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Abstract 
 
The temperature response on the properties of single crystal gold (111) plane at elevated temperatures was considered in this work. 

The ability to perform nanoindentation experiments at elevated temperatures opens up significant new possibilities in nanotechnology. 
The experiments are performed at various temperatures of 373 K, 473 K and 573 K with tailor made Berkovitch tip of radius 100 nm to 
study the behavior of single crystal gold. The new phenomenon of material bouncing back under the indenter at the end of unloading was 
clearly noted, due to the accumulation of high energy. The results for different temperatures were compared. Our experiments clearly 
show the onset of the first burst of dislocation glide, which is indicated by a sudden increase of displacement with no increase of loading, 
the onset of plastic deformation in connection with the periodic bursts, and the strain hardening, softening and release effects. Pile up was 
also observed. The complete elastic range was found. There was significant drop in the hardness, elastic modulus and the increase in 
depth with increasing temperature. The elastic recovery was reduced at higher temperatures.  

 
Keywords: Nanoindentation; Mechanical properties; Gold; Effect of temperature  
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 
 
1. Introduction 

Materials behave differently in real-life environments due to 
unpredicted thermal loading conditions. Knowledge of the 
thermo-mechanical properties is relevant to industrial applica-
tions and high temperature nanoindentation is a promising 
technique for this purpose. Studies on the mechanical response 
of materials to nanoindentation on single crystals were not 
undertaken under different higher thermal loadings. Under-
standing the critical relationships between the temperature and 
mechanical properties of metals is very important in design 
and selecting suitable materials for real-life environments 
depending on the thermal loading.  

Experimental work on Au (111) surface was performed [1]. 
Detailed explanation for the interpretation of scan line graph 
was given. The nanoindentation experimental results on Au 
(111), Au (110), and Au (100) were presented [2]. The yield-
ing phenomenon is composed of series of discrete yielding 
events separated by elastic deformation. The onset of this be-
havior was in agreement with the calculations for the theoreti-
cal shear strength of gold. The results of experiments on point 
contact of gold were presented [3]. It was found that an atom-
istic pillar like elongated neck was formed by lattice slip and 
structural relaxation during retraction. Simulation on (111) 

surface of gold sample was done [4]. Indenter shape was 
spherical and the radius was 8 nm. The potential for the sub-
strate was embedded atom method (EAM). The tip surface 
interaction was frictionless, and the indenter tip was repre-
sented by a repulsive potential. The substrate material, gold 
(Au), was represented by a slab of dimension 240x210x160A°, 
containing 470000 atoms. All of the defects in this system lie 
on {111} planes that are the energetically preferred slip planes 
in the FCC lattice. From the (111) surface, there are three 
unique {111} planes extending in to the bulk. In this structure, 
defects are seen parallel to only two of these three planes.  

The indentation on (111) surface of gold sample was done 
by simulation [5]. The sample was 19 nm wide by 40 nm long 
by 12.5 nm thick. The indenter tip was spherical with a radius 
of 4 nm. The simulation temperature was 0 K. This paper ex-
plained that the dislocation mechanism was due to the release 
of compression beneath the indenter and due to the conserva-
tion of volume in the thin film during micro plastic deforma-
tion (bursts). This paper also explained that the rotation of the 
lattice during nanoindentation may account for the pile up. 
The first burst occurred when the maximum shear stress at the 
tip of the indenter reached the theoretical shear strength. The 
pile up also caused the change in slope of the indentation 
curve. The results of atomistic simulations to investigate the 
nanoindentation deformation properties of model nanocrystal-
line gold with grain diameters of 5 and 12 nm were presented 
[6]. It was found that the grain boundaries act as efficient 
sinks for dislocation nucleation below the indenter and the 
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intergranular sliding occurred. It was established that, at the 5 
nm grain diameter regime there was a decrease in Young’s 
modulus. The results of atomistic mechanisms of plastic de-
formation during nanoindentation of an Au (001) surface with 
a non-interacting indenter were presented [7]. The defect 
structures formed during the initial plastic yield were identi-
fied. While unloading the indenter after the first yield, the 
pressure due to compressive strain in the defect induced re-
storing forces that healed the plastic deformation. Also, they 
proposed a three step mechanism based on dislocation theory, 
which explained that the defects produced depended on the 
crystallography of the indented surface. 

