
60 °C by a magnetic stirrer.  Accurately 
weighed nano-ATH was added manually 
to the matrix maintained at 100 °C. It 
was continuously stirred for 4 h at an 
rpm of 1200, using a magnetic stirrer. 
The mixture of nano filler, hardener and 
epoxy resin was passed in an indigenous 
three roll calendaring mill. The gap bet-
ween the 50 mm diameter ceramic rol- Fig. 1: Schematic of three roll mill.

1

lers in the mill was kept around 5 μm and 
the rotational speeds of the first, second 
and third rollers were kept at 50, 100 and 
200 rpm, respectively. The mix collected 
at the outlet of the three roll mill was fed 
in to the inlet of the mill 5 times to ob-
tain a homogeneous mix and uniform 
dispersion of nano-ATH particles in the 
matrix. To the matrix 2 wt. % of accelera-
tor was added followed by constant stir-
ring for 5 minutes using a magnetic stir-
rer. Three batches of matrices consisting 
of 0.125, 0.25 and 0.5 wt. % of nano-ATH 
were prepared separately by the above 
method. Figure 1 shows the schematic of 
three roll mill used for preparation of 
nano-ATH/epoxy masterbatch.

The masterbatch was coated on to 
each layer of E-glass fabric by a brush 
and a roller. Sixteen such layers were 
kept between the pressing platens of 
hydraulic press at a stacking sequence of 
[(0/90)]8. Thick polyester films were 
used for mould release and to obtain 
smooth composite slabs. Resin impreg-
nated fabric stock was pressed in hydrau-
lic press (capacity 40 T) at a pressure of 

0.5 MPa for 2 h at 140 °C. The prepared 
composite slabs having a size of 250 mm 
× 250 mm × 3 mm were post cured for 
8 h at 140 °C and their compositions are 
shown in Table 2.

Experimental methods
The FTIR spectra of the neat ATH, glass 
fabric, epoxy, glass/epoxy and glass/ep-
oxy/nano-ATH composites were recorded 
in attenuated total internal reflectance 
(ATR) mode by using a FTIR spectrometer 
(Jasco 4200 FTIR spectrometer, Japan). 
The scans were made in a wave number 
range of 4,000 - 650 cm−1 and the aver-
ages of 32 scans were recorded for each 
sample. The neat and nano-ATH filled 
glass fabric/epoxy composites were cha-
racterized as per ASTM standards to esti-
mate the physical and mechanical proper-
ties. Actual densities of the composites 
were measured according to ASTM: D792 
(displacement method) [16]. Vickers hard-
ness of the composite specimens was 
measured by using a Matsuzawa micro-
hardness tester (Model No MMT-X7A, Ja-
pan). Tensile behaviour was investigated 
as per ASTM: D638 by Universal Testing 
Machine (Instron 3366, UK) [17]. A three 
point bending technique was adopted to 
investigate flexural properties of the com-
posites as per ASTM: D790 [18]. The inter-
laminar shear strength (ILSS) was investi-
gated according to ASTM: D2344 (short 
beam shear test method) [19]. In each 
case, to evaluate the physical and mecha-
nical properties, five samples were tested 
and the average values are reported. 

As per ASTM: G99, pin-on-disc wear 
test apparatus was used to investigate 
sliding wear behavior of the composite 
laminates [20]. The sliding speed and 

1  Technological properties of the matrix and reinforcement used for fabrication of the composites
Epoxy resin (LAPOX L-12) Hardener (LAPOX K-13) E-Glass fabric  

Colour 0.8 GS Color 0.8 GS Areal density(g.m-2) 201-203
Epoxy value 5.35 Eq./kg Viscosity @ 25°C 10 M Pa Thickness (mm) 0.17-0.19
Viscosity @ 250C 11850 M Pa Pot Life @ 80°C 69 min Ash content (%) 33
Volatile content @1050C, /Hr. 0.4 % Gel time @ 80°C 118 min Moisture (%) 0.22
Hydrolysable chlorine 0.08 wt.% Thread count: Warp  (No.) 160

