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A B S T R A C T   

This work deals with the measurement of mechanical properties of single and polycrystalline Al3Zr specimens 
from ambient to elevated temperatures using nano-indentation experiments. In this study, we employed three 
kinds of intermetallic specimens produced from Al3Zr crystals chemically extracted from an Al-3 wt% Zr alloy. 
The properties such as elastic modulus and hardness were determined under quasistatic loading conditions. 
Constant multicycle indentation testing (MCT) was further performed using a Vickers indenter to understand the 
fatigue response of intermetallics at high load low cycle conditions. The results showed that hardness and elastic 
modulus of Al3Zr intermetallics depended on the crystal structure/orientation, with polycrystalline samples 
showing higher elastic modulus than single crystal specimens at room temperature conditions. MCT experiments 
revealed that contact pressure of more than 7 GPa was needed to fracture a crack-free crystal under dynamic 
loading conditions. Consequently the properties of intermetallics at temperatures up to 700 ◦C were determined 
for the first time, using high-temperature nano-indentation technique. Elevated temperature measurements 
indicated that intermetallics had high creep resistance at low and intermediate temperatures, but exhibited 
significant plastic deformation and creep close to the melting point of pure aluminium.   

1. Introduction 

Aluminium based metal matrix composites (MMCs) have emerged as 
a highly desirable and promising advanced structural material that 
successfully meets the demands of a multitude of industrial applications, 
but more specifically in the automotive, aerospace and construction 
sectors [1–3]. In the last few decades, the use of transition metals (tri-
aluminide (Al3X) intermetallic compounds (IMCs) such as Al3Zr and 
Al3Ti) as reinforcements in Al alloys has attracted a lot of attention in 
developing high quality MMCs with advanced thermo-mechanical 
properties [4–8]. These primary intermetallic crystals, however, tend 
to have a needle or plate-like morphology with propensity to evolve into 
large particles that can adversely affect the mechanical properties of the 
alloy. Hence, their fragmentation or suitably changed morphology 
would be beneficial for the mechanical properties of the as-cast MMC. It 
has been also observed that the refined primary crystals can nucleate Al 

grains, and therefore, further fragmenting them during the growth phase 
within the solidifying melt can be highly beneficial [9]. To this end, our 
team pioneered the microstructural refinement of aluminium alloy 
structures [10–13] through the mechanism of cavitation-induced frag-
mentation of primary phases within the high-temperature melt by 
employing ultrasonic treatment and novel acoustic measurement tech-
niques, thereby controlling [14,15] and increasing the nucleation po-
tency of such refined crystals [16]. Recently, efforts have also been made 
to understand the mechanism of fragmentation of primary intermetallics 
induced by cavitation [11,17–19]. However, lack of information related 
to mechanical properties such as hardness (H), Young’s (elastic) 
modulus (E), and fracture toughness (Kc) of these IMCs especially at high 
temperatures, prevented an accurate analysis and further numerical 
modelling and optimisation of this process. Hence, measuring the me-
chanical properties of primary intermetallics such as Al3Zr – that pro-
vide thermal stability and improve strength of alloys by simultaneously 

* Corresponding author. 
E-mail address: apriyadarshi@brookes.ac.uk (A. Priyadarshi).  

Contents lists available at ScienceDirect 

Intermetallics 

journal homepage: www.elsevier.com/locate/intermet 

https://doi.org/10.1016/j.intermet.2023.107825 
Received 4 November 2022; Received in revised form 22 December 2022; Accepted 2 January 2023   

mailto:apriyadarshi@brookes.ac.uk
www.sciencedirect.com/science/journal/09669795
https://www.elsevier.com/locate/intermet
https://doi.org/10.1016/j.intermet.2023.107825
https://doi.org/10.1016/j.intermet.2023.107825
https://doi.org/10.1016/j.intermet.2023.107825
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intermet.2023.107825&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Intermetallics 154 (2023) 107825

2

eliminating the use of costly grain refiners in aluminium alloys at 
elevated temperatures is of high technological importance. 

Depth sensing indentation (DSI) is an established instrumented 
nanoindentation technique that primarily operates at nanometre reso-
lution with sub-micron depth ranges under nano/milli-Newton load 
conditions [20,21]. It is considered a very reliable tool for probing 
physical-mechanical properties, mainly elastic modulus and hardness, at 
finitely small length scales through the continuous capturing of inden-
tation force and the resulting indentation depth [22]. Different experi-
mental (ultrasonic acoustic wave, microhardness indentation) and 
theoretical (first principles method) approaches have previously been 
undertaken to evaluate the physical properties of Al3Zr crystals at room 
temperature (RT) [23–32]. However, to the best of our knowledge, only 
one study has been conducted in the past that discusses the effect of 
temperature on the microhardness of Al3Zr and other high-temperature 
binary IMCs [25]. Though, the variation of moduli with temperature 
was not addressed in this work that would have allowed better under-
standing of the mechanical behaviour with respect to temperature. High 
temperature (HT) DSI measurements can help fill this existing gap in the 
literature. 