Experiments on single crystal ionic materials were per-
formed [8]. Special attention was devoted to the elastic re-
sponse before the onset of plastic yield. In-plane interactions 
played a key role in the indentation process performed with 
ultra sharp tips leading to a non Hertzian response of the elas-
tic region of the nano-indentation curve. The results of me-
chanical property characterization of thin films using spherical 
tipped indenters were presented [9]. The use of very small 
spherical tipped indenters provided more tractable solution to 
the contact problem. The role of substrate and interface adhe-
sion on the force-displacement behavior of thin films indented 
with spherical tipped indenters was also presented. The ana-
lytical formulation of the elastic limit that predicted the loca-
tion and slip character of a homogeneously nucleated defect in 
crystalline metals was reported [10]. A fundamental frame-
work for describing incipient plasticity that combined the re-
sults of atomistic, finite-element modeling, theoretical con-
cepts of structural stability at finite strain, and experimental 
analysis was arrived at [11]. These findings provided a self-
consistent explanation of the discontinuous elastic-plastic 
response in nanoindentation measurements, and a guide to 
fundamental studies across many disciplines that seek to quan-
tify, predict the initiation and early stages of plasticity.  

The advancements in making low dimensional structures 
from inorganic and organic compounds, determining the local 
properties and assembling complex structures were summa-
rized [12]. The homogeneous nucleations of dislocations in 
dislocation-free single crystals were observed [13]. This was 
related to sudden jump in the force-displacement curve. The 
mechanical stress for the set-in of this pop-in effect was esti-
mated with the Hertzian elastic contact theory. Experimental 
results of dislocation loop nucleation showed good agreement 
with the continuum theory of dislocations. The dislocations 
with a screw component were shown to glide across {111} 
planes and by a cross-slip mechanism giving rise to revolving 
terraces in the neighborhood of the nanoindentation trace with 
their edges parallel to compact <110> directions were found 
[14]. The molecular dynamics simulation results showed that 
the burst and arrest of stacking faults were the key factors for 
the plastic deformation of nanocrystalline copper under 
nanoindentation [15]. High temperature nanotesting by micro 
materials measuring technology explained the technique for 
higher temperature nanoindentation [16]. New high-

temperature stages for small-scale mechanical property testing 
were described [17]. Nanoindentation results were presented 
for gold, soda-lime glass, fused silica and a polyimide. This 
research was focused on the bulk materials. 

Small scale hardness and elastic modulus measurements on 
glass, gold, and single crystal silicon at room temperature and 
473 K were performed [18]. The results showed that at 473 K 
the hardness and elastic modulus of soda lime glass and gold 
were lower than at room temperature. 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. The value of 
hardness (H) was found to decrease when the displacement (h) 
was high as the temperature was increased, in line with the 
earlier results [19]. 

Research based on the analysis of materials as a function of 
temperature is limited and it was below 400 K. Also, it was 
limited to bulk materials. The temperature based experiments 
on single crystals and at higher temperature reaching nearly 
600 K are at the initial stage. The unavailability of nanoinden-
tation testing facility at these temperature levels made this 
possible. Due to the importance of such studies at elevated 
temperatures, we have initiated this innovative research on 
single crystals considering the operating conditions of the 
components at very high temperatures during various applica-
tions. It needs much research both by experiments and simula-
tion to establish theory at elevated temperatures at the nano-
scale.  

The structural behavior and property changes during the 
thermal loading become equally important. This work at-
tempts to explore the complete behavior of Au (111) at vari-
ous temperatures, including the initial burst, the complete 
elastic recovery, the softening effect and the modulus and 
Hardness. In this experiment, the behavior of the single crystal 
gold (111) during loading and unloading are analyzed to un-
derstand the temperature effects during the loading and 
unloading cycle.  

 
2. Experimental methodology 

The experiments were performed with a tailor made 
Berkovitch tip of radius 100 nm. The sample temperatures of 
373 K, 473 K and 573 K were considered. The testing facility 
and the specimen setup were as per the standard high tempera-
ture nanoindentation machine available for nanoindention 
testing. So the photographs of testing facility, specimen setup 
and specimen pictures were not taken.  

