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The thermal stability and temperature dependent hardness of ultrafine-grained Cu-alloys CuSn5 and CuZn5 after
high pressure torsion are investigated using the high temperature scanning indentation (HTSI) method. Fast
indentations are carried out during thermal cycling of the samples (heating-holding-cooling) to measure hardness
and strain rate sensitivity as a function of temperature and time. The microstructures after each thermal cycle are
investigated to characterize the coarsening behaviour of both alloys.

Results show that the thermal stability of the tested alloys can be expressed in terms of several temperature
regimes: A fully stable regime, a transient regime in which growth of individual grains occurs, and finally a
regime in which the microstructure is fully coarsened. The onset of grain growth is accompanied by high strain
rate sensitivity on the order of 0.2-0.3. Furthermore, the obtained hardness and strain rate sensitivity values are
in good agreement with continuous stiffness measurement (CSM) and strain rate jump (SRJ) experiments. This
highlights the applicability of the HTSI method to the characterization of the thermomechanical properties of

ultrafine-grained alloys.

1. Introduction

Ultrafine-grained (UFG) materials with a grain size below 1 um,
obtained in bulk by utilizing severe plastic deformation methods like
equal channel angular pressing (ECAP) or high pressure torsion (HPT)
[1-3], offer interesting properties compared to their coarse-grained
counterparts, such as increased strength, pronounced strain rate sensi-
tivity and potential superplasticity [4-11]. This can be attributed to the
increased density of grain boundaries [12-15]. At elevated tempera-
tures, the strain rate sensitivity further increases and significant soft-
ening can be observed. UFG materials may even become softer than
coarse-grained ones [8,16-20].

Additionally, the large strains imposed during processing induce a
high density of defects [21-23]. As a result, high driving forces for
relaxation and coarsening processes exist, which can limit the thermal
stability of UFG microstructures to the point where property changes
may already occur at room temperature [5,24-28].

This necessitates the investigation of thermal stability limits of such
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materials. In literature this is usually done via hardness measurements at
room temperature after annealing [29-31]. This provides information
on the temperature ranges in which changes occur, but not on the me-
chanical properties at elevated temperatures. To this end, high tem-
perature nanoindentation can be utilized. Classical high temperature
nanoindentation requires a lengthy tip and sample temperature
matching procedure at each testing temperature [32,33], during which
changes in the sample material may already take place. Additionally,
both methods mentioned above only provide a limited time and tem-
perature resolution, as high temperature indentation studies are typi-
cally performed with temperature steps in the range of 50-100 °C
[32,34-36].

In this work, the high temperature scanning indentation (HTSI)
method introduced by Tiphene et al. [37-39] is used to investigate the
thermal stability of UFG copper alloys CuSn5 and CuZn5 processed via
HPT. They were selected to follow up previous studies on CuX alloy
systems.

In a publication by Bruder et al. [40], the saturation grain size after
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Fig. 1. A representative load-time-curve (left) and two load-displacement-curves recorded on CuZn5 at room temperature and 250 °C (right).

HPT, as well as the room temperature hardness and strain rate sensi-
tivity were investigated. CuSn5 showed a grain size of 62 + 26 nm,
while the grain size of CuZn5 was found to be 304 + 142 nm.

A publication by Keil et al. [29] then presented room temperature
hardness measurements after isochronal annealing of HPT samples at
different temperatures. Despite its much smaller grain size, CuSn5
showed a higher thermal stability than CuZn5.

The HTSI method utilizes rapid indentations on the order of 1 s per
test, which are performed during heating, holding at elevated temper-
ature and cooling to characterize hardness and strain rate sensitivity as a
function of temperature and time. Tests are performed with different
target temperatures and holding times to probe the thermal stability
limits of the alloys.

2. Experimental methodology
2.1. Sample preparation

HPT samples with a diameter of 20 mm and an initial height of 4 mm
were prepared from CuSn5 and CuZn5 rods provided by Wieland-Werke
AG (Germany). The used HPT anvils had a cavity diameter of 20 mm and
height of 1.5 mm each. A pressure of 4.6 GPa was applied and 30 ro-
tations were done with a speed of 1 rpm using a HPT press by W. Kle-
ment GmbH (Austria). A cooling ring was mounted to the upper anvil to
keep the process temperature close to ambient.

