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Structural biomaterials such as nacre, bone, and fish scales possess unique structures that have hierarchical spatial configurations,
which provide excellent mechanical properties when compared to their individual constituents. These observations have been
the motivation for designing and characterizing bioinspired materials with high strength, high stiffness, and corrosion-resistant
properties while at the same time being environmentally friendly. It has been demonstrated that polymer-clay nanocomposites
can simulate the behavior of nacreous biomaterials such as abalone shell. Mechanical, thermal, and microstructural analyses
characterized solution-cast polyvinyl alcohol (PVA)/montmorillonite (MMT) nanocomposite properties over compositions
ranging from the neat polymer to 25% volume fraction of MMT nanoclay. Uniaxial tensile experiments were performed at
displacement rates of 1mm/min and 50mm/min. Strength values are similar to those shown by nacre and represent a homogeneous
dispersion of the MMT in the polymer matrix. Strength-to-weight ratios are similar to many structural metals.

1. Introduction

Natural biocomposite materials such as nacre [1–3], bone
[4, 5], horn [5, 6], andmineralized fish scales [7–10] are com-
prised of inorganic/organic nanocomposites with excellent
mechanical properties, which have been inspirations for the
development of man-made nanocomposites. Specifically, the
nacre design is a nanocomposite with a brick and mortar
morphology composed of aragonite nanoscale constituent
tablets measuring approximately eight microns in length and
width, 500 nm in thickness [1–3]. The nanoscale constituent
tablets are bonded by tens of nanometers thick organic
material composed of proteins and polysaccharides [1–3].
The arrangement of the aragonite in the structure has been
reported as being layered with a 33% overlap region of
the tablet surfaces and then a core region of the tablet,
in which each region experiences different stress state [3].
According to Gao [11], the nanoscale tablet constituents

do not fracture during loading because of the nanoscale
flaw tolerance, which is likely why nature chooses to use
nanoscale constituents as the basic building blocks in these
types of hierarchical material designs. Different types of
polymers and nanoscale reinforcing particles have been used
to synthesize the various bioinspired nanocomposites [12–22]
reported in the literature to date. Polyvinyl alcohol (PVA) is a
biodegradable polymerwith excellent physical properties and
chemical resistance with wide applications in the adhesive,
paper, and textile industries.Montmorillonite (MMT) is a 2 : 1
layered aluminosilicate (or phyllosilicate) clay of the smectite
group, consisting of two external silica tetrahedron and a
central octahedral sheet of alumina with a layer thickness of
approximately 1 nm. This layered structure has large surface
area, high stiffness, and high strength [23, 24]. MMT is
hydrophilic in its natural state, and PVA is highly soluble
in water at elevated temperature. Hydrogen bonds between
hydroxyl groups of the PVA and the negatively charged clay
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surface [25] can be formed if MMT is properly dispersed in
the PVA solutions. PVA/MMT nanocomposites have been
synthesized by using Layer-by-Layer (LBL) assembly [16],
simple vacuum filtration [26], doctor-blading [27], solu-
tion casting [28], and water-evaporation-induced assembly
method [20].The synthesized nanocomposites not only show
large improvement on mechanical properties compared to
pure PVA but also exhibit excellent properties in flame
resistance, barrier, and optical clarity [26]. These methods
have advantages anddisadvantages as described inWang et al.
[20]. For example, both LBL and evaporation methods have
good control on the dispersion of clay particles, but they are
time-consuming. Doctor-bladingmethod is time-consuming
and also has less control on dispersion.

