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Abstract

A new study is conducted under same experimental creep conditions to
investigate and compare the response of dissimilar materials (metals, polymers
and composites) in relation to properties such as hardness and (unloading)
‘reduced modulus’ on changing the nano-indentation test parameters. The
research uses nano-indentation technique to determine the resistance to plastic
deformation in these broadly different materials as a function of maximum load,
holding time and loading rate. Wear rate and cutting efficiency of these materials
are examined and it is found that only maximum load alters these properties in
the three materials. Hardness and ‘reduced modulus’ are found to be directly
affected by increase or decrease in maximum load, holding time and loading
rate.
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Abbreviations
H: Hardness; E; Effective Modulus; h: Indentation Depth; hma :

Maximum Indentation Depth at Maximum Load; hC: Indentatioil
Depth in contact with Indenter; h : Height of Sink-in/pile-up; h:
Elastic Recovery Height after Unloading; h /h_ : Degree of Sink-in/
pile-up; H/E * Rate of wear or Resistance to Plastic Deformation; A:
Area of Indentation; S: Stiffness; p: Correction Factor for Indentation

Shape; n value: Work Hardening Coefficient Value
Introduction

A concept of determining the mechanical properties of material
on nano scale has given rise to the development of a powerful depth
sensing nano-indentation technique which is capable of studying
the various material properties such as unloading ‘reduced’ modulus
[1], hardness [2-4], creep properties [5-8], and fracture toughness
[9,10]. Nano-indentation test procedure involves application of
predetermined load in the range of pN to mN with the help of either
spherical or pyramidal indenter in order to produce the indentation
of the order of a few microns (measured in terms of nano-meters),
followed by controlled unloading [11]. The contact area of indentation
is used to calculate hardness (H) of the material and the slope of
unloading curve on load-displacement can be used for determining
the ‘effective’ modulus or ‘reduced’ modulus (E ). Later modification
in the method was achieved by holding at maximum load constant for
some time before unloading (creep) [12]. This modification was done
in order to study the visco-elastic and visco-plastic behavior of the
materials where conventional nano-indentation method was based
on the assumption that material behave in an elastic-plastic manner
[13].

The basic information that can be collected from nano-
indentation test is the indentation depth parameters as shown
in Figure 1. The depth attended by the indenter at maximum load
during loading cycle is denoted by h _ which is a combination of
contact depth (h ) and pile-up/sink-in height (hp) which are caused

]
\30“’0&

/ Specimen surface

Specimen

h

mox

Figure 1: Specimen geometry of the nano-indentation test sample in loading
and unloading stage.

by the elastic property of the material. The h can be positive in case
of pile-up or negative in case of sink-in. Figurel shows the example
of sink-in as h_has negative value. Degree of pile-up or sink-in is
measured by the ratio of h/h_ [14]. Materials having low strain
hardening exponent (n) shows elastic-perfectly plastic behaviour
resulting into pile-up producing h /h __ratio greater than 1 [15,16].
On the other hand h /h__ ratio is observed to be less than 1 for easily
strain hardened material because of dominant elastic deformation
during indentation [15]. In the final step i.e. unloading stage, the
material loosens the indentation depth that eventually results into a
permanent indentation depth, h; and loss in the depth is called as an
elastic recovery represented by h_ in Figure 1.

Metallic and non-metallic materials behave differently under
indentation test. Various reports are available in literature studying
mechanical properties of metals [13,15] and polymers [17,18]. In case
of metals, there is no reported evidence of elastic modulus showing
any apparent change due to strain hardening/work hardening. At the
same time, a metal like copper would hardly show any viscoelasticity
at room temperature. On the other hand, in polymeric materials
complex viscoelastic-plastic behaviour is observed when micro and
nano-indentations are produced. Also, a change in contact conditions
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Figure 2: Nano-indentation test profiles for Cu, LDPE and HDPE + FA samples.
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such as maximum load, holding time and loading rate cause a change
in H and E, of metals as well as polymers [13,15,17,18]. Metals and
ductile polymers have high strain and strain rate-dependent properties
and show substantially different behaviours when the indentations
are produced under differing contact conditions. So far, in literature,
effect of test parameters on properties of metals and polymers have
been studied separately under different conditions, hence correlating
the response of these two different materials is usually not possible.
Therefore, a new study was conducted in this work under same
experimental conditions to investigate and compare the response of
dissimilar materials (metals and polymers) in relation to properties
such as H and E_ on changing nano-indentation test parameters.