The deformed disks were cut into 4 equally sized parts and the
sample surfaces were mechanically ground and polished to 1 pm dia-
mond suspension, followed by a fine polishing step using Buehler Mas-
terMet 2 colloidal silica suspension (0.02 pm). One part of the disk was
used for the temperature adjustment procedure while the remaining
three were each used to test one of the three thermal profiles described
in the following section.

2.2. Experimental procedure

Nanoindentation testing was performed using a KLA InSEM-HT
nanoindenter, capable of continuous stiffness measurement (CSM).
CSM was used during reference measurements shown in the appendix,
but not during the HTSI tests. A diamond Berkovich tip (Synton-MDP)
was used, which has previously been calibrated on fused silica according
to the Oliver-Pharr method [41]. The indenter system is mounted inside
a TESCAN VEGA3 SEM and testing was carried out under vacuum (10
2 Pa).

The HTSI tests were performed during thermal ramping (heating-
holding-cooling) following the procedure described by Tiphene et al. in

[37,39]. The indentation loading curve follows a half-sinus profile
described by

P r b2
P _ Dmax (4 . _r 1
(t) 2 < i (tlaad ! 2) ) ( )

with the target load Pnax and the loading time tjgag. In this study, a
loading time of tjoaq = 0.5 s was chosen. The maximum load was held for
0.3 s, followed by a stepwise unloading. The loading protocol is
described in greater detail in [39].

Fig. 1 (left) shows an example of the load-time-curve with Ppay =
50 mN. On the right, two representative load-displacement-curves for
CuZn5 recorded at room temperature and 250 °C can be seen.

A linear fit of the unloading branch of the force-displacement-curve
is used to obtain the raw unloading stiffness

dF
el 2
S o (2
This value is then corrected for the load frame stiffness Sgame Via
1
S, = : 3

i
S Spame

assuming a constant frame stiffness for all tests [33]. The contact depth
h. is then obtained from [42].

P
e = Mg — 0.75 2 4
s, )]
using the maximum depth and load hpax and Ppay.
The contact area A. for a Berkovich indenter is defined as
Ac = moh? +mih +myh e =N mih 2 (5)

i=0

with coefficients m; obtained from calibrating the tip area function on
fused silica.
The contact area at maximum depth is used to calculate the hardness
Pmax

H:A_c (6)

and reduced modulus

Su
Er =—

T
>\ 7

The elastic modulus of the sample is then given by [43].
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Fig. 2. Representative curves showing depth over time during the holding segment (a), the computed strain rates (b) and the In(hardness)-In(strain rate)-graph used
for the calculation of m (c) for CuZn5 at room temperature and 250 °C.
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Table 1
Test parameters for the HTSI ramps.
Material Sample Heating Rate P target h target Tmax thold
CuSn5 5.13 °C/min 50 mN / 400 °C 2h
/ 1000 nm 200 °C 6h
/ 1000 nm 300 °C Oh
CuZn5 5.21 °C/min 50 mN / 400 °C 2h
/ 1000 nm 200 °C 4h
/ 1000 nm 300 °C Oh
1—12
E=trrur ®)
Er  Egp

with the Poisson ratio of tip vy and sample v and the tip elastic modulus
Eiip. The tip modulus is corrected for temperature according to Wheeler
and Michler [44].

To obtain the coefficient of strain rate sensitivity m, the
load-displacement-data recorded during the holding segment is used.
The change in displacement over time h(t) is fit using an exponential
function of the form

o
By :Alexp<f%> +ho )
1

with the time tyo)q and the function coefficients A, t; and hgy. The co-
efficients of the fit are used in the derivative function

. A the
By = —fexp(—ﬂ) (10
1

4]

to calculate the indentation strain rate ¢ = h}it /hg: (11). Hardness during
the holding segment is calculated as

P

Achold

H=

(12)

using the load during holding P. The contact depth is given by

P
henola = B — 0.75 s,

Finally, the strain rate sensitivity m = ‘g]';(g)) (14) is calculated via a linear

fit.