The current work focuses on the determination of mechanical 
properties of single crystal Al3Zr IMCs at elevated temperatures (from 
RT up to 700 ◦C). Prior to the HT measurements, hardness and the elastic 
modulus of three differently prepared intermetallic specimens i.e. Al3Zr 
phase in Al matrix (reference sample for RT experiments), poly-
crystalline Al3Zr and embedded single Al3Zr crystals in cement matrix 
(especially produced for HT measurements) were compared and ana-
lysed to check for any property variation at RT, and whether the sur-
rounding matrix and intermetallic orientation had any influence on the 
nanoindentation measurements. The Al3Zr phase in Al matrix was also 
subjected to constant multicycle indentation testing (MCT) to under-
stand the fatigue behaviour of the IMCs under different indentation 
loads at RT. The primary purpose of this research work is to measure the 
mechanical properties of Al3Zr IMCs (with novel and bespoke sample 
preparation method) using a standard nanoindenter equipment at 
elevated operating temperatures that can feed into our advanced nu-
merical models and further assist optimisation of microstructural 
refinement process for ultrasonically treated Al alloy melts. However, 
taking into consideration the experimental challenges faced during the 
preparation of intermetallic specimens in terms of production, extrac-
tion and their mounting (especially for polycrystalline Al3Zr and 
embedded single Al3Zr crystals in a cement matrix), we have confined 
our findings only under specific loading conditions that simulate the 
high pressure and temperature field environments encountered during 
the melt processing experiments. 

Results demonstrated for the first-time that the hardness and elastic 
modulus of Al3Zr IMCs abruptly decrease while creep tends to increase 
at approximately half-melting temperature of the intermetallic. 

2. Materials and methods 

2.1. Sample preparation 

Three types of intermetallic specimens were used for the mechanical 
property measurements i.e., 1) single Al3Zr crystals in Al matrix, 2) arc- 
melted pure polycrystalline Al3Zr for room temperature measurements, 
and 3) embedded single Al3Zr crystals in a cement matrix for high 
temperature measurements. For easy referencing, we will refer to the 
studied specimens as Sample 1 (Al3Zr in Al matrix), Sample 2 (poly-
crystalline Al3Zr) and Sample 3 (Al3Zr embedded in cement matrix). 
These different intermetallic specimens were prepared in order to check 
for any variation in the measurements at RT between the single (Sample 
1 and Sample 3) and polycrystalline (Sample 2) specimens and to 
compare if the cement matrix specimen qualifies for the high tempera-
ture measurements. Except for Sample 1, the other two specimens were 
produced from the extracted primary crystals. The crystal extraction 

process using NaOH has been discussed elsewhere [17]. 
The preparation method of Sample 1 has been discussed elsewhere 

[17,18]. For preparing Sample 2, 3–4 g of extracted Al3Zr flakes were arc 
melted using a non-consumable electrode arc-melting device to produce 
a ‘T’ shaped rod of length 10–12 mm and approximately 1.5 mm thick in 
order to comply with the testing requirements (see section 2.2). Due to 
the extreme brittleness of intermetallics, the sample was then embedded 
and moulded using a low-melting point Sn-57 wt% Bi alloy to enable 
grinding and polishing. After polishing, the Sn-57 wt% Bi alloy was 
melted at 139 ◦C and the extracted polycrystalline sample was used for 
nanoindentation experiments. For preparing Sample 3, the extracted 
primary Al3Zr crystals of dimension approximately 2 ± 1 (L) × 3 ± 2 
(W) mm and thickness of 60–70 μm were distributed uniformly facing 
their wider plane on the surface of a glass slide (coated with thin layer of 
oil/grease). A high temperature cement/ceramic adhesive paste (Pelco 
High Performance Ceramic Adhesive, Ted Pella, Inc, USA) was then 
poured onto the glass slide and was confined within the circular ring of 
25-mm diameter. The adhesive paste was then carefully covered by 
another glass slide over the top to make the surfaces flat at both ends. 
The thickness of the sample was kept close to 5 mm to limit the potential 
thermal shock and the flatness between the two faces was adjusted to be 
within 20 μm. The adhesive was subsequently air dried and solidified at 
room temperature. The dried cement adhesive embedded with inter-
metallic crystals was then removed from the slides and cured at 93 ◦C for 
approximately 2 h (following the manufacturer instructions). This was 
deliberately done to achieve good mechanical properties of the solidi-
fied ceramic matrix at elevated temperatures. The samples were then 
mechanically polished to a mirror finish with average surface roughness 
(Ra) maintained around 0.4 μm for both sample faces before using them 
for the nanoindentation experiments. Fig. 1a represents the concise flow 
chart of the specimen preparation for sample 2 and 3 and Fig. 1b-d 
shows the optical micrographs of the three intermetallic specimens used 
in this study. It should be noted that the Al3Zr crystals (enclosed in red 
region) in Sample 1 are facing its edges unlike Sample 3. 