In this work, a simple solution casting method was devel-
oped to improve the dispersion of clay in the PVA polymer
matrix. Nanocomposites with different concentrations of
MMT were synthesized. Thermogravimetric analysis (TGA)
was performed to investigate the effects of MMT concentra-
tion, micro-, and nanostructures on the thermal degradation
of the nanocomposites. Transmission Electron Microscopy
(TEM) andX-ray diffraction (XRD)were performed to inves-
tigate the clay dispersion, micro-, and nanostructure of the
nanocomposites. Uniaxial tension tests were performed to
probe the bulk mechanical properties of the nanocomposites
at different concentrations of MMT and at different rates of
loading. Most past studies [13, 14, 19, 20, 29, 30] focused
on correlating the modulus and strength improvement of
nanocomposites to the morphologies of the nanocomposites
(e.g., nanoclay exfoliation and intercalation). In this work, the
effects of clay dispersion, micro-, and nanostructure on the
stress-strain curves of the nanocomposites under different
rate of loading were discussed to gain understanding on
the complex interactions between nanoscale platelets and
polymer chains.

2. Experimental Methods

2.1. Materials and Reagents. Polyvinyl alcohol (PVA/
(C
2
H
4
O)
𝑥
) 99.7% hydrolyzed with an average molecular

weight of 115,000 g/mol was obtained from Scientific
Polymer Products. Nanoclay, hydrophilic bentonite (MMT/
(Na, Ca)

0.3
(Al,Mg)

2
Si
4
O
10
(OH)
2
⋅𝑛(H
2
O)), with amolecular

weight of 180.1 g/mol and an average particle size of ≤25 𝜇m,
was purchased from Sigma-Aldrich. All the chemicals used
in this study were of analytical grade and used without
further purification.

2.2. Preparation of PVA/MMT Composites

2.2.1. Presynthesis Treatment of PVA/MMT. First, 20 grams
of hydrolyzed PVA and MMT was weighed and placed in a
lab furnace at 36∘C for 24 hr to remove the excess moisture
content, before starting the composite synthesis.

2.2.2. Synthesis of PVA/MMT through a Solution-Intercalation
Method. In this method the nanocomposites films were
prepared by the solution-intercalation film-casting method

Table 1: MMT/PVA amounts in grams utilized for the preparation
of 500 grams of solution.

Volume fraction MMT MMT (grams) PVA (grams)
1 0.4611 24.5389
3 1.3602 23.6398
5 2.2297 22.7703
10 4.2827 20.7173
25 9.5694 15.4306

[19]. In a typical process to prepare a 1 vol.% MMT solution,
a mass balance was performed (Table 1) to calculate the
required amount in grams of required PVAandMMT (5wt.%
dissolved solids). After weighing 0.46 grams of MMT it was
dispersed in deionized water and left to stir (IKA RW 20
overhead stirrer) for 24 hr followed by sonication for 30min.
The solution was heated to 90–94∘C and 24.54 grams of PVA
was dissolved. A volume of 21mL of solution was cast in a
polyethylene dish and was left to dry in an incubator at 40∘C
and 25% relative humidity (RH) for 72 hr.

2.2.3. Synthesis of PVA/MMT through Modified Solution-
Intercalation Method. The modification of the previous
method involved the configuration of the solution processing
stages and variables. It contributed to a better exfoliation of
the MMT nanoclay in water before adding the PVA. First,
the appropriate amount of MMT was weighed and added
to the solution followed by stirring for 24 hr. After stirring,
the solution was subjected to three cycles of sonication and
stirring of 30min and 2 hr, respectively. The solution was
heated to 90–94∘C and the PVA was added to the solution.
Once the polymer was dissolved, the solution was left to stir
at the same temperature for 5min. Finally, the solution was
cooled down at ambient temperature, while mixing. With a
digital pipette, 21mL was cast in a polyethylene dish and was
left to dry for 36 hr in a lab furnace at 40∘C and 10% RH.

2.3. Thermogravimetric Analysis (TGA). A Jupiter STA 449
F1 TGA from Netzsch examined the nanocomposite thermal
properties using a heating rate of 10∘C/min and a temperature
range from 30 to 550∘C to examine the decomposition rate of
the material as a function of clay volume fraction. Ceramic
crucibles and a nitrogen gas atmosphere were used for all
samples during the experiments.