Martens Value 150 °C Weft   (No.)                      130

2  Compositions of neat and nano-ATH filled glass/epoxy composites
Sample ID  Quantity of constituents (wt. %) 

Nano ATH Resin E-glass fabric
GEC 0 50 50
0.125ATHGEC 0.125 49.875 50
0.25ATHGEC 0.25 49.75 50
0.5ATHGEC 0.5 49.5 50
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sliding distance were fixed as 3.5 m.s-1 
and 1.5 km, respectively. The normal load 
was varied as 15, 30 and 45 N. In each 
case, the final weight of the specimen 
was accurately measured and the wear 
loss (w) was estimated as the difference 
of initial weight (w1) and final weight 
(w2). The specific wear rate KS (g.N-1.m-1) 
was calculated by Eq.1.

K = w
Fn×d

 (1) 

Where W is the wear loss (g); Fn is the 
normal load (N), and d is the sliding dis-
tance (m). The coefficient of friction (μ) 
was calculated by Eq.2.

     
μ =

Ff
Fn

 (2)

Where, Ff is the frictional force (N).

A scanning electron microscope (SEM) 
(JSM-6380LA, JEOL, Japan) was used to 
evaluate the texture and morphology of 
the glass fabric, cross sectional views ac-
ross the thickness of the laminates. In 
order to assess the fineness of dispersion 
of nano-ATH in the epoxy matrix, alumi-
num elemental mapping of the broken 
surfaces of the hybrids was carried out 
using energy dispersive X-ray (EDX) (Link 
ISIS-300 Microanalytical System, Oxford 

instruments, UK) facility of the SEM. The 
samples were cut in to 5 mm × 5 mm 
squares  and sputtered with gold in a 
sputtering unit (JEOL JFC 1600), auto fine 
coater, to make them conductive. The 
elemental composition maps (EDX map) 
of the sample surfaces were then taken 
at a suitable accelerating voltage, for the 
best possible resolution using the SEM. 
The elemental dot maps were analyzed 
by Image–J Software [21, 22]. The mor-
phologies of worn out surfaces of the 
wear test samples were investigated by 
SEM to understand wear mechanism.

The limiting oxygen index (LOI) test 
(ASTM: D2863) is a widely used research 
and quality control tool for determining 
the relative flammability of polymeric 
materials [23]. The LOI of the neat and 
nano-ATH filled composites were deter-
mined by using a LOI analyzer (Dynisco, 
USA). A numerical index, the ‘LOI’, is defi-
ned as the minimum concentration of 
oxygen in an oxygen–nitrogen mixture, 
required to just support downward bur-
ning of a vertically mounted test speci-
men. Hence, higher LOI values represent 
better flame retardance.  LOI was calcula-
ted by using the following formula:

    100
NO

OLOI
22

2 ×
+

=
][][

][(%)  
(3)

Where, [O2] is the volumetric flow rate of 
oxygen (cm3/sec) and [N2] that of nitro-
gen. Five samples of 6.5 mm × 3.2 mm 
×150 mm were tested and the average 
values were taken to estimate time-to-
ignition, flame propagation rate and LOI 
required for burning the composite spe-
cimens.

The UL-94 vertical flammability test 
was performed according to ASTM: 
D3801 [24] with the specimen dimensi-
ons of 12.5 mm×5 mm ×150 mm. In this 
case, 10 samples were tested, duration 
of burning after every ignition trial of in-
dividual samples was noted and mean 
time of burning after ignition was esti-
mated.

Results and discussion

Morphology of the glass fabric 
and nano-ATH
The scanning electron micrographs of 
plain-woven E-glass fabric and fibers 
used in the fabric are shown in Figure 2 
(a) and (b), respectively. It is confirmed 
that the fabric is of the bi-directional 
plain woven type and fibres are clean 
and defect free. Figure 2(c) shows the 

Fig. 2 SEM micrographs of a) plain-woven E-glass fabric, b) individual glass fibers, 
and c) TEM micrograph of nano-ATH.