Fig. 2(a) shows representative h(t) data and the applied exponential
fit, as well as the resulting strain rates (b) and the In(H)-In(¢)-curves
used for the calculation of m (c).

One sacrificial sample of each material was used to calibrate the
offset between Ty, and Tsample at the maximum testing temperature of
Tip = 400 °C according to the temperature matching procedure
described by Minnert et al. [33]. The heating rates for tip and sample
were chosen so that both reach their respective target temperature at the
same time. The sample temperature was measured via a thermocouple
placed in a molybdenum sheet between the sample heater and the bot-
tom surface of the sample, while the tip thermocouple was mounted on
the shaft in close proximity to the tip. The temperature of the probed
sample surface was assumed to be equal to the tip temperature.

Table 1 lists the parameters for the thermal ramps used in this study.
Tip and sample were simultaneously heated at the given rates until the
maximum temperature was reached, followed by holding for the
designated time and lastly cooling back to room temperature at the same
rates. The tip was heated at a rate of 5 °C/min in every test. The holding
period for the CuZn5 200 °C sample was shorter than for CuSn5 due to
an unplanned early shutdown of the heating system.

For the samples heated to 400 °C, all indents were done to a set
maximum load, resulting in varying depths throughout the duration of
the test, ranging from 840 nm to 2100 nm. The hardness is expected to
be independent of depth in this range. Representative data from CSM
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measurements is shown in the appendix. Measurements on the 200 °C
and 300 °C series were carried out with an updated version of the
method, in which the target load is adjusted after each indent to reach an
approximately constant depth. Indents were placed 40 um apart to avoid
an influence of overlapping plastic zones.

Additionally, reference continuous stiffness measurement (CSM) and
strain rate jump (SRJ) indentation tests were performed at room tem-
perature before and after each thermal cycle. The details can be found in
the appendix.

Microstructural analysis was carried out using a TESCAN MIRA3
SEM equipped with a Deben 4 quadrant BSE detector, operating at an
acceleration voltage of 20 kV.

3. Results & discussion
3.1. 200 °C cycle: Reversible mechanical softening

In the following, filled symbols in plots over temperature denote the
heating and holding segments, while open symbols indicate the cooling
segment. Fig. 3 shows that the initial hardness at room temperature is
approximately 4.5 GPa for CuSn5 and 2.6 GPa for CuZn5. As the tem-
perature increases to 200 °C, H decreases to 3.75 GPa (-17 %) and
1.5 GPa (-43 %) respectively. For both samples the hardness remains
constant throughout the holding period. After cooling to room temper-
ature, the hardness returns to its initial value, which indicates a good
thermal stability of the analysed alloys at the selected temperature. The
microstructural observations (Fig. 9) will be discussed in detail in sec-
tion 3.4. It is worth mentioning that the CuSn5 sample shows a signifi-
cantly higher scatter in the measured hardness values.

In Fig. 4 it can be seen that both samples show rate sensitivities in the
range of 0.01-0.02 at room temperature, which increases up to m = 0.1
(CuZn5) and 0.06 (CuSn5) at 200 °C. A slight decrease of m during the
holding period is observed for both samples, which could be a mea-
surement artifact resulting from thermal nonequilibrium.

Upon cooling, the coefficient of strain rate sensitivity m decreases
and returns back to its initial value for both alloys. The hardness and
strain rate sensitivity values at room temperature are in good agreement
with previous results by Bruder et al. and Keil et al. [29,40]. Ultrafine-
grained fcc metals are known to exhibit pronounced strain rate sensi-
tivity, which increases with decreasing grain size and increasing tem-
perature. This is generally attributed to the high density of grain
boundaries [6,8,12-15,17,18,45]. The initial increase in strain rate
sensitivity upon cooling of the CuZn5 sample, as well as the pronounced
split between the heating and cooling branches seen in Fig. 4(b), can be
attributed to the uncontrolled cooling of the sample after the shutdown
of the heater.

