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Abstract

Single wall carbon nanotubes (SWCNTs) were successfully entrapped in lead silicate glass by the melt quench technique. Variation of micro
hardness with load for lead silicate glass and the composites (having different wt% of SWCNTs) show Reverse Indentation Size Effect (RISE).
Meyer's law, the proportional specimen resistance (PSR) model and the modified PSR model have been analyzed for the load dependent hardness
of the glass and the composites. Incremented elastic recovery in the composites than that of the glass was explained by the appealing cushioning
performance of entangled SWCNT bundles. In contrast, higher plastic deformation beneath the indenter in the composites was established by
evaluating the recovery resistance of the materials.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon nanotubes have attracted significant attention among
the researchers in the fabrication of efficient and smart
composite materials [1–3] because of their remarkable physical
and mechanical properties. Fabulous stiffness, flexibility and
high young modulus of individual Single wall carbon nano-
tubes (SWCNTs) make them ideal reinforcing agents in
polymers [4,5], ceramics [6,7] and glasses [8,9]. From
mechanical point of view, hardness is an important property
for using a material in structural applications. However, the
apparent micro hardness of solids either decreased or increased
with increasing indentation test load which are commonly
known as normal ISE and reverse ISE (RISE) respectively.
Though various reports on load dependent hardness of crystals
[10,11], metals [12,13], ceramics [13,14] and glasses [15,16]
are available, but a few reports exist on load dependent
hardness of CNT incorporated composites [17]. Different
mechanical parameters of SWCNT–glass composites were
thoroughly analyzed in our previous reports [18,19] which
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deal with a single concentration of SWCNTs in the glass host.
Those earlier observations give the motivation for evaluating
the indentation load/size effect in SWCNT–lead silicate glass
composites (contain different wt% of SWCNTs) along with the
base glass. The fundamental concern of this work was to
determine the load dependent and the load independent micro
hardness of the specimens. Moreover, the effect of SWCNT
concentration in the composites was also examined in this
report. Classical Meyer's law, the PSR model and the modified
PSR model have been analyzed in this framework to elucidate
the most explainable model for this phenomenon. The main
interest of this study was to ascertain the function of SWCNTs
in this composite, since the basic study of indentation load/size
effect for CNT composites is still in the nascent stage.

2. Materials and methods

Commercially available SWCNT of purity: 90%, OD:
1–2 nm, length: 5–20 μm and special surface area: 4400 m2/g
was purchased from Arry, Germany to fabricate SWCNT–lead
silicate glass composite. A mixture of aniline, toluene and
SWCNTs (0.05–0.1 g) was prepared in a conical flux and
heated at reflux until the solution become dark brown [20].
ghts reserved.
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Three different SWCNT solutions were prepared of varying
weights of SWCNTs. Lead silicate glass was selected as a host
material of following composition SiO2: 52.7%, PbO: 35.1%,
K2O: 10.1%, Na2O: 0.5%, BaO: 0.9%, As2O3: 0.3%, and
Sb2O3: 0.4%. The glass transition temperature (Tg) and the
softening point of the glass was found to be 560 and 650 1C
respectively. Some small pieces of lead silicate glass of
weight�4.2 g were taken in a crucible and properly mixed
up with a certain volume of the prepared SWCNT solution.
Atmospheric controlled furnace was used to melt the mixture
in the crucible at 720–740 1C for 1 h in argon atmosphere and
then quickly cooled to room temperature to avoid crystal-
lization. Depending upon the different weights of SWCNTs in
the solution, three different SWCNT lead silicate glass
composites have been fabricated namely LSCNT-1, LSCNT-
2, and LSCNT-3 containing 0.5, 1.2 and 1.5 wt% of SWCNT
respectively. The base glass and the aforesaid composites of
same dimension was then optically polished and Vicker's
indentation [Model No. Leco LH 700] carried out using loads
0.1, 0.15, 0.2, 0.25, 0.5 and 1 N with 10 s dwell time at each
test load. 10–12 indents were made on each sample to verify
consistency of data.
3. Result and discussion

