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Abstract

High temperatures generally affect materials in some form. In this regard, the capability to perform nanoscale meas-
urements at elevated temperatures opens up new possibilities for investigating the temperature dependence of materi-
als’ mechanical properties. Particularly, the responses of aluminum’s different mechanical properties to indentation at
various temperatures have been studied experimentally. In this paper, aluminum response to different room tempera-
tures was examined. The behaviors of a single crystal aluminum during loading and unloading were observed. Nanoin-
dentation experiments on a single crystal aluminum (100) sample at temperatures of 265 K and 388 K were performed
with different loading conditions. At the start of the first burst of the dislocation glide, which was indicated by a sudden
increase in displacement with no increase in loading, evidence of plastic properties and softening effects on aluminum
was identified. The ductile to brittle transition was observed at temperatures below 273 K. Generally, there was a sig-
nificant increase in the penetration depth and a decrease in hardness, elastic modulus, and elastic recovery as the testing

temperature increased.
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1. Introduction

Temperature changes may have drastic effects on
the behavior of materials as demonstrated in the sink-
ing of Titanic, so knowledge in this area is important,
and more so, it is a scientific interest. In this regard, a
detailed mechanistic understanding of material failure
on surface and near surface due to defects initiation
and evolution at various temperatures is necessary.
High-temperature  applications include surface-
engineered engine components and bearings, also
require the optimization of mechanical properties for
the service temperature.

Experiments were performed on Aluminum (A1)
(111) surface on a silicon substrate at room tempera-
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ture [1]. Polycrystalline and single crystal aluminum
were used in the experiment. The value of Hardness
(H) was found to decrease when the Displacement (h)
is high, while the temperature increases [2]. The re-
sults of nanoindentation experiment on Fe-3% silicon
(Si) at room temperature and at 379 K suggest that the
load in which yielding occurs is independent of the
temperature between room temperature and 379 K [3].
Simulation of indentation on (111) surface of a gold
(Au) sample was done [4]. The simulation tempera-
ture was 0 K. The dislocation mechanism was due to
the release of compression beneath the indenter and
the conservation of volume in the thin film during
micro plastic deformation (bursts). It was found that
the rotation of the lattice during nanoindentation may
account for the pileup of the material. Simulation of
indentation and scratching of a single crystal alumi-
num at room temperature was done [5]. Experiments
on Au (111) surface was also carried out [6]. Mean-



M. Rathinam et al. / Journal of Mechanical Science and Technology 23 (2009) 2652~2657 2653

while, the current work gives a detailed explanation
for the interpretation of a scan line graph.
Experiments on glass, gold, and single crystal sili-
con at room temperature and 473 K showed that at
473 K, the hardness and elastic modulus of soda lime
glass and gold are lower when at room temperature
[7]. In contrast, indentation testing of Si (100) at 473
K produced a similar hardness value to that obtained
at room temperature, although the modulus was again
reduced from 140.3 to 66.0 GPa. Results of the me-
chanical property characterization of thin films using
spherical tipped indenters were presented earlier [8].
The step-by-step transition from elastic to elastoplas-
tic deformation was identified at the initial stage of
nanoindentation [9]. Temperature dependency studies
for the hardness of a Bulk Single Crystal GaN in
comparison with other wide-gap materials were per-
formed earlier [10]. Nanocomposite iron alloy de-
rived from metallic glass at room temperature re-
vealed that although they exhibited high yield
strength, they were brittle and did not show tensile
elongation [11]. The results revealed that the main
mechanism for elevated temperature deformation was
grain boundary sliding/rotational processes.
Increasing the deposition temperature from 523 K
to 973 K on the deposited Ti-Si-N coatings. led to a
significant increase in hardness [12]. Micro materials
measuring technology explained the technique for
higher-temperature nanoindentation [13]. For copper
(111) and Silicon (100) substrates, the first elastic
response appeared only before the penetration depth
of 4.5nm in the case of thin films [14]. Nanoindenta-
tion experiments on single crystal ionic materials with
special attention devoted to elastic response revealed
that the in-plane interactions played a key role [15].