Materials and Experiments

Three different materials, namely, copper (Cu), low density
polyethylene (LDPE) and high density polyethylene reinforced with
flyash (HDPE + FA), were tested on Hysitron T1900 nano-indentation
in four different profiles as shown in Figure 2. All samples were
polished using grade 1200 metallographic polishing paper, and each
sample was tested under nano-indentation at 10 different locations
under each set of conditions and average values were noted. Figure
2A shows a comparison at constant contact parameters whereas Figs.
2B, C and D show a comparison at varying maximum load, loading
rate, and holding time respectively while keeping other parameters
constant.

After loading-unloading cycle, test data was recorded to calculate
H, E_and H/E? using equations 1 [19], 2 [19] and 3 [20] respectively:

H= P':* Equation 1

E = S Equation 2
2BJA

H 4R Equation 3

E? #S°

is maximum load and S is stiffness,

max

In equations 1, 2 and 3, P
measured as a slope of initial unloading curve which is normally

considered as a perfect elastic event [21]. A is the contact area of the
indentation and f is the correction factor for the indenter shape. For
Berkovich indenter A=24. 5h *[22] and = 1.07 [3].

Analysis of Experimental Results and

Discussion

Part A): Basic comparison

The three materials were subjected to preliminary nano-
indentation test separately under maximum load of 2500 puN applied
at the rate of 50 uN/sec and allowed to creep for 5 sec. All samples
showed sink-in behaviour i.e. h/h__ ratio was less than 1 and in
accordance with the aforementioned fact [15,16], Cu which has low
n value (i.e. work hardening coefficient value is 0.44) showed higher
pile-up than the polymer and polymer composite samples for which n
value is close to 1. Figure 3 shows pile-up values as a function of H/E ?
ratio (calculated from indentation heights from the same test result)
which is the indication of materials’ resistance to plastic deformation
[20]. It was observed that Cu falls relatively on the left side of H/Er?
axis showing highest pile-up/sink-in about 0.95, whereas, HDPE+FA
falls on extreme right side on X axis, showing higher H/E ?* ratio with
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Figure 3: Normalised pile-up/sink-in height of Cu, LDPE and HDPE+FA.
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Figure 4: The effect of increasing maximum load on, A) rate of wear and B) h /n__ ratio of Cu, LDPE and HDPE + Fly ash.
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Figure 5: Behaviour of H and E, of A) Cu, B) LDPE and C) HDPE+FA; D) shows % change in H and E, of Cu, LDPE and HDPE+FA.

lower pile-up/sink-in value. LDPE is observed on X-axis between two
samples but more close to HDPE+FA sample.

Depending upon the fact that, material with high pile-up has
smaller cutting efficiency [1] and low H/Er? ratio has low wear rate (Q)
[1], it can be stated that Cu, LDPE and HDPE+FA have wear rate and
cutting efficiency in ascending and descending order respectively. In
other words, Cu, LDPE and HDPE+FA represent hard, intermediate,
and soft material respectively.

Part B): Varying maximum load

The behaviour of Cu, LDPE and HDPE+FA was studied at
increasing load from 500 pN to 2500 uN keeping other parameters
such as loading/unloading rate and holding time constant. The H/
E’and h/h__ are plotted as a function of maximum load as shown
in Figure 4. It was observed that with increasing maximum load, H
and E_were decreased for all samples (Figure 5) resulting in changed
H/E? ratio as shown in Figure 4A. Reduction in H and E_were also
observed by Fang et al. for another ductile polymer polycarbonate

[18]. But the change observed in this study in H/E? is not similar for
all samples.

As the load was increased, wear rate decreased for Cu but
increased for the HDPE+FA. Intermediate hard materials show a
very small change in wear rate, this is probably because of the H and
E, change independently as a function of maximum load (Figure 5),
which creates a difference in the 3 materials based on their different
individual modulus of elasticity (Cu having the highest and LDPE the
lowest). In this study, for Cu, it was observed that, H was changing
appreciably but not E, which indicates a decrease in H/E? ratio.
Same trend was observed in case of LDPE with very small/negligible
change. On the other hand, rate of change of E_of HDPE+FA was
higher than that of H resulting in lowered H/E * values due to increase
in maximum load.