2.4. X-Ray Diffraction (XRD) Measurements. X-ray diffrac-
tion patterns were gathered from an X’Pert ProMultipurpose
Powder Diffractometer system that used standard techniques
for phase identification (PANalytical, Inc.). The run condi-
tions included Co-K𝛼 radiation and scanning with a step
size less than 0.002. Collection of the diffraction patterns was
accomplished using the PC-basedWindows version of X’Pert
Pro Data Collector and analysis of the patterns using the
Jade 2010 program (Materials Data, Inc.), with patterns from
the American Mineralogist Crystal Structure Database (1),
International Centre for Diffraction Data (ICDD (2)), and/or
the inorganic crystal structure database (ICDS (3)).
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2.5. Transmission Electron Microscopy (TEM) of Nanoclay
Exfoliation and Dispersion. An FEI Tecnai G2 F20 TEM
with an accelerating voltage of 200 kV examined as-cast thin
nanocomposite cross-sections held on copper TEM grids. An
ultramicrotome prepared the thin sections using a diamond
knife. The bright field detector, high-angle annular dark
field detector (HAADF), and scanning transmission electron
microscope (STEM) mode of the TEM identified nanoclay
dispersion and exfoliation in the PVA matrix at the different
volume fractions.

2.6. Uniaxial Tensile Experiments. After casting, anASTMD-
412-C die with the assistance of MA Series 3 manual press
fromLucrisManufacturing pressed out the tensile specimens.
A Zeiss Stereo Discovery V20 microscope provided optical
images of the tensile coupons and determined the samples
width and thickness.

An Instron E3000 ElectroPuls high-resolution low-load
uniaxial testing frame performed the tensile experiments
in order to determine the tensile modulus, elongation to
failure, yield strength, and ultimate tensile strength of the
nanocomposites. Experiments were conducted in triplicate at
two different displacement rates, 1mm/min and 50mm/min,
to examine the rate effect on the different volume fractions.

2.7. Fractographic Analysis Using Scanning Electron Micro-
scopy (SEM). A variable pressure FEI Nova NanoSEM 630
field emission SEM examined the microstructure of the
nanocomposites using a variable contrast detector (VCD) in
backscatter (BSE) mode and through lens detector (TLD)
operated in secondary electron (SE) mode. The specimens
were sputter-coated for 30 seconds with gold to mitigate
charging on the samples to obtain high-magnification images
of the cross-sectional fracture surfaces. The samples were
mounted vertically on 90-degree pin stubs with carbon tape
and imaged using an accelerating voltage of 10 kV.

3. Results

3.1. Thermal Characterization. Following casting of the
nanocomposite films, TGAexperimental data producedTGA
and DTG curves as depicted in Figure 1.

The curves in Figure 1 identified the fact that the
decomposition rate decreases as the concentration of MMT
increases in the nanocomposites. The curves also show the
decomposition profiles of the nanocomposites characterized
by three distinct peaks for all the volume fractions. The
first peak, correlating to water evaporation, occurs between
ambient temperature and 183 to 200∘C. A second peak at
approximately 260∘Ccorrelates to the first step degradation of
polyvinyl alcohol-clay nanocomposite, while the third peak
at around 440∘C is attributed to the second step decom-
position. This demonstrates the added thermal stability the
reinforcements give to the nanocomposite compared to pure
polyvinyl alcohol [25, 31]. The thermogravimetric curves
show a reduction of weight loss for the nanocomposites in
the range from 198 to 350∘C as the volume fraction of MMT
increases as a proof of its resistance to degradation as well as

their increased heat resistance. While this is partially due to
dilution of the system with exfoliate and intercalated MMT,
the presence of high surface areaMMTdispersed throughout
the PVA improves its stability, resulting in increased melting
temperatures.