2. Methodology

Experiments were performed using a nanoindenta-
tion setup with a Berkovitch tip of 100 nm radius at
the temperatures of 265 K and 388 K. In the experi-
ments at elevated temperatures, an insulating material
was used to protect the piezoelectric setup of the in-
denter. A small heater was added with the sample
holder to maintain a constant temperature. The heat-
ing stage consisted of an insulating ceramic block
attached to the nanotest sample holder. With the
heater at a higher temperature, the temperature in-
crease behind the ceramic block was normally less
than 1 degree. The sample surface was brought to a

constant temperature for each experiment. The tem-
perature of the sample surface was measured before
the indentation. A new attachment was made to circu-
late dry nitrogen gas to eliminate the formation of ice
during the low-temperature experiments. The loading
rate was held constant for each experiment. The sam-
ple was 10 mm diameter and 2 mm thick. It took
about 15 minutes to reach the required temperature.
Imaging was done with a 2 uN force. The topography
and gradient images were captured to show the sur-
face morphology after the indentation. In situ, built in
Atomic Force Microscopy (AFM) imaging provided
the capability to observe and quantify the material
damage while minimizing the time for material re-
covery. During the course of the instrumented inden-
tation process, a record of the depth of penetration
was made over a complete loading cycle using depth
sensing indentation, and then the area of the indent
was determined using the known geometry of the
indentation tip. While indenting, various parameters
such as load and depth of penetration were measured.
A record of these values was plotted on a graph to
create a load-displacement curve. These curves were
used to extract the mechanical properties of the mate-
rial.

3. Results and discussion

Pileup around an indentation is clearly observed.
Figs. 1(a) and 1(b) are the AFM images. Figs. 1(a)
and 1(b) show the pileup effect in the case of indenta-
tion at a load of 10000 uN and a loading rate of 2000
uN/s. The pileup at a low temperature was due to the
resistance for dislocation. The position ‘c’ on Fig. 1(a)
shows the topmost regions of the pileup.

The multiple force-displacement curves in Fig. 2
are the results of experiments at various locations of
the sample for the same experimental parameters.
Figs. 2(a), 2(b), and 2(c) are the result of experiments
with various parameters. The various colors are used
only to identify the different curves. Figs. 2(a)-(c)
show that the elastic recovery is at a minimum for
aluminum at these load conditions, as compared to Cu.
The initial burst, however, is clearly observed. From
Fig. 2(c), the little visible initial burst is noted for 265
K only at this load and rate. The clear initial burst
curve for the direct comparison at 50 uN and 10 puN/s
cannot be obtained. Moreover, the curves at 265K
show brittle behavior because they have withstood a
higher load before the first yield compared with the
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Fig. 1. AFM images of the sample after indentation at 388 K.

curves obtained at 388K. From the initial burst curves,
it is observed that the initial burst occurred very early
as the material was accommodated inside instead of
being piled up.
In Fig. 3, it is observed that the brittle behavior of the
material at low temperature is not visible since the
load is high. Therefore, the brittleness cannot be seen
from the curves obtained at a higher load. Even the
initial burst is not visible at higher load. Figs. 4(a) and
(b) show the curves obtained at 10000uN and
2000uN/s for the purpose of comparison during the
loading and unloading process to observe the maxi-
mum penetration depth and elastic recovery. It is
found that during the unloading process or the recov-
ery process, the material emerges out very steeply at
388K, and the recovery process stops abruptly at this
temperature. In the case of 265K, however, the recov-
ery rate is less and rebounds sharply at the end of the
recovery process.

Tables (1) and (2) show that the maximum penetra-
tion depth increases due to the increase in temperature,
as the material softens at higher temperatures.

Each data set is the result of experiments at various
locations as a sample for a given temperature. At a
high temperature, the hardness and modulus are re-
duced due to softening, which is also evident from the
increase in the depth of indentation in the same load-
ing conditions. Elastic recovery increases with the
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Fig. 2. Comparison of initial burst, (a) 50 uN, 10 uN/s and
388 K, (b) 200uN, 40 uN/s, 388K, (c) Brittle behavior at 265
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Table 1. Comparison of data for different temperatures at 200
uN, 40 uN/s.