3.2. 300 °C cycle: Kinking heating & cooling branches

This HTSI cycle was performed without a holding period at
maximum temperature in order to observe transient behaviour without
giving the microstructure enough time to coarsen.

During heating to 300 °C, CuZn5 exhibits a linear hardness decrease,
but during cooling a change in the slope can be seen at a temperature of
approximately 175 °C (Fig. 5). The room temperature hardness after the
heating cycle is decreased by 19 % compared to the initial state. The
CuSn5 sample, in contrast, shows a change in slope at 200 °C, which is
followed both during heating and cooling. It also exhibits a slight re-
sidual hardness decrease of 4.5 %.

Fig. 6 shows that the coefficient of strain rate sensitivity m increases
with temperature from a value of 0.02 at room temperature and reaches
maximum values of 0.2 for CuZn5 at a temperature of 275 °C and 0.3 for
CuSn5 at 300 °C. This increase of one order of magnitude indicates a
significant effect of temperature on the mechanical behaviour. The
cooling branch is offset to slightly lower values for CuZn5 and to higher
values for CuSn5. This difference could be caused by different effective
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heating and cooling rates of the tip and sample.

3.3. 400 °C cycle: Significant mechanical softening

of both alloys up to a temperature at which a significant decrease in

room temperature hardness is expected. For CuZn5 a linear decrease in
hardness can be observed until a temperature of approximately 275 °C,

at which the curve kinks and the slope is reduced (Fig. 7). The hardness

remains constant during the holding period and the cooling slope is

This thermal profile was selected to map the mechanical properties
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linear. CuSn5 on the other hand shows two changes in slope during
heating. The first change occurs at a temperature of approximately
200 °C, resulting in increased softening as the temperature is further
increased. The second change can be seen at a temperature of approxi-
mately 325 °C. Similar to CuZn5, the H(T) curve becomes less steep at
this point. The hardness is constant during holding and increases line-
arly during cooling. CuSn5 shows higher scatter until the first slope
change, at which it decreases significantly.

Fig. 8 shows an increase of the strain rate sensitivity with increasing
temperature, from its initial values of approximately 0.02 up to a
maximum of 0.2 at 275 °C (CuZn5) and 0.3 at 325 °C (CuSn5), corre-
sponding to the temperatures at which changes in the H(T) slope are
observed (Fig. 7). An increase in temperature past this maximum results
in a decreasing m, which then further decreases during holding at

Materials & Design 240 (2024) 112865

400 °C.

During cooling the strain rate sensitivity of CuZn5 decreases linearly
in the semilogarithmic plot, while significant scatter is observed for
CuSn5. For both samples the m values recorded during cooling are lower
than during heating. At room temperature m then reaches values of
approximately 0.01 for both alloys.

Hardness and strain rate sensitivity are not shown as a function of
time for this cycle, as the hardness remains constant during the holding
segment at 400 °C while the coefficient of strain rate sensitivity de-
creases. As noted in section 3.1, this could be a measurement artifact
caused by slow thermal equilibration.

3.4. Microstructural evolution during the HTSI cycles

The initial microstructural conditions (Fig. 9 a,b) of the investigated
alloys were determined in a previous publication, where the HPT satu-
ration grain sizes were found to be 62 + 26 nm (CuSn5) and 304 + 142
nm (CuZn5) via transmission Kikuchi diffraction (TKD) and electron
backscatter diffraction (EBSD) respectively [40].

After the 200 °C thermal cycle (c,d) no observable microstructural
changes have taken place compared to the reference state. After the
300 °C cycle coarsening can be observed in both microstructures (e,f). In
the case of CuSn5 the growth of individual grains to a size of approxi-
mately 250 nm can be seen. For CuZn5, some grains with a diameter on
the order of 1-2 pym are found, surrounded by an ultrafine-grained
matrix. The grain size distribution appears to become bimodal.

Both microstructures are significantly coarsened after the 400 °C
cycle (g,h). Thermal etching artifacts are visible for both alloys, but
more pronounced for CuSn5. This makes an exact visual determination
of the grain size difficult, but it can be approximated to be in the range of
4-10 pm for CuZn5 and 1-5 pm for CuSn5. The etching artifacts were not
polished off to preserve the indents for future pileup measurements.