2

Fig. 3 FTIR spectra of glass/epoxy and glass/epoxy/nano ATH composites.

3
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TEM micrograph of the nano-ATH (cour-
tesy: US Research nanomaterials Inc., 
USA), in which agglomerated nanopar-
ticles of ATH can be seen. These nanopar-
ticles have an elongated structure with 
low angularity and an average size of 
10-20 nm.

FTIR spectroscopy
A comparison of the FTIR spectra of 
glass/epoxy composite and glass/epoxy/
nano-ATH composite is shown in Figure 
3.  The peaks at 3452 cm-1 are due to O−H 
stretching and the peaks at 2965 and at 
2873 cm-1 are attributed to the symmet-
ric and asymmetric vibrations C−H in 
CH3, respectively. The peak at 1732 cm-1 
is assigned to C=O stretching and the 
peak at 1606 cm-1 corresponds to C=C 
stretching in aromatic rings. The peak at 
1506 cm-1 is due to the C−C stretching in 
aromatic rings and the one at 1451 cm-1 
is attributed to aromatic C=C−C stret-
ching. The peaks at 1299, 1167, 1027 and 
826 cm-1 correspond to C−O stretching in 
oxirane ring, anti-symmetric vibrations 
of C−H, Stretching C−O−C of ethers and 
C−O−C stretch of oxirane group, respec-
tively [25]. 

The peak positions of the glass/epoxy 
composite and glass/epoxy/nano-ATH 
composite remain the same, but, there is 
a distinct change in the intensity of the 
peaks at the finger print region due to 
the change in the degree of curing [26]. 
The reduction in intensities, particularly 
for the peaks corresponding to the oxira-
ne ring in glass/epoxy/nano-ATH compo-
site is due to the reduction in the num-
ber of oxirane rings in the composite. 
Therefore, it is assumed that more oxira-
ne rings are consumed during the curing 
process, when nano-ATH is added to 
glass/epoxy composite. The consumpti-
on of oxirane rings is a measure of the 
degree of curing [27]. Thus, it can be said 
that there is an improvement in the 
cross-linking in the epoxy by the addition 
of nano-ATH. It is presumed that, in the 
early stages of cure, the hydroxyl groups 
in nano-ATH can act as the initiator for 
the reaction [28]. The approximation on 
the utilization of the hydroxyl group on 
nano-ATH is confirmed from the FTIR 
spectra (Figure 4), where the FTIR spectra 
of nano-ATH, glass/epoxy composite, 
glass/epoxy/nano-ATH composite, glass 
fabric and epoxy are stacked together. It 
can be observed that the broad O−H 
stretching peak at 3453 cm-1 correspon-
ding to the nano-ATH particles is absent 
in glass/epoxy/nano-ATH composite, 

thus supporting the assumption made 
earlier. From the ongoing discussion it 
can be understood that the interaction 
between nano-ATH and epoxy not only 
helps the crosslinking process of the lat-
ter, but, also leads to a good interface 
development between ATH and epoxy.

Analysis of degree of dispersion of nano-
ATH particles in the composite samples 
The elemental composition maps of the 
composites are shown in Figure 5. Each 
EDX map was divided into 400 μm × 400 
μm sample area and analyzed by Image-J 
software to estimate the fineness of dis-
persion of nano-ATH particles. The num-
ber density distribution measurements 
technique (or sparse sampling or grid 
quadrant counting) was adopted to ana-
lyse the degree of dispersion of the na-
no-ATH particles in the epoxy matrix 

[22]. The results have been plotted as 
number of particles versus area for nano-
ATH filled composites (Figure 6). In this 
technique, the number of particles in the 
neighbouring grids with unit area is 
counted and the degree of inhomogenei-
ty of dispersion is quantified as the stan-
dard deviation (σ). The standard deviati-
on among the number of particles per 
unit area was estimated by the following 
equation:
    

( )2

i
AAi NN

n
1 ∑ −=σ

 (4)

Where, NAi is the observed number of in-
clusions per unit area in the ith location,  
NA is the average number of particles in 
unit area. The maximum homogeneity is 
characterized by the minimum standard 
deviation and the degree of homogenei-

Fig. 4 FTIR spectra of epoxy, glass fabric, nano-ATH, glass/epoxy composite and 
glass/epoxy/nano ATH composite.