2.2. Nanoindentation experimental setup 

An ultra-high temperature nano-indentation setup (UNHT HTV, 
Anton Paar, Switzerland) working on a principle of active surface 
referencing and infrared heating of the sample was used to measure the 
mechanical properties of Al3Zr intermetallic specimens at both RT and 
HT. This measurement principle employs measuring and referencing 
axes, each with their own means of controlling the applied load. The 
active reference principle ensures excellent thermal stability of the in-
strument even at temperatures up to 700 ◦C without the need of 
correction of the thermal drift and eliminates to a great extent the need 
to correct the frame compliance. Additional details regarding the 
instrumentation setup and configuration are provided elsewhere [33]. 

For RT measurements, successive indentations were performed on all 
three specimens with continuous loading and unloading speeds of 20 
mN/min and a dwell time of 5 s, using a Berkovich diamond indenter. 
The load–displacement characteristics were acquired with a linear 
quasistatic loading of 10 mN and an acquisition frequency of 10 Hz. 
Sample 1 was further subjected to MCT mode in order to measure the 
low cycle fatigue response as we have previously seen that intermetallics 
under the action of cavitation bubbles break in a low cycle fatigue mode 
[17–19]. For MCT measurements, 100 cyclic indentations were per-
formed using a Vickers indenter with maximum and minimum loads of 1 
and 0.5 N, and 5 and 3 N, respectively, at loading and unloading du-
rations of 10 s, dwell time of 2 s and acquisition rate of 50 Hz. 

HT nanoindentation measurements were carried out to specifically 
determine the hardness and elastic modulus of primary intermetallics 
from RT up to 700 ◦C at intervals of 50 ◦C. The choice of a 50 ◦C interval 
was a compromise between the resolution and duration of the mea-
surements. To the best of our knowledge, this is the first HT nano-
indentation study for this type of IMCs. Sample 3 was used for these 
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measurements. To avoid surface oxidation of the specimen, especially at 
elevated temperatures, the indentations were performed in vacuum 
(10− 6 mbar) with loading and unloading speeds of 120 mN/min and 
dwell period of 2 s. The load-displacement profiles were obtained with a 
maximum load of 10 mN with an acquisition rate of 400 Hz. At least 5 
indents were carried out for each measurement condition to achieve 
statistically reliable data. 

3. Results and discussion 

3.1. Room temperature measurements 

Mechanical properties (E, H and Kc) of Sample 1 at RT have been 
reported in our previous work [17,34]. In this study, we went a step 
further and first compared the mechanical properties of three different 
intermetallic specimens and analysed the effect of quasistatic indenta-
tion loading on the hardness and elastic modulus values at ambient 

conditions using Oliver and Pharr (O&P) method. Sample 1 was addi-
tionally subjected to dynamic indentation loading, where we looked into 
the fatigue characteristic of these intermetallics to assist in under-
standing the fragmentation mechanism upon ultrasonic treatment of 
aluminium alloys and to provide important input parameters for accu-
rate numerical modelling of the process [35]. 

Fig. 2a shows the typical indentation load (P)-displacement (h) 
curves and Fig. 2 (b and c) shows the bar chart that represents the H and 
E values of the examined samples, respectively. All the indentations 
were performed on unetched samples. 

It is apparent from Fig. 2a that both single (Samples 1 and 3) and 
polycrystalline (Sample 2) specimens show elastic-plastic response. The 
load-displacement curves for all the specimens display an almost similar 
shape differing only in the maximum (hmax) and final (hf) indentation 
depth, highlighting the resistance of the indenter penetration into the 
bulk specimens. For a fixed maximum indentation load (Pmax), the 
intermetallic types can be classified based on hmax. Under the Pmax of 10 

Fig. 1. (a) Flow chart of intermetallic specimen preparation for sample 2 and 3. Representative optical micrographs of (a) Al3Zr crystals in the Al matrix, (Sample 1); 
(b) polycrystalline Al3Zr solidified as dendritic grains (Sample 2); and (c) Al3Zr embedded in the cement matrix (Sample 3). 