3.1. Hardness

Fig. 1 shows the hardness values along with the standard
deviations for all specimens. It can be seen that all the glass
composites had superior hardness than the base glass irrespec-
tive of indentation load. Further, the same increasing nature of
the hardness values was observed for the increased wt% of
SWCNTs in the composites. Another significant fact can be
observed from Fig. 1 where the hardness of all the specimens
was increased with the increasing load up to a certain limit and
then became stable to achieve a constant value. The increase in
the hardness in lower load region can be attributed to the
Reverse Indentation Size Effect (RISE). Fig. 2 shows the Field
Fig. 1. Hardness versus load graph of Lead silicate glass and three lead silicate
glass composites.
Emission Scanning Electron Microscopy (FESEM) images of
indentation impressions for the glass and the composites.
Furthermore, Fig. 3 (FESEM image) represents the entangle-
ment of the SWCNT bundles and their interaction around the
indentation impression. Based on the reports of Liu et. al. [21]
and other researchers [22,23] it can be stated that the enormous
resilience property and the cushion like behavior of entangled
SWCNT bundles are the responsible factors for the incremen-
ted hardness of the CNT composites. Comprehensive analysis
of this phenomenon and the effects were reported in our
previous works [18,19], but the detailed survey of the RISE
was not present in those reports. The present paper particularly
deals with the above trend correlating the Meyer's law, the
PSR model and the modified PSR model.

3.2. Meyer's law

By this law indentation load ‘P’ is related to Vickers
impression diagonal ‘d’ as follows:

P ¼ Adn ð1Þ
Where A is a constant and n is Meyer's exponent. According to
the law for the load independent hardness of a material n value
should be 2. On the other hand, load dependent hardness
should result in n value either less than 2 (for ISE) or greater
than 2 (for RISE). More deviation of the n value from 2
represents more ISE or RISE in the test material. A and n can
be determined from the slope of the curve in Fig. 4. Table 1
shows the linear fit of the ln(P) verses ln(d) data where one can
see that the value of n is greater than 2, which invariably
proves that our specimen follows RISE. Interestingly our CNT
composites show higher RISE than that of the base glass and
the composites carry higher trend of n value with increased wt%
of SWCNTs.

3.3. PSR model

The constant hardness value at the higher load (Fig. 1) of the
specimens could not be explained by the classical Meyer's law
and hence we use the PSR model proposed by Li and Bradt
[24]. According to this law, there is a polynomial relation
between P and d given by

P¼ a1dþa2d
2 ð2Þ

The term a1 is the contribution of the apparent hardness and
related to the elastic deformation properties of a material. On
the other hand a2 originates from the plastic deformation
properties of a material and is related to the load independent
true hardness (HT) of a specimen as follows:

HT ¼ ka2 ð3Þ
Where k¼1.8544 for Vickers indent. Fig. 5 shows (P/d) versus
d plot and their linear fits. Table 2 shows the linear regression
analysis along with their calculated HT values where one can
see the inconsistency in the a1 value (for the LSCNT-1).
Further, it was observed that the HT values were higher
than the experimental hardness values for all the specimens.



Fig. 2. FESEM images of indentation impressions (a) LSG19, (b) LSCNT 1, (c) LSCNT 2, and (d)LSCNT 319.

Fig. 3. FESEM images of SWCNT–lead silicate glass composite shows the random distribution and the entanglement of SWCNT bundles (a) in non indented
sample and (b) in indented sample.

Fig. 4. Plot of log (P) versus log (d) according to Meyer's law.

Table 1
Regression analysis of experimental data for all specimens using Meyer's law.

Sample logA n R2

LSG 3.74 2.2 0.997
LSCNT-1 3.71 2.21 0.995
LSCNT-2 3.87 2.27 0.991
LSCNT-3 4.01 2.33 0.989
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The difference between the two set of values may have been
originated from the thermal and/or machining induced residual
stresses in the materials.
3.4. Modified PSR model

For precise investigation of the indentation load/size effect
on the hardness, researchers frequently used the modified PSR
model proposed by Gong et. al. [25] where, they incorporated
an additional term related to the residual stress effect due to
machining. In many works [17,26] this model turns out to be
very much predictive for the comprehensive analysis of the
indentation data. Furthermore, previous reports show that the



Fig. 5. Plot of (P/d) versus d according to the PSR model.

Table 2
Regression analysis of experimental data for all specimens using the
PSR model.

Sample a1 (N/mm) a2 (N/mm2) R2 HT (GPa)

LSG �5.08 2363.19 0.997 4.38
LSCNT-1 �4.23 2443.9 0.995 4.53
LSCNT-2 �5.84 2757.91 0.992 5.11
LSCNT-3 �7.7 3061.09 0.991 5.67

Fig. 6. Plot of P versus d according to the M-PSR model.

Table 3
Regression analysis of experimental data for all specimens using the M-
PSR model.