4
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ty is increased with decrease in the stan-
dard deviation.

From the aluminium EDX maps of the 
composites (Figure 5) it is observed that 

Fig. 5: Elemental 
dot maps of alu-
minium of the 
nano-ATH/glass/
epoxy laminate 
surfaces.

5

Fig. 6: Nano-ATH particle distribution and dispersion in nano-ATH/glass/epoxy composites.

6

0.125ATHGEC

0.25ATHGEC

0.5ATHGEC

the dispersion of ATH nanoparticles is 
uniform in 0.125 and 0.25 wt. % nano-
ATH filled composites.  In the 0.5 wt. % 
nano-ATH filled sample, agglomeration 

of nano-ATH particles is observed. Also, 
the quantitative results obtained by 
image processing (Figure 6) for 0.125 and 
0.25 wt. % ATH filled composite samples 
exhibit standard deviations of 6 and 8, 
respectively. In contrast, the 0.5 wt. % 
ATH filled composite sample shows a 
standard deviation of 36, indicating the 
clustering of ATH particles. From the on-
going discussion, it can be understood 
that by three roll mill mixing process re-
latively uniform distribution of ATH na-
noparticles can be achieved only at a lo-
wer filler content and 0.25 wt. % of nano-
ATH is the optimum filler loading for 
these hybrid composites.

 Further, the samples that were used 
for the estimation of degree of dispersi-
on of nano-ATH were cut by a diamond 
tipped cutter, the morphology of the 
cross sections were analysed by a scan-
ning electron microscope. The SEM mi-
crographs of the cut sections of the lami-
nates are shown in Figure 7. Good adhe-
sion between the epoxy matrix and rein-
forcement was observed in the neat and 
the hybrid composite laminates contai-
ning 0.125 wt. % and 0.25 wt. % of ATH. 
Poor interface along with cavities were 
observed in 0.5 wt. % ATH filled composi-
te laminate. These cavities have formed 
in the laminate due to dislodgement of 
loosely packed, agglomerated and poorly 
impregnated nano-ATH from the surface 
during cutting. 

Mechanical properties

Vickers hardness  
Mechanical properties of glass fabric/
epoxy composites both with and wit-
hout  nano-ATH are shown in Table 3. It 
is clear that the hardness of the glass 
epoxy composite laminates improved by 
the addition of nano-ATH up to 0.25 wt. 
%. This is because of the good dispersion 
of nano-ATH particles in the epoxy mat-
rix at a lower loading. The small particle 
size combined with the low angularity 
of the nano-ATH particles favours uni-
form distribution of them between indi-
vidual fibres and in between the fabric 
layers, promoting more resistance to 
matrix deformation. Also, the nano-ATH 
particles being harder than the epoxy 
matrix, take up the compressive stress 
on the matrix, enhancing the lateral 
non-deformability of the composite 
when a load is applied. But in 0.5ATH-
GEC, due to agglomeration of particles, 
improper wetting and poor interface, 
the hardness is lower and inconsistent. 
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However, all the nano-ATH filled glass 
fabric reinforced epoxy composites are 
harder than the neat composite imply-
ing the importance of adding nano 
filler(s) to the matrix. 