Fig. 2. Comparison of nanoindentation response of different intermetallic specimens in terms of (a) Load-displacement curve, (b) indentation hardness, and (c) 
indentation modulus. 
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mN, hmax was found to be different for all the samples and varied be-
tween 214 nm for Sample 2 and 252 nm for Sample 3 with Sample 1 
having hmax close to 236 nm. After the elastic recovery during unloading, 
variation in hf was between 152 nm for Sample 2 and 188 nm for Sample 
3 with Sample 1 having hf around 181 nm. The indentation curves 
exhibited approximately similar amount of elastic recovery during 
unloading, i.e. ~23% for Sample 1, ~29% for Sample 2 and about 26% 
for Sample 3. It is interesting to note that the nanoindentation curves for 
all the specimens show some arbitrary discontinuities specifically on the 
loading curve. The initial discontinuities (displacement burst) present in 
the form of ‘pop-ins’ (see arrows on Fig. 2a) can primarily be attributed 
to the nucleation of dislocations during loading by the indenter [21]. 
Other possible reasons for these discontinuities can be linked to the 
strain/slip transfer at the interfacial plane and grain boundary (GB) 
regions (for Sample 2), where dislocations penetrate and transfer into 
the subsequent layers/interface [36,37]. The similar observed 
displacement burst has also been classified as ‘initial pop-ins’ or ‘GB 
pop-ins’ elsewhere [37]. Britton et al. [37] reported that the ‘initial 
pop-in’ is generally due to activation and multiplication of dislocations 
and occurs at shallower indentation depths, while ‘GB pop-in’ is 
observed at larger depths and is linked to the interstitial pinning of 
dislocations at or close to the interface/boundary. It is important to note 
here that extracted single crystal Al3Zr intermetallics are layered ma-
terials and exhibit tabular and faceted structure along the habit planes 
by virtue of their growth morphology [18,38,39]. While the pop-ins in 
Fig. 2a are less noticeable in Sample 2, they are much more discernible 
and apparent in the case of single crystal IMC specimens, i.e. Sample 1 
and Sample 3, indicating the effect of tabular/layered structure during 
indenter loading. Any other minor discontinuities may also be a result of 
contaminating surface layers, vibrations present in the measuring device 
or the feedback cycle occurring during indentation testing. 

For the evaluation of E and H from P-h curves using O&P method, 
another important parameter of measurement is the contact indentation 
depth (hc) that can be estimated using the expression suggested by O&P, 
hc = hmax – ε (Pmax/S), where S is the contact stiffness (slope of unloading 
curve) and ε is the indenter constant. This expression turns out to be 
approximately equivalent to the average of hmax and hf. However, with 
the advancement in the measurement techniques, the contact depth can 
also be accurately measured using the software provided with UNHT 
device. From Fig. 2b, it can be seen that Sample 2 offers the largest 
resistance to the localised elasto-plastic deformation (hardness) prefer-
entially due to the presence of grain boundaries that obstruct disloca-
tion/crack motion nucleated during indenter loading, followed by 
Sample 3 and Sample 1, which have almost similar values. It is a well- 
accepted fact that dislocations formed during material deformation 
(indentation) can contribute to the enhancement of their mechanical 
properties owing to the phenomenon known as dislocation hardening 
[40]. In the case of a polycrystalline material, the interaction between 
dislocations and the grain boundaries is much more complex with 
smaller plastic deformation than in single crystals [41]. The accommo-
dation of lattice dislocations further becomes difficult in smaller size 
crystallites and thus any local non-uniformity in the crystal lattice of the 
IMCs can further impede the movement of dislocations resulting in 
enhanced mechanical properties as previously reported by Bi et al. [42]. 
The P-h curve for Sample 3 is also a good analogue to Sample 1, which 
makes them suitable for high-temperature measurements. However, it 
should be noted that crystal orientation may play a role. In the case of 
Sample 1, the crystal is penetrated at its edges (a cross-section as it is the 
most common orientation that one can get when sectioning a 3D sam-
ple), whereas in the case of Sample 3, the crystals were deliberately 
placed facing their flat (wider) plane. Therefore, some discrepancy in 
the measuring values may be expected especially with the flat plane 
orientation, where the occurrence of internal/substrate defects is more 
likely (larger area). The differences in the measured hardness of the 
intermetallic specimens (although not significant) are also obvious from 
the variation of hmax as observed in Fig. 2a. Fig. 2c shows the measured 