Based on the measurements of hardness and strain rate sensitivity, as
well as the microstructural observations, a schematical model of the
thermal stability and coarsening behaviour of CuSn5 is presented in
Fig. 10. It is split into three distinct stages, which can be attributed to
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Fig. 8. Strain rate sensitivity as a function of temperature during the 400 °C cycle.
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 |After 300 °C

: |After 400 °C

Fig. 9. BSE images of the sample microstructures of CuSn5 (left) and CuZn5 (right) in the initial (HPT) state, as well as after each thermal cycle.

different mechanisms.

In the first region, up to a temperature of 200 °C, both alloys are
stable in the timeframes investigated in this study, as seen in Fig. 4, and
the grain structure remains unchanged. The reversible decrease in
hardness AH,., can be explained by thermal softening due to the
increased rate sensitivity [8,16-19], resulting from grain boundary
mediated deformation and recovery processes in the plastic zone and a
decrease of the dislocation density. The fact that the room temperature
hardness remains unchanged indicates that these are thermomechanical

processes requiring both elevated temperature as well as the deforma-
tion imposed by the indenter. This is supported by the sample micro-
structures remaining unchanged in regime I. Similarly, in a study on
UFG-Au by Maier et al. [45] strain rate sensitivities of up to 0.3 were
measured, along with pronounced reversible softening at elevated
temperatures and no microstructural changes.

The second regime is characterized by a transient behaviour, seen in
the hardness data recorded in the 300 °C cycle (Fig. 5), as well as the
resulting microstructures (Fig. 9 e,f). In this temperature range, some
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grain growth can be seen while the surrounding microstructure is still
stable with grain sizes comparable to the initial HPT state. Due to the
partial coarsening, the room temperature hardness is reduced after the
300 °C thermal cycle. In the third regime, observed during heating to
400 °C (Fig. 7), significant grain growth takes place in both alloys. The
irreversible hardness decrease in regimes 2 and 3 can be attributed to the
thermal instability of the UFG microstructures.

The maximum in the coefficient of strain rate sensitivity (Fig. 8)
corresponds to the transition from regime 2 to 3, indicating the highest
microstructural instability and the onset of significant grain growth. As
the grain size increases, m continuously decreases throughout regime 3,
as the alloys lose their ultrafine-grained microstructure.

In literature, similar 3-segment curves have been shown for the room
temperature hardness of UFG Al-alloys after quenching from DSC
[30,31].

It remains unclear, however, why the transition from regime 1 to 2
can be seen in the H(T) curve of CuSn5 but not that of CuZn5. It could be
related to different behaviour of the alloying elements and requires more
in-depth investigations of the microstructural conditions, including TEM
studies. The different initial grain size could also play a role.

The HTSI investigations further reveal that CuSn5 exhibits a higher
thermal stability than CuZn5, despite its smaller initial grain size by a
factor of 5, which should provide a larger driving force for coarsening
processes. In CuSn5 grain growth sets in at a higher temperature (325 °C
compared to 275 °C for CuZn5) and the residual hardness change after
the 300 °C cycle is lower, only showing a 4.5 % reduction in hardness
compared to the 19 % reduction seen for CuZn5. This is in line with a
previous study, in which the hardness of CuX alloys was investigated
after isochronal annealing at different temperatures [29]. In that work
by Keil et al., the hardness of CuSn5 remained approximately constant
after isochronal annealing for 1 h at temperatures up to 250 °C, while a
slight decrease of 0.4 GPa was seen in CuZn5.

After the 400 °C cycle CuSn5 shows a 37 % higher residual hardness
than CuZn5. This can be attributed to the significantly higher solid so-
lution strengthening contribution of Sn compared to Zn [46], as well as
the lower grain size after HTSI.