Tensile properties
 The tensile strength (σt), Young’s modu-
lus (Et) and percentage of elongation at 
break (e) of the composites are shown in 
Table 3. Tensile behaviours of all the 
composites are represented as load ver-
sus elongation curves (Figure 8). It is ob-
served that due to addition of nano-ATH 
filler (0.125 and 0.25 wt. %) to epoxy 
matrix, the values of tensile strength and 
ultimate elongation of the glass/epoxy 
composites are improved and the Young’s 
modulus changes marginally. Similar re-
sults were reported by Dudkin et al for 
nano Al2O3 particulate filled epoxy [15]. 
Addition of rigid nano-ATH filler to glass/
epoxy composites, changes their nature 
from brittle to strong and tough. The 
nano filler particles in the interface regi-
on between the fibre and matrix makes 
the latter tougher and hinders propaga-
tion of cracks in the matrix. The reinfor-
cing effect of the nano-ATH particles in 
the interface zone helps in effective load 
transfer between the matrix and the re-
inforcement. 

The hybrid composite, 0.5ATHGEC, 
exhibits a lower tensile strength but 
similar range of elongation comparable 
to that of the other systems. This is at-
tributed to deterioration in the load 
bearing capability due to stress con-
centration at filler agglomerated zo-
nes. Hence, from structural point of 
view, the 0.125 to 0.25 wt. % nano-ATH 
loaded composites exhibit better tensi-
le properties. 

During tensile testing, delamination 
was observed before fracture in 0.5ATH-
GEC, whereas in other samples a purely 
tensile failure was observed. This could 
be attributed to poor interface formation 
in 0.5ATHGEC.

Flexural properties and Inter  
laminar shear strength

The flexural and inter laminar shear pro-
perties are shown in Table 3. The flexural 

strengths and flexural moduli are impro-
ved by the addition of nano-ATH in the 
hybrid composites. This is because the 
filler nanoparticles restrict the move-
ment of fabric layers when the specimen 
is subjected to a bending load. But, at a 
higher filler content, the effectiveness of 
this reinforcement is reduced by agglo-
merated particles, improper wetting and 
poor interface. Also, increased toughness 
by the addition of nano-ATH to epoxy 

Fig. 7: SEM micrographs of the cross sections of the neat and nano-ATH filled glass/epoxy 
composite slabs.
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3  Mechanical properties of neat and nano-ATH filled glass/epoxy composites.
Sample ID σt 

(MPa)
Et 
(GPa)

e 
(%)

σf 
(MPa)

Ef  
(GPa)

τ  
(MPa)

HV 
(MPa)

(σ e)-1

GEC 312 ±3 8.1±0.3 5.6 332±3 20.6±0.3 13.6±0.2 25.6±2 7.63E-04
0.125ATHGEC 398 ±3 8.4±0.3 6.8 403±3 22.1±0.3 18.2±0.2 60.5±2 3.69E-04
0.25ATHGEC 405 ±3 8.4±0.3 6.2 391±3 24.3±0.3 17.8±0.2 63.3±2 3.98E-04
0.5ATHGEC 407 ±3 8.6±0.3 6.2 288±3 22.4±0.3 16.0±0.2 38.4±2 3.96E-04

Fig. 8: Tensile load versus elongation curves of the neat and na-
no-ATH filled glass/epoxy composites.

8

Fig. 9: Effect of nano-ATH content on the mechanical properties 
of glass/epoxy composite laminates.

9
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matrix contributes to the enhancement 
of ILSS of the composites. 

The influence of nano-ATH filler on 
mechanical properties is plotted as per-
centage change in mechanical properties 
versus content of filler in the hybrid com-
posites (Figure 9). All the mechanical 
properties considerably improve by the 
addition of 0.125 and 0.25 wt. % of the 
nano filler. But, at a higher filler loading, 
only a marginal improvement in the ma-
trix-dominant properties like hardness 
and ILSS was observed. 