elastic modulus of different intermetallic specimens. Sample 1 and 
Sample 2 showed similar E values in contrast to Sample 3 that exhibited 
the lowest modulus. This difference can be explained by the fact that the 
indentation modulus is derived from the observed contact area and the 
parameter S that is critical in its calculation and is smaller in case of 
Sample 3. It should be noted that the hardness is gauged from the 
indenter displacement, giving rise to plastic deformation, whereas the 
modulus is dependent mainly on the elastic stress fields. In addition, the 
large drop in the modulus value of Sample 3 might also be explained in 
terms of crystal orientation (edge vs. plane) used for indentation and the 
effect of the extended plastic zone into the surrounding matrix. This 
elastic anisotropy is believed to be strongly related to the crystallo-
graphic orientation of the material being tested [23,43]. However, the 
detailed examination of this effect is outside the scope of this work. 
Based on these observations, we can say that single (Sample 3) and 
polycrystalline (Sample 2) intermetallics show similar material behav-
iour without large differences in the mechanical properties, which 
means that indentations are successfully localised in tiny areas unaf-
fected by grain boundaries or other defects. However, the variation in 
elastic modulus for Sample 3 can be attributed to high surface to (hid-
den) defect ratio. Moreover, the smaller thickness of the specimen with 
potentially formed crack networks makes the indentation measurement 
prone to interaction with hidden defects underneath the measured 
crystal. 

Chen et al. [44] pointed out another interesting feature that could be 
correlated with the elastic modulus, which is the temperature of for-
mation of these intermetallic phases. Based on the thermodynamic 
modelling, it is predicted that intermetallic phases with a higher 
modulus are actually formed at a higher temperature and vice versa. The 
higher the formation temperature, the larger the required enthalpy. The 
reason for this correlation lies in the notion that a higher heat of for-
mation accounts for a tighter and stronger atomic bonding, thus 
resulting in a higher modulus [45]. Such analysis is, however, beyond 
the scope of this work and is only presented as an overview of nano-
indentation measurements. 

In order to characterise the fatigue behaviour of the intermetallic 
phase, Sample 1 was further subjected to MCT experiments at the 
maximum and minimum loads of 1, 5 N and 0.5, 3 N, respectively, for 
100 cycles simulating the conditions of very low-cycle fatigue. Fig. 3a 
shows the load-displacement curves and the corresponding indentation 
marks (Fig. 3(b and c)) formed within the intermetallic phase. It can be 
seen that the indentation performed at 1 N maximum load did not 
produce any cracks (Fig. 3b) within 100 cycles and the IMC only un-
dergoes elasto-plastic deformation. Whereas the indentations performed 
at 5 N maximum loads showed the presence of multiple pop-in and 
cracking events (see Fig. 3a) during the initial loading itself. The 
appearance of pop-ins in the P-h curve maybe attributed to either 
nucleation/slipping of dislocations beneath the indenter tip [46] or 
instantaneous fracturing [47] of intermetallics (indicated by a sudden 
increase in the penetration depth [48]) as seen in Fig. 3 (d), which shows 
the formation of cracks originating at the sides and corners of the indent. 
Other than widely attributed mechanism of homogeneous dislocation 
nucleation to explain the pop-ins, there has also been experimental and 
theoretical evidence, where discontinuous steps can be generated 
through heterogeneous dislocation nucleation under the presence of 
surface steps and/or ledges in the material [49,50]. The presence of such 
surface layers contributes to the pop-in events in a similar fashion as to 
those recognised during the GB effect on nanoindentation [36,37] as 
discussed earlier. A zoomed-in figure of the indentation mark obtained 
at 5 N load (Fig. 3d) clearly shows the occurrence of steps/layers within 
the Al3Zr intermetallic owing to their growth morphology thereby 
confirming their role in generating pop-ins. When the indenter is in close 
proximity of these steps/layers, the load required to create dislocations 
diminishes, thus their nucleation becomes easier [49]. Moreover, the 
presence of pop-ins could also indicate shifting of intermetallic behav-
iour from elasto-plastic to plastic deformation [51]. Interestingly, the 
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Al3Zr intermetallic exhibited multiple instance (onset) of cracking 
events during loading up to 5 N (see arrow in Fig. 3a) while there was no 
sign of any fracture during loading when indented with a 1 N load. This 
can be attributed to the presence of pre-existing cracks within the 
intermetallic particle used for indentation (see Fig. 3c) that may have 
formed during solidification of the base Al-3%Zr alloy due to thermal 
contraction stresses. 