3.2. XRDMeasurements. X-ray diffraction analyses were per-
formed on the intercalated PVA/MMTcomposites (Figure 2).

The samples included those containing 1, 3, 5, 10, 25, and
100 vol.% MMT. Specimens for XRD analysis were oriented
on a substrate in order to delineate the basal spacing of the
clay in the composite. At 100 vol.%MMT, the basal spacing is
approximately 1.4 nm indicative of a hydrated, mixed cation
smectitic (montmorillonitic) clay. At low concentrations of
clay the PVA easily intercalates into the interlayer of the
clay and expands the structure as indicated by the 1.8 nm
𝑑-spacings for 1 and 3 vol.% MMT. As the amount of clay
increases to 25 vol.%, the basal spacing shifts to 1.7 nm and
increases in intensity due to greater amount of clay in the
sample. The shift to lower basal 𝑑-spacings suggests that
between 5 vol.% and 10 vol.% a saturation state is reached and
full intercalation of the MMT with PVA cannot be achieved.
It also indicates that, at this concentration of clay, a fairly well-
orderedmaterial composite is produced.The shift in position
continues at higher clay loadings towards the 𝑑-spacing of
the 100 vol.% MMT sample of 1.4 nm. Experiments done by
Strawhecker and Manias [19] show similar results for their
PVA/clay composites and for acidified MMT complexes as
given in Ip et al. [32].

3.3. TEM Characterization. Representative TEM bright field
images of the extreme nanoclay volume fraction levels of
1 vol.% and 25 vol.% in the PVA, respectively, are shown in
Figures 3 and 4.

At the lower nanoclay fraction (1 vol.%) in Figure 3(a) the
lower magnified image depicts fewer large agglomerates than
the low magnified image in Figure 4(a) of the 25 vol.% MMT
sample. The higher magnified image in Figure 3(b) shows
much better dispersed individual clay stacks for the 1 vol.%
material than for the 25 vol.% shown in Figure 4(b). Rather,
the nanoclay (dark spots in the bright field image) in Figure
4(b) still appears to be largely agglomerated.

3.4. Uniaxial Tensile Behavior. Experimental tensile test
results with their associated uncertainty error bars for sam-
ples tested at displacement rates of 1mm/min and 50mm/
min are compared in Figures 5(a) and 5(b), respectively.
Data shown in Figure 5 represented three tests where fracture
either occurred in the gage section or the sample did not
fracture. However, not all samples fractured but were tested
to the maximum crosshead displacement of the load frame.
The elongations to failure error bars for the unfractured
specimens extend to the end of the strain axis.

Analysis of the tensile stress-strain behavior of the nano-
composites (Figure 5) indicates that a rate effect is observed
on the material’s strength for all the volume fractions. With
the average ultimate tensile strength (UTS) increased for the
higher rate (50mm/min) versus the lower rate (1mm/min),
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Figure 1: (a) TG and (b) DTG experimental curves for the nanocomposites as a function of MMT concentration.
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Figure 2: X-ray diffraction patterns for the nanocomposites as a
function of MMT concentration.

one would expect strength to typically increase as the rate
increases. Examining the phenomenon of the individual vol-
ume fractions shows that the 5 vol.%MMT samples exhibited
the lowest strength at both testing rates. However, at the
lower rate (1mm/min) the 3 vol.% MMT sample exhibited
the highest average UTS, while the 1 vol.% MMT sample
produced the highest UTS at the higher rate (50mm/min).
For the 1mm/min displacement rate, only the 1 and 3 vol.%
MMT samples provided a significant improvement over the
pure PVA samples. However, for the nanocomposites tested
at a displacement rate of 50mm/min, there was a strength
improvement in all the volume fractions except for the
5 vol.% MMT samples. No clear trends on rate effects for the

elongation to failure are observable due to the large amount
of uncertainty in the data.

Trends in the average, maximum, minimum, and stan-
dard deviation tensilemodulus for the nanocomposites tested
at the two displacement rates are provided in Table 2.