Specific wear rate and coefficient  
of friction
The specific wear rates and average coef-
ficient of friction of the neat and nano-
ATH filled glass fabric epoxy composites, 
for a fixed sliding distance of 1.5 km un-
der loads of 15, 30 and 45 N at a constant 
sliding velocity of 3.5 m.s-1 are shown in 
Figure 10 and 11, respectively. The nano-
ATH filled glass fabric/epoxy composites 
exhibit the lowest wear rates under all 
the loads compared to the neat glass fa-
bric/epoxy composite. About 50 % reduc-
tion in wear rate is obtained by the addi-
tion of nano-ATH to the epoxy/glass 
composite. The 0.125 and 0.25 wt. % na-
no-ATH filler loaded composites exhibit 
lower wear rates as compared to the 

neat and 0.5 wt. % nano-ATH loaded 
composites. This is due to the optimum 
mechanical properties and good structu-
ral integrity of those composites having 
lower filler content. From this observati-
on, it can be concluded that the specific 
wear rates of the present composite sys-
tems strongly depend on the mechanical 
properties. Addition of an appropriate 
amount of nano-ATH powder to epoxy/
glass composites could increase their re-
sistance to wear and friction.

In nano-ATH loaded glass/epoxy com-
posites subjected to sliding action, the 
wear rate is less compared to that of the 
neat one due to the following reasons: 
the nano-ATH particles in the composi-
tes absorb heat and decrease the surface 
temperature, friction coefficient, and 
wear rate of the composites. The nano-
ATH particles dislodged from the sliding 
surface get blended with the wear deb-
ris and thereby strengthen the film that 
forms on the sliding surface. The lower 
angularity of the nano-ATH particles 
provides lower abrasiveness in sliding 
action and leads to pure adhesive wear. 
Also, nano-ATH particulates in the com-
posites are smaller as compared to the 
particles worn out from the epoxy mat-
rix. Hence, the rate of material removal 
due to sliding wear in nano particulate 

filled composites would be much less. 
The hybrid composite that contains the 
optimum loading of nano-ATH exhibits 
the best mechanical properties along 
with the lowest wear rate and coeffici-
ent of friction. 

Correlation of mechanical  
properties with wear
In literature, it is reported that specific 
wear rates of polymer composites de-
pend on their mechanical properties. 
Peng et al reported that the optimum 
content of micro-ATH particles in epoxy 
imparts the best wear resistance and 
lowest coefficient of friction along with 
better mechanical properties compared 
with that of neat epoxy [14]. Ji et al re-
ported that wear resistance of nano-
alumina/epoxy composites depended 
on the strength of the interface bet-
ween the filler and the matrix [11]. 
Dudkin et al reported that nano-alumi-
na filler and nano-alumina fibre increa-
sed the strength and modulus, respec-
tively, of an epoxy matrix. Both these 
effects increased the wear resistance of 
epoxy [15]. Shi et al have shown a posi-
tive correlation between wear resis-
tance and impact strength of epoxy 
filled with nano-sized Al2O3 particles 
[12]. Also, a few researchers have corre-
lated the Ratner-Lancaster factor [29, 
32] with wear resistance of polymer 
matrix composites. Lancaster factor is 
an inverse of the product of tensile 
strength (σ) and percentage elongation 
(e) of a polymer composite. The results 
of Bijwe et al. [29] on polyethersulfone/
aramid composites revealed that the 
specific wear rate had a linear relation-
ship with the Ratner-Lancaster factor. 
From literature, it was observed that as 
the tensile strength and elongation in-
crease, the fracture toughness of a ma-
terial increases, and more energy is re-
quired to deform the material; hence, 
its wear rate decreases [30, 31 and 32]. 
A similar observation has been made in 
the present study too. Figure 12 shows 
the (σ.e)-1 factor and specific wear rate 
versus content of nano-ATH of the glass/
epoxy composites under study. From Fi-
gure 12, it is observed that the nano-
ATH filled glass/epoxy composites exhi-
bits the lowest value of (σ.e)-1 and the 
lowest specific ware rates (at all the 
three applied loads) compared to the 
neat glass/epoxy composite. The tensile 
strength and elongation increase upon 
addition of an optimum quantity of the 
nano-ATH filler to the glass/epoxy com-