In this study, it was not possible to detect the crack propagation in 
the Al3Zr phase at the maximum load of 5 N as the intermetallic frac-
tured well before the initiation of cyclic loading. Therefore, to under-
stand the fatigue response, we plotted the contact depth of the indenter 
displacement as a function of indentation cycles. Fig. 4 shows these data 

for 1 and 5 N loading cases. Note the different scales of the y-axes for 
different loads have been adjusted such that the changes in contact 
depth can be discernible and comparable. For the 1 N load, the inden-
tation depth decreased by almost 60 nm during 100 cycles. While in case 
of the 5 N loads, the indentation depth increased by about 900 nm. The 
decrease in the indentation depth at the 1 N load could likely be due to 
stiffening of material during cycles of loading and partial unloading 
caused by the multiplication of dislocations and their mutual entan-
glement/trapping [52]. However, these MCT measurements did not 
show any evidence of the development of fatigue induced cracks. 
Instead, the increase in contact depth as observed for the 5 N loading 
could just be the propagation of cracks generated during quasistatic 

Fig. 3. Constant multicycle indentation testing showing (a) P-h curves and corresponding indentation marks formed at maximum applied load of (b) 1 N and (c) 5 N 
after 100 cycles with (d) zoomed-in image of the indentation mark in (c). 

Fig. 4. Variation of contact depth of the indenter as a function of indentation cycles for maximum loads of 1 and 5 N, showing the onset and subsequent fracture 
observed during loading. 
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loading as seen in Fig. 3a, i.e., the point of subsequent fracture (indi-
cated by the sudden increase in contact depth) under 5 N load as shown 
in Fig. 4 that formed during the initial loading period as discussed above. 
For 1 N loading (Fig. 3a and b), however, no fracture was observed 
during loading and unloading cycle meaning that the intermetallic must 
have sustained the generated indentation stress (contact pressure) 
without initiation of fatigue cracks. Upon the formation of a fully 
developed plastic zone after unloading of the indenter (see Fig. 3b), the 
contact pressure becomes equivalent to the indentation hardness of the 
specimen, which was found out to be approximately 7 ± 0.2 GPa. It is 
important to note here that the mean contact pressure can be constant 
irrespective of the applied load once the yield stress is exceeded. How-
ever, higher loads lead to higher strains and material displacement near 
the indent, which further facilitates the initiation of fracture. That is 
why the cracks are observed at a higher load (5 N) rather than at a lower 
load (1 N). Moreover, it has also been reported that in materials con-
taining small number of defects, e.g., those without any micro/nano 
cracks in highly brittle materials, deformation is based on defects 
formed during indentation; and the contact pressure in such cases can 
increase to values equivalent to the theoretical strength in a perfect 
single crystal [53]. However, the mean pressure can further drop once 
the dislocation nucleates upon increasing the indentation load (observed 
in the form of pop-ins). From Fig. 3a, it can be seen that for 1-N loading, 
there are no visible pop-ins present but for 5-N loading (with 
pre-existing cracks formed during solidification due to thermal 
contraction stresses), there is generation of multiple pop-ins attributed 
to the development of further cracking/chipping events during inden-
tation. Based on the MCT measurements, it can be deduced that these 
brittle intermetallics in the case they are free of pre-existing cracks, can 
only be fractured if the applied contact pressure (hardness) goes beyond 
7 GPa (1 N load) and large strains near the indent are created. However, 
in reality and during cavitation-induced fragmentation, the situation is 
more complicated. The fracture toughness of such IMCs is low (~1 
MPa√m) [17] and the observed fracture due to liquid jets [54] and 
emitted shock waves [55] from imploding cavitation bubbles happens 
under much lower impact pressures ranging from 0.4 to 2 MPa [17,18], 
indicating the presence of multiple defects. Similar behaviour can be 
seen in the case of 5 N load due to propensity of pre-existing cracks 
formation/accumulation across the substrate. 

3.2. High-temperature measurements 

Following the evaluation and comparison of mechanical properties, 
i.e., E and H using quasistatic DSI experiments for different intermetallic 
specimens at ambient conditions, Sample 3 was then subjected to 
elevated temperature measurements for determining the effect of tem-
perature on the mechanical properties estimated at up to 700 ◦C at 50 ◦C 
intervals. 