Temp\constants P H E
nm Gpa Gpa
68.34 13 631.48
265K 90.03 0.82 41.67
79.94 0.96 25.65
128.2 0.26 273.9
388 K 1123 0.36 1194
95 047 840.16

Table 2. Comparison of data for different temperatures at
10,000 uN, 2000 puN/s.

Temp\constants P H E
P nm Gpa Gpa
707.87 0.76 54.64
668.26 0.87 93.92
265K
697.82 0.77 53.66
683.13 0.83 43.1
992.3 0.42 16.5
388 K 1054.9 04 12.1
1004.2 0.44 12.8
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Fig. 4. The softening effects at 10000 uN and 2000 uN/s, (a)

265K, (b) 388 K.
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penetration depth as the temperature increases. The
plastic range also increases with the increasing tem-
perature, resulting in the increased failure of the mate-
rial at higher temperatures. As such, the elastic recov-
ery is reduced at higher temperatures. The hardness
decreases, and displacement increases as the tempera-
ture increases.

It is also noted that the difference between plastic
displacement (hyigic) and maximum displacement
(hpax) 1s less at a smaller loading rate. It shows that
the loading rate also affects the range of plasticity.
The hardness and displacement increase as the tem-
perature increases. Furthermore, the value of the elas-
tic modulus (E) is high when the difference between
Nptasiic and By, 1s large. It is observed that the / value
does not depend on the difference between hygic and
hmax. The value of H is found to decrease when £, is
high, as noted from Tables (1) and (2) in line with the
studies of Smith et al. [2].

The A, in Tables (1) and (2) show the softening
effects at different temperatures. The measured
amount of softening enables the selection of proper
materials for different thermal loading conditions. At
higher temperatures, the material is subjected to
higher dislocation mobility and greater plastic defor-
mation. However, the deformation is global, unlike
with the multi-bursts (brittleness) due to local disloca-
tion motion at low temperatures.

There are clear strain bursts showing the breakout
of dislocations. Based on #,,, in the tables, significant
softening may occur at a sufficiently high stress at
higher temperatures. The elastic recovery is also re-
duced at higher temperatures.

4. Conclusions

The experiments performed show that a significant
softening of aluminum occurred at higher tempera-
tures, as it is observed from the penetration depths
read from the curves. It is also noted that the elastic
recovery decreased at higher temperatures. In addi-
tion, the reduction in modulus occurred as the tem-
perature and penetration depth increased. The capa-
bility to perform nanoscale measurements at elevated
temperatures opens up the possibility for similar stud-
ies. The complete elastic range was found. The onset
of the first burst of the dislocation glide, which is
indicated by a sudden increase in displacement with-
out an increase in loading, was clearly observed. The
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start of plastic deformation was viewed from the peri-
odic bursts. From the difference in penetration depth
for different temperatures, it was noted that there was
a significant increase in depth at a higher temperature.
The hardness and elastic modulus also dropped at
higher temperatures. The brittle behavior was seen at
negative temperatures similar to copper. It was ob-
served that the temperature variation influences the
hardness and modulus values significantly. At a high
temperature, the hardness and modulus decreased due
to softening, as it was evident from the increase in the
depth of indentation for the same loading conditions.
Pileup around the indentation was clearly observed.
The recovery process shows that the energy was
stored in the material after the plastic deformation. It
seems that the load at which yielding occurs may be
independent of the temperature between room tem-
perature and 388 K. As evident from the experiments,
the rate of indentation also affects the modulus and
the hardness value of the material. The modulus is
high, and the penetration depth is less at lower tem-
peratures.

This work is an initial and important step towards
the study of materials’ properties with respect to tem-
perature at the nanoscale in order to predict better
their behavior. Continuous research in this area will
enable researchers to solve a large number of prob-
lems caused by materials due to unpredicted envi-
ronmental conditions. Aluminum has a special impor-
tance due to its extensive increasing applications at
present and in the future.
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