Fig. 10 Specific 
wear rates of 
the neat and na-
no-ATH filled 
glass/epoxy 
composites at 
normal applied 
loads 15, 30 and 
45 N.
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Fig. 11 Average 
coefficients of 
friction of the 
neat and nano-
ATH filled 
glass/epoxy 
composites at 
normal applied 
loads 15, 30 
and 45 N.
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posites. It also increases the fracture 
toughness, in addition to the other me-
chanical properties. Hence, wear rates 
of 0.125 and 0.25 wt. % nano-ATH loa-
ded composites decrease. As the filler 
loading is 0.5 wt. %, it deteriorates the 
hardness, ILSS and flexural properties, 
but, the toughness remains more or less 
a constant. Hence, due to synergism of 
properties it gives slightly lower wear 
resistance compared to 0.125 ATHGEC 
and 0.25 ATHGEC. Also, nano-ATH filler 
loaded composites have lower values of 
Lancaster factor than neat glass/epoxy 
composites, hence, considerable reduc-
tion in wear rate was observed in the 
hybrid composites at all levels of filler 
loading.

Mechanism of wear 
Worn out composite sample surfaces 
were imaged by SEM microscopy to un-
derstand the mechanism of wear of the 
neat glass/epoxy composite and its na-
no-ATH loaded counterparts. It is found 
from the SEM micrographs that the top 
matrix layer of the neat glass/epoxy 
composite is heavily damaged due to 
brittleness of the top epoxy layer. This 
brittle fracture of the epoxy layer deve-
lops debris of varying sizes (Figure 13 (a)), 
which get trapped between the sliding 
surfaces, creating further abrasive wear 
in addition to adhesive wear. Further, the 
large debris get crushed and displaced 
from the wear surface at higher loads 
(Figures 13(b) and 13(c)). 

SEM micrographs of the worn out sur-
faces of 0.125ATHGEC are shown in Figu-
re 14. In this case, mild wear is observed 
due to plastic deformation of top layer of 
the nano-ATH filled hybrid composite. 
The wear debris was smaller and uni-
form in size as compared to the neat 
glass/epoxy composite. The smaller wear 
debris undergoes plastic deformation 
and adheres to the counter surface. This 
develops a film between the abrading 
and composite surfaces, which in turn, 
reduces the wear. Also, ploughing could 
be observed at higher loads (Figure 
14(c)). However, the depth of these 
plough lines is lower, due to small and 
uniform wear debris.  Similar type of 
plastic deformation and worn out sur-
face morphology are observed in 
0.25ATHGEC surfaces (Figure 15). Mor-
phology of worn out surfaces of 0.5ATH-
GEC are shown in Figure 16. The worn 
out surfaces show that the material re-
moval from the surface is in the form of 
mild delamination (Figure 16 (c)). Further, 

a thin delaminated layer between the 
contact surfaces is responsible for the 
uniform contact between the latter. It 
distributes the load uniformly throug-
hout the contact surface and reduces the 
wear at higher loads.  Poor interface bet-
ween the fiber and matrix is observed at 
a higher content of nano-ATH.

Flammability properties
Even though glass fiber-reinforced epoxy 
composites have excellent mechanical 
properties and corrosion resistance, they 
have some limitations in applications 
that demand fire retardance. This affects 
the structural integrity of the glass fiber-
reinforced epoxy-based composites 

Fig. 12 (σ. e)-1 
factor and spe-
cific wear rate 
versus nano-
ATH content of 
the hybrids.

12

Fig. 13 SEM micro-
graphs of worn 
surfaces of GEC at 
normal loads of 
(a) 15 N, (b) 30 N 
and (c) 45 N.

13

Fig. 14 SEM micro-
graphs of worn 
surfaces of 
0.125ATHGEC at 
normal loads of 
(a) 15 N, (b) 30 N 
and (c) 45 N.