Flat surfaces away from steps were chosen for nanoindenta-
tion by imaging the surface with atomic force microscope 
(AFM) at 7 x magnifications to locate a smooth and defect 
free surface. The sample surface was brought to a constant 
temperature for each experiment. Sample surface temperature 
was measured before the indentation. The loading rate was 
kept constant for different temperatures experiments.  

The sample was 2 mm thick and 10 mm diameter. It takes 
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about 15 minutes to reach the required temperature. Imaging 
is done with 2 μN/s force. The topography and gradient im-
ages were taken to show the surface morphology after the 
indentation. In-situ imaging provides the capability to observe 
and quantify material damage while minimizing time for ma-
terial recovery. The nanoindenter uses an area function based 
on the geometry of the tip, compensating for elastic load dur-
ing the test. Use of this area function provides a method of 
gaining real-time nanohardness values from a load-
displacement graph. Nanoindentation system allows the appli-
cation of a specified force or displacement history, such that 
force, P, and the displacement, h, were controlled and/or 
measured simultaneously and continuously over a complete 
loading cycle using depth sensing indentation. 

During the course of the instrumented indentation process, a 
record of the depth of penetration is made, and then the area of 
the indent is determined using the known geometry of the 
indentation tip. While indenting, various parameters such as 
load and depth of penetration can be measured. A record of 
these values can be plotted on a graph to create a load-
displacement curve. These curves can be used to extract me-
chanical properties of the material. The hardness as the mate-
rial is being indented resulting in hardness as a function of 
depth. 

 
3. Results and discussion 

Fig. 1(a) and 1(b) show the three-dimensional view of the 
sample after indentation. Fig. 1(a) shows the top view at 
4000x2500 nm. A clearly visible striped pattern seen on the 
inside and outside of the surface of indentation may be due to 
the pressure on the adjacent vertical layers of material. Red 
color shows the two extreme regions of the sample after in-
dentation and the patches of sky blue color around the indenta-
tion show the hillocks. Fig. 1(b) shows the penetration of the 
indenter in to sample. The figures are the directing imaging by 
the built in Atomic force microscope. The image is taken as 
the indenter penetrates the sample during the indentation proc-
ess. This dynamic imaging from the AFM is an advantage in 

this experimental setup. 
Fig. 2 shows the plot of force vs. displacement at different 

temperatures revealing the temperature effects on the material. 
The loading rate is kept constant. The graph for 373 K and the 
graph at 473 K were compared. The maximum penetration 
depth is 585.83 nm at 373 K. From the graph, it clearly shown 
that the maximum depth is 658.58nm at 473 K.  

It was clear from the penetration depths read from the curves 
that significant softening occurred at the higher temperatures. 
The softening effects were due to the increase in temperature 
and these softening effects produce increased plasticity. At 
high temperatures, the material is subjected to high plastic 
deformation. But it is a global deformation, instead of local 
burst causing the dislocations unlike the periodic burst (brit-
tleness) in case of low temperature. The global deformation is 
the propagation of the damage throughout the sample. The 
exact data on the amount of softening will enable the proper 
selection of materials for different thermal loading conditions. 
The sudden burst at the end of unloading is noticed from the 
above graphs.  

Fig. 3 shows the plot of force vs. displacement at a tempera-
ture of 573 K. It shows the softening effects as the penetration 
depth increases.  

              (a)                         (b) 
 
Fig. 1. 3D view of sample after indentation at 4000x2500 nm (a) top
view (b) side view showing hillock formation (pile up). 
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Fig. 2. Graph showing the loading and unloading pattern at 373 K and 
473 K for 10,000 μN, 2000 μN/s. 
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The graph corresponds to the sample temperature of 573 K. 
The penetration depth tends to increase in comparison to 473 
K. From the graph, it is clear that the maximum penetration 
depth reaches 661.58 nm. But compared to 373 K and 473K, 
the change is small in case of 573 K. At high temperatures, the 
material was subjected to high plastic deformation. Increased 
recovery of the material is noted from the data based on 
maximum penetration depth and the maximum plastic region. 
In this case also, it is clear from the penetration depths read 
from the curves that significant softening occurred at the 
higher temperatures. The penetration depth reversal may be 
due to the strain hardening effects or hardening effects of the 
sample at this transition heating. But the penetration depth 
clearly changes from 373 to 473. Still we can see the increas-
ing trend of the penetration depth. Only the plastic reverses. 
Hardness reverses revealing that there is some kind of mecha-
nism operating during this transition. Some experiments were 
conducted on the experiment next day due to some reasons. 
So the temperature comes to room temperature and is heated 
again for further experiments. There may be some kind of 
hardening of the materials as it was heated, then cooled and 
then heated for some experiments.  