At the low displacement rate of 1mm/min, the 3 vol.%
MMT had the highest average and maximum tensile mod-
ulus, while, at a higher displacement rate of 50mm/min, the
25 vol.% MMT exhibited the highest maximum and average
tensilemodulus. Interestingly, the average tensilemodulus for
the 3 and 5 vol.% MMT samples did not show a discernable
dependence on testing rate, whereas the pure PVA, 1, 10,
and 25 vol.% MMT samples all displayed an increase in the
average tensile modulus with an increase in testing rate.

3.5. Fracture Morphology. After performing the tensile test-
ing, SEM characterized the microstructure of the nanocom-
posites. A layered/laminated structure with homogeneously
dispersed MMT was achieved as shown in Figure 6.

The 25 vol.% MMT nanocomposite image shows a much
more ordered brick and mortar structure similar to that of
nacre, which Espinosa et al. [2] described as a mechanism
for improving the mechanical properties of nacre. In this
case, the layers observed in the PVA-MMT nanocomposites
are likely stacks of individual MMT sheets that have not
been fully exfoliated but are rather intercalated with PVA.
The as-cast cross-sections of the nanocomposites displayed
the nanoclay distribution in the PVA matrix for the different
volume fractions of nanoclay loading.

4. Discussion

To further understand the role of increasing the nanoclay
volume fraction on the nanocomposite mechanical response,
the tensile modulus was compared to the effective tensile
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Figure 3: TEM images of the 1 vol.% MMT dispersion in the PVA at (a) low magnification and (b) high magnification.
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Figure 4: TEM images of the 25 vol.% MMT dispersion in the PVA at (a) low magnification and (b) high magnification.

modulus estimated based on the rule ofmixtures andHalpin-
Tsai empirical model in Figure 7.

The equation of rule of mixtures for elastic modulus is

𝐸 = 𝐸MMT𝜙PVA + 𝐸PVA (1 − 𝜙MMT) , (1)

where 𝐸 is the effective tensile modulus of the composites,
𝐸MMT is the elastic modulus of single MMT layer (≈160GPa
based on the value reported in [23]), 𝐸PVA is the tensile
modulus of PVA from experiments, and 𝜙MMT is the volume
fraction of MMT.

The equations for Halpin-Tsai model [33] are

𝐸 = 𝐸PVA (
1 + 2 (𝐿/𝑡) 𝜙MMT𝜂

1 − 𝜙MMT𝜂
) ,

𝜂 =
(𝐸MMT/𝐸PVA) − 1

(𝐸MMT/𝐸PVA) + 2 (𝐿/𝑡)
,

(2)

where 𝐿 is the length of MMT single layer (≈100 nm) and 𝑡 is
the thickness of MMT single layer (≈1 nm).

The graph in Figure 7 shows that, at lower volume frac-
tions of nanoclay, the experimental results are very similar
to that of the empirical models. At 25 vol.% MMT nanoclay,
the nanocomposites show a higher discrepancy with the
numerical values determined by the models’ equations. This
discrepancy is assumed to be due to a nonhomogeneous
dispersion of the clay on the polymer matrix. It is believed
that, at higher volume fractions of MMT, a more uniform
distribution of the clay in the material is more difficult
to achieve, thus reducing the effectiveness of the MMT at
improving mechanical response.

Additionally, the tensile results were converted to MMT
weight% in order to be compared to published data of PVA
and MMT nanocomposites (Figure 8).

In Figure 8, the MMT content varied from 0wt.% to
38.28wt.% (25 vol.%), and there was also a difference in
displacement rates used for testing and synthesis methods
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Figure 5: Tensile stress-strain behavior of the nanocomposites at displacement rates of (a) 1mm/min and (b) 50mm/min. Note that the error
bars illustrate not only the uncertainty in the hardening and recovery but the failure strain as well. For samples that did not fracture, the
failure strain uncertainty band extends off the 𝑥-axis of the plot.