Fig. 5 shows the comparison of typical P-h curves for the specimens 
measured from RT to 700 ◦C. The dwell period of 2 s was kept constant 
for all the indentation experiments performed at elevated temperatures. 
As expected, the maximum indentation depth was almost doubled, with 
the increase in operating temperature from RT to 700 ◦C and measured 
to be 248 nm and 462 nm, respectively. Between two consecutive 
indentation temperatures, the increase in the indenter depth was less 
than 10% except at 650 ◦C and 700 ◦C where this increased up to 22% 
indicating that the material became softer at such high temperatures. As 
the temperature was increased, the load displacement curves started to 
exhibit a steady plateau region during the dwell interval with maximum 
indentation load (indicated by blue arrow in Fig. 5). This can be possibly 
ascribed to the plastic deformation and development of creep, indicating 
that Al3Zr crystals undergo creep at relatively high temperatures 
(~600–700 ◦C). However, with a limited dwell period for indentations 
performed at such temperatures, an intermetallic fails to undergo full 
plastic relaxation in the creep regime in comparison to low (25–200 ◦C) 
and intermediate temperature (200–550 ◦C) ranges, which is noticeable 
in the form of convex bending (indicated with red arrows in Fig. 5) 
during unloading of the indenter similar to observations made for 
intermetallic phases such as Al7Cu4Ni and Al2Cu at 350 ◦C [56]. Thus, 
the determination of elastic modulus values at such a high temperature 
should be handled with extreme care. Moreover, at this temperature, 
contribution from the elastic energy to the material deformation is also 
very small. With the increasing temperature especially in the interme-
diate and high range, the amount of elastic recovery during indentation 
unloading also decreases, which indicates larger portion of plastic 
deformation. 

Results showed the appearance of discontinuities within the inden-
tation loading and unloading curve at elevated temperatures 
(200–700 ◦C) in form of serrations. Additionally, only some of inden-
tation curves up to 150 ◦C showed the presence of discernible small pop- 
ins (see black arrows in Fig. 5) during loading of the indenter indicating 
plastic yield of the material at nanoscale that could be related to dislo-
cation events emerging underneath the indenter tip. The sudden 
displacement of indenter (pop-ins) typically occurs at indentation stress, 
which is equivalent to the material maximum shear strength that trig-
gers the nucleation of dislocations followed by their propagation. At 
relatively low temperatures, the movement and interaction of the 
formed dislocations leads to strain hardening in crystalline materials 
[57]. Increasing temperature can further shift the plastic yield inden-
tation loads, which are primarily driven by the dislocation nucleation 
kinetics at homologous temperature of crystalline materials. It is also 
known that exposure to elevated temperatures facilitates dislocation 
movement and re-arrangement, and is accompanied by the significant 
reduction in the dislocation density [56]. This instability of plastic 
deformation caused by the counterbalancing between the dislocation 
induced hardening/stiffening and dislocation reduction/recovery pro-
cess characterises the creep behaviour at higher operating temperatures 
(~0.4–0.5 Tm, where Tm is the melting temperature in K). Gupta et al. 
[58] reported that Al3Zr crystals are highly stable at a creep test tem-
perature of 330 ◦C (about 0.38 Tm) because of their high melting point, i. 
e. approximately 1580 ◦C. Moreover, a homogeneous creep deformation 
in materials is usually observed at temperatures that are above the 
half-melting-point value, which is around 654 ◦C (927 K) for these 
crystals. Therefore, the dislocation events are mainly associated with the 
discontinuities during indentation loading, observed as serrations in the 
form of pop-ins, whereas the homogeneous plastic deformation tends to 
appear in the form of a continuous shift (plateau region in Fig. 5), which 
is affected by the free volume redistribution during indenter penetration 
[56]. 

Fig. 6 shows the variation of mechanical properties i.e. E and H with 
temperature up to 700 ◦C. As expected, the elastic modulus and hardness 
decrease with increasing temperature. With a slight increase in tem-
perature up to 100 ◦C above RT, the modulus decreased by almost 23% 
whereas hardness decreased by approximately 18%. The biggest drop in 

Fig. 5. Typical load-displacement curves for Al3Zr crystals embedded in 
ceramic matrix measured from RT up to 700 ◦C. 
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hardness of about 46% was observed between 650 ◦C and 700 ◦C, 
whereas elastic modulus dropped by 20% indicating creep initiation of 
the intermetallic. Overall, both the hardness and elastic modulus 
decreased by almost 78% and 55%, respectively, from RT to 700 ◦C. At 
RT, hardness is governed by the evolution of dislocation network, while 
at HT the change in the indentation hardness has been correlated to 
creep and plastic flow behaviour [57]. As seen from Fig. 5, the higher the 
temperature, the lesser the elastic recovery during the unloading of the 
indenter as seen from hf. For example, the elastic recovery decreased by 
approximately 29% at RT to 25% at 700 ◦C as seen from the percentage 
change in hmax and hf. This partial elastic recovery can greatly influence 
not only the maximum displacement of the indenter but also slope of the 
curve during initial unloading that is utilised for evaluating parameters 
such as E and S as seen from the convex bending at 700 ◦C. The 
incomplete recovery can cause the gradient of the unloading curve to 
reach almost 90◦ leading to imprecise fitting using a power law function 
as per O&P model, which can eventually result in high inaccuracies in 
the measured modulus values. Hardness, on the other hand, remains 
more or less unaffected in such cases as its evaluation takes into 
consideration hc, which relies less on the slope S but more on the 
maximum indenter depth (hmax). For example, assuming the case of 90◦