Fig. 4 shows the relationship between force, time and dis-
placement of the indenter of the indenter tip. It indicates the 
corresponding force and displacement with respect to the time 
during the indentation process. 

From Table 1, it is noted that the difference between maxi-
mum plastic deformation (hplastic) and maximum penetration 
depth (hmax) varies at different temperatures. In case of 373 K, 
it is about 52 nm. For 473 K, it is about 82 nm. For 573 K, it is 
147 nm. This phenomenon shows that the plasticity range 
decreases as the temperature increases and penetration depth 
increases, causing a proportionate change in the plastic region 
indicating an increased failure of the material at high tempera-
tures. The recovery of the material at high temperature is large. 
This material behaves more elastically as it is subjected to 
high temperature. The hardness decreases and displacement 
increases as the temperature increases. Also, it is noted that 
the value of elastic modulus (E) is inversely proportional to 

the difference between hplastic and hmax and the hardness (H). 
The hardness (H) does not depend on this difference. The 
value of hardness (H) is found to decrease when the displace-
ment (h) is high as the temperature increases in line with the 
results of Roger Smith et al.’s [19] results. 

 
4. Conclusions 

It is interesting to note that the curvature in the unloading 
curve has disappeared at the higher temperatures. This curva-
ture is indicative of elastic recovery within the indentation 
itself. The elastic recovery of gold is small compared to other 
metals. This makes it an extreme case for modulus determina-
tion. From the difference in depth for different temperatures, it 
is found that there is significant increase in depth at higher 
temperature. This softening phenomenon corresponds to the 
increase of indentation depth at the constant loading condi-
tions. The elastic recovery reduces at higher temperatures as 
the displacement increases, but the recovery of material with 
respect to the maximum displacement is large. The hardness 
for (111) orientation is higher compared to (110), as it is also 
found for Al. Jumps in the curves are observed at the end of 
unloading for higher loads. Possible causes may be the reloca-
tion of materials at the end of unloading, or phase transforma-
tion. The pop-ins shown by the p-h curves correspond to the 
formation of dislocations. The contact pressure (nanohardness) 

Table 1. Comparison of data for different temperatures at 10,000 μN, 
2000 μN/s.  
 

Temp/constants hmax  
nm 

hplastic   
nm 

H 
GPa 

E 
GPa 

584.13 528.22 1.28 42.58 

569.06 515.07 1.33 44.99 

573.94 518.42 1.31 43.14 

590.45 542.76 1.20 48.24 

373 K 

585.83 535.73 1.25 47.03 

653.18 569.14 1.1 26.10 
473 K 

658.58 576.62 1.07 26.42 

573 K 661.58 514.34 1.33 16.4 

 

 
 
Fig. 4. The time, displacement, force curve during the indentation 
process. 
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Fig. 3. Graph showing the loading and unloading pattern at 573 K for
10,000 μN, 2000 μN/s. 
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increases with decreasing indentation depth. We attribute the 
temperature dependence to the increased dislocation mobility 
and the reduced dislocation density as the temperature in-
creases. Pileup around an indentation is clearly observed. The 
onset of plastic deformation is identified from the periodic 
bursts. The new phenomenon of material under the indenter, 
bouncing back at the end of unloading was clearly noted. The 
hardness and elastic modulus also dropped at higher tempera-
tures. It is noted that the plastic deformation is higher at higher 
temperatures. The softening of the material as the temperature 
increases would change the expected in-situ performance of a 
system causing malfunctioning. The set theory for these ther-
mal variations is an important aspect in the design of materials 
for the system. 
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