Table 2: Comparison of maximum, minimum, average, and one standard deviation (STD dev.) of the mean for the tensile modulus data
tested at 1mm/min and 50mm/min.

Value Pure PVA 1 vol. % 3 vol. % 5 vol. % 10 vol. % 25 vol. % Rate (mm/min)
Maximum (MPa) 1502 2750 3631 1539 1039 1913

1.0Minimum (MPa) 792 2211 2940 526 812 1183
Average (MPa) 1072 2431 3233 1018 928 1564
STD dev. 378 283 358 507 114 366
Maximum (MPa) 2572 4096 3346 1379 6501 8884

50.0Minimum (MPa) 1671 3251 2671 1071 3640 4979
Average (MPa) 2064 3640 2966 1195 5055 6919
STD dev. 462 425 345 162 1403 1952

Nacre

5𝜇m0.5 𝜇m 0.5 𝜇m

25 vol.% MMT1 vol.% MMT

Figure 6: SEM image comparison of 1 and 25 vol.% MMTmicrostructure to nacre microstructure.
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of the PVA and MMT nanocomposites. Displacement rates
of 18mm/min used by Soundararajah et al. [29] and rates of
50mm/min used by Wang et al. [30] were compared to the
1mm/min and 50mm/min examined in this study.

Soundararajah et al. [29] prepared the samples by solid-
state shear milling that oriented and exfoliated the MMT
layers along the injection molding direction. The tensile
results by Soundararajah et al. [29] exhibited less scatter than
the solution-intercalation film cast samples by Soundararajah
et al. or the modified solution-intercalation method samples
presented in this research.

Due to the difference in testing rates between Zhu et al.
[28] and this study it is difficult to make a direct comparison
since the tensile data from this research shows that UTS is
affected by loading rate. However, trends in increasing MMT
content are visible with Zhu et al. [28] showing a maximum
UTS at 4wt.%MMT. Soundararajah et al. [29] also report the
highest UTS around this range for the solid-state shearmilled
samples at 3 wt.% MMT. The results from these researchers
correlate to the UTS data presented in this study, which
exhibited two UTS peaks, with the first UTS peak around
1.84wt.% MMT and another UTS peak at higher 38.28wt.%
MMT that was not tested by the other researchers. This
suggests that even for varying synthesis methods higher UTS
for the nanocomposites may be obtained through possible
mechanisms of optimal dispersion and exfoliation between
the 1.84 and 4wt.% MMT concentrations that do not appear
to be loading rate dependent. XRD and TEM results correlate
to this optimal dispersion and exfoliation where at the lower
clay volume fractions the PVA is able to intercalate into the
interlayer of the clay, which contributed to an increased 𝑑-
spacing of 1.8 nm for the 1 and 3 vol.% MTT samples for
this study. Additionally, the comparison of the TEM images

for the 1 and 25 vol.% MMT in Figure 4 clearly identifies
that dispersion was much better at the lower clay content,
while the higher clay content depicted large quantities of
agglomeration. At the higher strain rate, these strengthening
mechanisms are shown to be less important since the ultimate
tensile strengths are very similar to the 1, 3, 10, and 25 vol.%
MMT samples. However, these microstructural features at
higher clay volume fractions show strong rate dependence
on elongation with the 10 and 25 vol.% samples exhibiting
tensile strains less than 0.1mm/mm for the higher rate, while
the lower rate allowed for much larger strain to failures
between 0.25 and 0.7mm/mm. Therefore, indicating the
damage evolution is much more influenced by loading rate
for the higher clay volume fractions.

5. Conclusions

The experimental parameters that varied in this analysis
included different volume fractions of nanoclay and different
tensile displacement rates. Analyses consisted of uniaxial
tensile testing, measurements of thermal properties, char-
acterization of microstructure, and failure morphology and
comparisons between experimental and empirical results.
Clear differences in the mechanical and thermal responses
were observed from the pure PVA to the 25 vol.% MMT
samples. Specifically, some of the experimental observations
include the following.