14
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when exposed to fire. Hence, to enhance 
the flame-retardance of glass/epoxy 
composites, many researchers have used 
flame retardants to modify the flamma-
bility of epoxy resin and found improved 
fire-retardance for the resulting compo-
sitions [33, 34]. Hydrated minerals, such 
as ATH are potential fire-retardant fillers 
suitable for both thermoset and thermo-
plastics. The effect of nano-ATH filler on 
the fire-retardance of the glass/epoxy 
composites was investigated by LOI and 
UL-94 vertical flammability method and 
the results are shown in Tables 4 and 5.  
The LOI values increase marginally with 
an increase in the nano-ATH content. Al-
so, the UL94 rating values show a similar 
trend.

Due to the addition of nano-ATH par-
ticles, fire-retardance of glass/epoxy 
composites has been improved. This can 
be attributed to the endothermic decom-

position of nano-ATH filler at temperatu-
res exceeding 200 °C. Decomposition of 
ATH releases water molecules, which 
cools down the polymer surface and de-
lay further ignition of the polymer. Also, 
this process dilutes the combustible ga-
ses when the composites are subjected 
to fire and thereby reduces the flamma-
bility [35]. The 0.5 wt. % filler loaded 
glass/epoxy composites exhibit better 
fire retardance compared with the other 
composites because of its higher nano-
ATH content. 

According to UL rating, the fire retar-
dance of a polymer is classified as V-0 
(specimens not burning for more than 10 
seconds and the drip do not ignite the 
cotton), V-1 (specimens not burning for 
more than 30 seconds and the drip do 
not ignite the cotton), V-2 (specimens 
not burning for more than 30 seconds 
and the drip ignite the cotton). If the en-

tire sample is consumed, then it is classi-
fied as non-rated (NR). The UL-94V rating 
of the neat and nano-ATH filled glass/
epoxy composites are shown in Table 5. 
The UL-94 rating changes from NR to V-0 
even at a loading of 0.25 wt. % of nano-
ATH. This is a remarkable improvement 
in the flame-retardance of the epoxy/
glass composites.

This study proves that nano-ATH im-
proves not only the mechanical properties 
and wear behavior, but, also the fire retar-
dance of the glass/epoxy composites.

Conclusions
Addition of nano-ATH to multi-layered 
laminates made of glass fabric/epoxy 
composites makes the material tougher 
and more rigid. Also, the flexural 
strength, interlaminar shear strength 
and hardness of the hybrid composites 
improved due to better interface and 
uniform dispersion of nano-ATH partic-
les at a lower filler content. The hybrid 
composites that contain 0.125 and 0.25 
wt. % of nano-ATH, exhibit better tensi-
le strength and toughness in addition to 
other mechanical properties. Also, the 
wear rate and coefficient of friction is 
lower in these two composites. A further 
increase in the nano-ATH content slight-
ly deteriorates the mechanical proper-
ties and specific wear rate. Based on the 
experimental results it is found that, 
the specific wear rate depends on 
toughness of the material. The lowest 
Ratner-Lancaster factor of these compo-
sites signifies the lowest specific wear 
rate. This study also proves that nano-
ATH improves not only the mechanical 
properties and wear behavior, but, also 
the fire retardance of the glass/epoxy 
composites.
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4  Flame propagation rate and LOI of the neat and nano–ATH filled glass/epoxy compo-
sites
Sample ID Flame propagation rate (mm/sec) LOI 
GEC 0.162 28±0.2
0.125ATHGEC 0.153 30±0.2
0.25ATHGEC 0.148 32±0.2

0.5ATHGEC 0.142 33±0.2

5  Time-to-ignition and UL 94V rating of the neat and nano-ATH filled glass/epoxy 
composites
Sample ID Time of burn after flame (sec) Rating
GEC 18 NR
0.125ATHGEC 15 NR
0.25ATHGEC 10 V-0

0.5ATHGEC 8 V-0