Figure 4B shows that increase in maximum applied load resulted
inhigherh /h_ ratio for Cuwhereas no appreciable change happened
for LDPE whilst a decrease in h /h _for LDPE + FA was observed.
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Figure 6: Comparison of creep values of Cu, LDPE and HDPE + FA over

different holding time.

This is attributed to the fact that, hC is a function of Young’s modulus
(E) of the material [14] and h___vitally depends on applied load.
Hard materials with high Young’s modulus show high h_eventually
resulting in high h /h_ ratio at the same maximum load. Increase in
maximum load resulted into higher indentation depth (both h_and
h_ ) inall the samples.

max)

Due to increase in maximum load, the % increase observed in h_
was higher than that of h __in Cu, which results in increased h /h
ratio. On the other hand, for softer materials, (due to low Young’s
modulus), increment in h_with respect to h__is either nearly equal
(for LDPE in the present case) or lower (for HDPE + FA) than that of
h__ which ultimately gives constant or reduced h /h__ respectively.

Part C): Influence of holding time

Figure 6 shows a comparative graph for creep values (creep value
is measured as the distance travelled by the indenter during constant
holding at maximum load) of three materials at different holding
times at constant maximum load of 2500 uN and loading/unloading
rate of 50 uN/sec. Hard material Cu, which shows low creep value is
plotted on secondary Y axis in order to compare with high creep value
materials LDPE and HDPE + FA on the same graph. As holding time
was increased, creep values of all samples were increased. At the same
time, it was observed that, over the same change in holding time,
the material having lower work hardening exponent showed a lower
increment in creep value as compared to that of having higher n value.

After certain holding time Cu showed nearly constant creep value as
hard materials get hardened at small holding time whereas HDPE +
FA showed a gradual increase in creep value until it gets hardened
(not observed in this study for 30 sec holding time). It is evident from
Figure 6 that Cu reached its steady state at small holding time hence
it shows nearly constant creep after 20 sec; on the other hand, LDPE
and HDPE+{ly ash do not achieve steady state in 20 sec and they show
gradual increase in creep with time - in fact these two latter materials
kept on showing creep even at 30 seconds - which presumably relates
to their different morphology, crystalline structure and much lower
modulus of elasticity as compared against copper’s.

Figures 7 and 8 show that although holding time affects creep
value of the material, resistance to plastic deformation i.e. H/Er2 and
cutting efficiency of the materiali.e. h /h _[14] remain unchanged for
all samples tested in this study. As can be seen in Figure 7A and Figure
8, H and E, of Cu were reduced when holding time was increased
from 5 sec to 20 sec resulting into small jump in H/E? at initial
stage. This decrease in H and E_can be attributed to the increase in
creep which ultimately results in high indentation depth. Above this
holding time no appreciable change was observed in H and E_(also
not in creep value in Figure 6) and Cu attained constant creep rate.
This discussion supports the suggestion made by other researchers
[13] to avoid the error in H and in E, calculations by selecting high
holding time over short holding time.

LDPE and HDPE+FA in this work having higher work hardening
exponent showed linear (but negligible) change in Hand E_(reducing)
[1] resulting into constant creep rate and h /h__ratio, as observed by
Mandal et al. [14].

Part D): Influence of loading rate

Figure 9 and 10 show test results at varying loading rate with
constant maximum load (2500 uN) and holding time (5 sec). As
shown in Figure 9A and 9B, loading rate also did not show any effect
on wear rate and hC/hmax of all materials. However, a small change
was observed in H and E_as Fig. 10 indicates. Low loading rate allows
more time for indenter to penetrate in the material surface resulting in
higher indentation depth resulting in less H as well as E . By contrast,
increase in loading rate reduces the indentation time and produce
higher hardness value. Another reason of high indentation depth at
low loading rate as mentioned in the literature is a small amount of
creep deformation that can be observed during loading period due to
low strain rate and longer loading time to reach maximum load [23].

120
110 A) I I
100 A 4 x
Z 304 | = cu l
E 1 * LDPE
= o A HOPE +FA
E
c
~ 40
n
e 3 z 3
- +
% - 1
~
Wz
=
I
0.1
1 —
00 T
5 10 15 20 25 n
Holding time (sec)

0.98 B)
0.96 +_ i
0.84 4
B Cu
e @ LDPE
L0904 A HDPE +FA
£
£, 088 o
= T
0es{ @ * % %
0.84 4
os2] A l & 'I
i 1 1 = 1
0.80 -
5 10 15 20 25 30
Holding time (sec)

Figure 7: Effect of holding time on (A) H/E? and (B) h /h__ ratio.