(1) TGA decomposition rate decreased as MMT concen-
tration increased, which is attributed to the thermal
stability of the MMT reinforcing particles and their
influence on the thermal stability of the PVA.

(2) Typical higher flow/yield stresses were observed as
the testing rate increased.

(3) At the lower loading rate (1mm/min) used in this
study, only the nanocomposites made at lower load-
ing levels of clay (1 vol.% and 3 vol.% MMT) show
a significant improvement on tensile strength over
pure PVA. At higher loading rate (50mm/min), the
nanocomposites with all volume fractions of MMT
investigated, except 5 vol.% MMT, show improve-
ments on tensile strength over pure PVA.

(4) Microstructure of the higher volume fraction MMT
sampleswas highly laminated andwasmore represen-
tative of the nacreous brick and mortar microstruc-
ture.

(5) TEM investigations of the dispersion of the MMT
in the matrix identified more agglomerated particles
at higher volume fraction, which may act as larger
particles causing the lower strengths for the higher
volume fractions.

Overall, these results suggest that the mechanical properties
of PVA/MMT nanocomposites can be increased until the
point that agglomeration of the clay limits its ability to be
fully exfoliated in the polymeric matrix. Further research to
improve synthesis processes, in particular for high volume
fractions of MMT, is necessary.



8 Journal of Nanomaterials

29
.8

49
.6

22
.8

65
.0

82
.0

46
.9

99
.6

28
.9

99
.0

37
.1

91
.6

60
.1

73
.3

35
.8

36
.8

26
.0

38
.7

87
.6

34
.2

30
.0

95
.9

24
.6

10
3.

1

0.0

20.0

40.0

60.0

80.0

100.0

120.0

0 0 0 0 1

1.
84

1.
84 2 3 4 5

5.
44

5.
44 6 8

8.
92

8.
92 9 10

17
.1

3

17
.1

3

38
.2

8

38
.2

8

U
TS

 (M
Pa

)

MMT content (wt%)

Th
is 

stu
dy

 (1
m

m
/m

in
)

Th
is 

stu
dy

 (1
m

m
/m

in
)

Th
is 

stu
dy

 (1
m

m
/m

in
)

Th
is 

stu
dy

 (1
m

m
/m

in
)

Th
is 

stu
dy

 (1
m

m
/m

in
)

Th
is 

stu
dy

 (5
0

m
m

/m
in

)

Th
is 

stu
dy

 (5
0

m
m

/m
in

)

Th
is 

stu
dy

 (1
m

m
/m

in
)

Th
is 

stu
dy

 (5
0

m
m

/m
in

)

Th
is 

stu
dy

 (5
0

m
m

/m
in

)

Th
is 

stu
dy

 (5
0

m
m

/m
in

)

W
an

g 
et

 al
. (
5
0

m
m

/m
in

)

W
an

g 
et

 al
. (
5
0

m
m

/m
in

)

W
an

g 
et

 al
. (
5
0

m
m

/m
in

)

W
an

g 
et

 al
. (
5
0

m
m

/m
in

)

W
an

g 
et

 al
. (
5
0

m
m

/m
in

)

So
un

da
ra

ra
ja

h 
et

 al
. (
18

m
m

/m
in

)

So
un

da
ra

ra
ja

h 
et

 al
. (
18

m
m

/m
in

)

So
un

da
ra

ra
ja

h 
et

 al
. (
18

m
m

/m
in

)

So
un

da
ra

ra
ja

h 
et

 al
. (
18

m
m

/m
in

)

So
un

da
ra

ra
ja

h 
et

 al
. (
18

m
m

/m
in

)

So
un

da
ra

ra
ja

h 
et

 al
. (
18

m
m

/m
in

)

Th
is 

stu
dy

 (5
0

m
m

/m
in

)

Figure 8: Average ultimate tensile strength data compared to published values [29, 30] as a function of MMT content (wt.%).
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