Sample P0 (N) a1 (N/mm) a2 (N/mm2) R2(GPa) HT (GPa)

LSG �0.08726 8.664 1888.35 0.999 3.51
LSCNT-1 �0.08214 9.207 1964.15 0.999 3.63
LSCNT-2 �0.09662 10.41 2156.61 0.998 4.01
LSCNT-3 �0.11586 12.19 2305.81 0.998 4.28

Fig. 7. HRTEM image of SWCNTs inside a bundle.
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RISE was mostly explained by this model [27,28]. According
to this model P and d are related as

P ¼ P0þa1dþa2d
2 ð4Þ

Where P0 indicates the residual stress appeared in the speci-
men due to surface machining and a1, a2 represents the same
physical significance as stated earlier in Eq. (2). Here P0, a1
and a2 can be evaluated from the second order polynomial fit
of P and d data plot which is shown in Fig. 6 and results are
given in Table 3. It is evident from P0 values in Table 3 that
surface machining and polishing have considerable effect on
RISE. The negative values of P0 for all the specimens indicate
that stresses were compressive during surface machining and
polishing [29]. The values of a1 and a2 both increase in
composites than the base glass and show the same trend as the
concentration of SWCNTs increases in the composite. Glass
being a brittle material, hence a plastic deformation under an
indentation impression decreases considerably the elastic
recovery during unloading. Interestingly one can observe the
increasing trend in the values of a1 and a2 (Table 3) which
indicates the increment of both the parameters plastic deforma-
tion and elastic recovery. The cushioning and the toughening
behavior of entangled SWCNT bundles are the prime reasons
of the enhanced elastic recovery, which further corroborates as
one can see the incremented a1 value in the composites. The
effect was more pronounced in the composites containing
higher concentration of SWCNTs. The enhanced plastic
deformation (represented by a2 value) in the composites can
be explained considering the High Resolution Transmission
Electron Microscopy (HRTEM) image (Fig. 7). In this image
one can observe straight and nonstraight segments of SWCNTs
inside a bundle. Due to rapid cooling of the composite during
fabrication, the nanotubes inside the glass host gets forcefully
entrapped and become curvy within a bundle. Yakobson et al.
[30] reported that any shape change in carbon nanotubes
releases high amount of energy. In another report Pathak et al.
[31] show that high amount of energy dissipation occurs in
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carbon nanotube bundles under compression. In our case
SWCNTs (which were just beneath the indenter) changed
their shape under compressive stress and releases extra energy.
In our proposed theory this additional energy gets added up
with the energy of plastic deformation immediately below the
indenter, which effectively enhanced the value of a2 and also
the Meyer's exponent ‘n’ in the composites.
3.5. Recovery resistance

The enhanced local plasticity in the composites is further
corroborated by evaluating the recovery resistance (RS) of the
glass and the composites. Bao et al. [32] in their report show
that the recovery resistance (RS) and reduced Young's modulus
(Er) of a material is related as

Rs ¼ 2:263ðE2
r =HÞ ð5Þ

where H is the Vickers hardness of a material. Marshall et al.
[33] gives the Young's modulus (E) of the specimens from
which the Er values were calculated. According to Bao et al.
the recovery resistance of a material increases with increase of
plasticity. At 1 N load RS values of glass and the composites
(containing 0.5, 1.2 and 1.5 wt% of SWCNT respectively)
were found to be 1.44� 1012, 1.48� 1012, 1.54� 1012 and
1.59� 1012 respectively. Therefore, the increment of RS values
in the composites clearly establishes our proposed theory. Such
increment of local plasticity and RS value in glass composites
was discussed in our earlier reports [18,19]. However, the
plasticity present in our composite is extremely local and
confined within very small area under which one can see a
forest of entangled and super resilient SWCNT bundles
(Fig. 3). Thus, the plastic deformation cannot dominate over
the entire elastic recovery of a material during indentation and
hence both a1 and a2 values were enhanced in the composites
than that of the base glass.
4. Conclusion

Lead silicate glass composites have been fabricated incor-
porating different wt% of SWCNTs into the glass host by the
melt quench technique. Load dependent hardness in the lower
load region along with the true hardness was measured for
base glass and the composites. RISE was observed for all the
specimens and it was more pronounced in the composites than
that of the glass. Three empirical law/models were discussed
and the M-PSR model was found to be the most predictive in
this framework. Cushioning behavior of entangled SWCNT
bundles was the main reason for the enhanced hardness and the
elastic recovery of the composites. Interestingly, energy
dissipation from the curved SWCNTs under compression
was responsible for the incremented plastic deformation
immediately below the indenter. Thus one can conclude that
carbon nanotubes played a decisive role for the indentation
load/size effect in SWCNT–lead silicate glass composites.
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