¢ 'max

Submit your Manuseript | www.austinpublishinggroup.com

Ann Materials Sci Eng 2(2): id1022 (2015) - Page - 04



Bandyopadhyay S

Austin Publishing Group

Loading rate (uN/sec)

] A) m Cu 204 L B)
@ LDPE W Cu
20 A HDPE+FA 2004 ® LDPE
A HDPE +FA
25 180 -
7 .
& 204 i
: o =
¢ = Q2.0 .
""En 0.10 s “_._-_-_'_'_._——-—-—'
H ’
0.08 .\*\0\. wl X
0.06 - "———‘—————___‘_________‘ A & ye —A
0.5
0.04 -
0.0z 1 ] . ' . ’ 0.0 T T T T T T
H 18 20 28 30 5 10 15 20 25
Holding time (sec) Holding time (sec)
Figure 8: Change in (A) hardness (H) and (B) reduced modulus (E,) on varying holding time.
100 &) 0.98 B)
=60 I I I 1 b I I 1
E |l J 1 | 04 | 1 |
Eso g ]
1 ® LDPE
»f A HDPE+FA ek . Cu
=40 s LDPE
R - - 5 |[ 51 4 HDPE +FA
w
T 5, 0.88 4 I ”
T I 5t
0.16 11 T T 1
0.12 - ] 0.84 4 N
0.08 ] % - 4 1 I 1 1
0.0 ] | Ml 1 : I
0.00 T T T T r T T 0.80
0 20 40 60 a0 100 120 140 M 20 Y 80 80 100 120 140
Loading rate (uNisec) Loading rate (pN/sec)
Figure 9: Effect of varying loading rate on (A) wear rate (H/E ?) and (B) h /h . of Cu, LDPE and HDPE+FA.
200 -
204 Al B)
Sk 180
. = Cu = Cu
] . P ® LDPE
& 20 3 FoeE S A HORESEA
w = Sap
g I I S,
I o 1 l
Eo.08 }/—r Wig] F o 4
S 1
T 1 144
0.06 J_ 124
104 i
0.04 J- 0.8+ L_——-—-—é'_ é &
T T T T T T T 06 T T T T T T T
0 20 40 60 80 100 120 140 ] 0 40 60 ] 100 120 140

Loading rate (uN/sec)

Figure 10: Effect of varying loading rate on (A) hardness and (B) reduced modulus of Cu, LDPE and HDPE+FA.

In addition to these fundamental determinations, different
materials respond different ways depending upon the n value. In
this study, the material Cu with low n value showed appreciable
increase in H and E_as loading rate increased but with no significant
change in the creep rate, whilst materials with high n value (LDPE
and HDPE+fly ash) showed slight increase in H and E_ with constant
creep rate. It is worth noting that in the literature similar behaviour
was observed in other materials with similar or close n value, for
example nickel surface with n = 0.38 [24] showed similar change in
H and E_[13] as Cu (n= 0.44) [24]. Likewise polymer epoxy surface
showed same behaviour as reported by Fu K, et al. [17] as observed
in the present study for LDPE and HDPE + FA. Copper is a metal —
it is strain-hard enable at strains above yield strain typically around
0.2 %. By contrast the yield strain of plastics are much higher, so it is

believed the graphs in Figure 10 B are still in the pre-yielding region
so the modulus is constant over that elastic deformation region.

Conclusion

The novelty of this project is as below: Copper is a metal believed
to have small and equiaxed grains; LDPE is a combination of polymer
crystals and amorphous region whereas the fly-ash-/HDPE composite
is a new type of engineering bi-phase composite material. All the
three materials are important from engineering application point of
view and it is interesting they undergo different types of deformation
under similar loading behavior.

The findings can be summarised as follows:

. Low work hardening exponent resulted in low wear rate
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and vice versa with respect to increasing maximum load. Other than
maximum load, increase in holding time and loading rate did not
affect the wear rate even though there was decrease in H and increase
in E_for all materials.

. Cutting efficiency for all materials is affected by maximum
load but not with any other test parameters. Further, it decreases
for hard material (Cu) as h/h__ increased and increased for soft
materials (LDPE and HDPE+FA) ash /h__ decreased.

. Creep values clearly increased with increased holding time.
At the same holding time, material with low hardening exponent
showed lower increment than the material with high hardening
exponent.
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