slope in the beginning of the unloading curve, the term ‘ε (Pmax/S)’ will 
become negligible in the expression, hc = hmax – ε (Pmax/S) and thus will 
only depend on hmax and not the contact stiffness S. The modulus can 
also be affected by the surface roughness of the specimen if the inden-
tation is made in a relatively rough region, which can be very sensitive at 
HT [59]. In addition, the loading frame compliance can significantly 
increase during elevated temperature conditions leading to an increase 
in modulus value. 

Both hardness and elastic modulus exhibited two regions of large 
drop in values with increasing temperature, one at low temperature 
(50–200 ◦C) and then at relatively high temperature (500–700 ◦C) as 
shown in Fig. 6 indicating the gradual softening of the material. Similar 
behaviour of this intermetallic in terms of microhardness variation with 
temperature has been previously reported by Fleischer et al. [25] who 
observed that the Al3Zr compound is still susceptible to cracking until 
~750 ◦C. The temperature dependent properties of intermetallics can 
also be understood in terms of the deformation energy produced during 
indentation. Since the hardness of the material is related to a combi-
nation of various factors such as yield strength, strain hardening coef-
ficient and resulting plastic strain of the material, the most efficient way 
of evaluating the deformation energy is by using the ratios, H/E and 
H3/E2 that take into account the creep effects. The H/E ratio points to-
wards the cracking resistance to elastic failure indicative of the 

toughness characteristics and H3/E2 defines the plastic deformation 
resistance during a plane contact [60]. Fig. 7 displays the variation of 
H/E and H3/E2 with an increasing operating temperature. It is clear from 
the figure that both ratios decrease non-monotonically with tempera-
ture. At the same time, the plasticity index i.e., the ratio of plastic work 
(Wp) to total indentation work (Wt) increases non-monotonically with 
temperature, most notably above 600 ◦C and is inversely related to H/E 
[61]. For Al3Zr intermetallics, it can be seen that H/E is around 0.06 at 
RT, which means that the material is very brittle within the elastic limit, 
which agrees well with the low fracture toughness value at RT and 
previous observations of shuttered crystals [17,18,34]. On the other 
hand, H3/E2 is almost zero at an elevated temperature (close to 700 ◦C) 
with plasticity index of almost 80% indicative of its low creep resistance. 

4. Conclusions 

In this study, mechanical behaviour of Al3Zr intermetallics was 
studied using the depth sensing indentation technique. The experiments 
were performed using quasistatic and multicycle indentation loading to 
evaluate the mechanical properties of three differently produced Al3Zr 
intermetallic specimens. High temperature nanoindentation was also 
performed to determine the variation of hardness and elastic modulus 
with temperature. The results showed that.  

1. The polycrystalline Al3Zr sample exhibits about 24% and 22% higher 
hardness than the Al3Zr phase in the Al matrix and the extracted 
crystals embedded in the cement matrix, respectively, possibly due 
to the nucleation of dislocations indicated by the ‘pop-in’ events 
observed during indenter loading and obstruction of their motion by 
the grain boundaries.  

2. Multicycle indentation experiments show that the defect-free Al3Zr 
intermetallic can sustain a contact pressure of almost 7 GPa before 
failing under low external loading (1 N) when large strains near the 
indent are created.  

3. High temperature nanoindentation of Al3Zr crystals shows that both 
hardness and elastic modulus decrease with temperature between RT 
and 700 ◦C by 78% and 55%, respectively. This intermetallic offers 
strong creep resistance at low (RT to 200 ◦C) and intermediate 
(200 ◦C–500 ◦C) temperatures. 

4. At temperatures close to the melting point of pure Al, Al3Zr in-
termetallics undergo large plastic deformation indicative of high 
atomic disorder making the plastic flow inherently unstable. 

Fig. 6. Variation of elastic modulus and hardness as a function of indentation 
temperature for Al3Zr intermetallics. 

Fig. 7. Variation of elastic strain to failure, plastic deformation resistance and 
plasticity index with indentation temperature of primary Al3Zr intermetallic. 
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