The increased hardness scatter of CuSn5 at temperatures below
200 °C could potentially be explained by local inhomogeneities or pre-
cipitates which dissolve with increasing solubility of Sn, as CuSn5 is
supersaturated at room temperature [47].
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4. Conclusion & outlook

In this study, the high temperature scanning indentation (HTSI)
method was used to investigate the thermal stability of ultrafine-grained
CuSn5 and CuZn5 alloys processed via high pressure torsion. The
measured hardness and strain rate sensitivity values are in good agree-
ment with those obtained from conventional CSM and SRJ tests. The
results show:

1. HTSI can be utilized to probe the thermal stability of ultrafine-
grained materials with high temperature and time resolution via
measurements of hardness and strain rate sensitivity.

2. The observed microstructural changes of both tested alloys can be
classified in terms of three distinct temperature ranges.

3. The initial stable regime is followed by a transient, in which indi-
vidual grains grow, and lastly by coarsening of the entire
microstructure.

4. The onset of grain growth is accompanied by a maximum in strain
rate sensitivity on the order of 0.2-0.3.

Overall, the potential of HTSI for thermomechanical characterization
has been demonstrated. The fast testing protocol enables high
throughput experiments with different thermal profiles. Results ob-
tained from HTSI with its high data density can be used to more accu-
rately select conditions to investigate with other methods, such as TEM
and DSC. This is particularly relevant for alloy design studies, in which
the mechanical properties over a wide range of temperatures and times
might be of interest.

Future work will focus in more detail on the differences between the
CuX alloys, including TEM studies and an investigation of pileup
behaviour.

CRediT authorship contribution statement

Marcel Sos: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Investigation. Gabrielle
Tiphene: Writing — review & editing, Validation, Methodology, Inves-
tigation. Jean-Luc Loubet: Writing — review & editing, Supervision,
Resources, Project administration, Conceptualization. Sebastian Bruns:
Writing — review & editing, Methodology, Conceptualization. Enrico
Bruder: Writing — review & editing, Conceptualization. Karsten Durst:
Writing — review & editing, Supervision, Resources, Project adminis-
tration, Methodology, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Research data associated with this article is available on the TUda-
talib repository under the DOI 10.48328/tudatalib-1371.

Acknowledgements

We acknowledge support by the Deutsche Forschungsgemeinschaft
(DFG - German Research Foundation) under grant no. DU 424/11-2,
and the Open Access Publishing Fund of Technical University of
Darmstadt. The authors also thank Dr. Achim Kuhn (Wieland-Werke AG,
Germany) for providing the CuX alloys.



M. Sos et al. Materials & Design 240 (2024) 112865
Appendix
Reference measurements on fused silica

Figure 11 shows 12 load-displacement-curves recorded on fused silica at room temperature, using the HTSI method. The measurements were
performed with the KLA HT1K indenter described in [33]. The target depth was set to 1500 nm and the maximum load was held for 0.7 s. It can be seen
that the discrepancy between the tests is low, highlighting the reproducibility of the method. The obtained hardness, modulus and strain rate

sensitivity values (H = 9.4 + 0.06 GPa, E = 72.3 + 0.28 GPa and m = 0.005 + 0.001) are in line with literature reference results on fused silica
[32,48,49].

250
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Fig. 11. Twelve overlaid load-displacement curves recorded on fused silica at room temperature using the HTSI method.

Validation of hardness and strain rate sensitivity results

Reference CSM measurements with an indentation strain rate of ¢ = h/h = 0.2 1/s were performed on each sample at room temperature using the
same diamond tip used for the HTSI tests and a maximum load of 50 mN.

Strain rate jump (SRJ) tests according to Maier et al. [50] were performed at room temperature using a Keysight G200 nanoindenter equipped with
a diamond Berkovich tip (Synton-MDP). The used strain rate sequence was 1x10 1/s => 1x1021/s => 1x10! 1/s => 1x10° 1/s => 1x10! 1/s. The
first strain rate jump was carried out at a depth of 500 nm, after which the segment length for each strain rate was 250 nm.

Table 2 shows a comparison of hardness and strain rate sensitivity values measured via CSM and SRJ tests at room temperature with the results
from the HTSI cycles. For the HPT state, hardness values obtained from all samples before thermal cycling are averaged.

The hardness values measured via HTSI show the same trend as the CSM results: A significant decrease after the 400 °C cycle, a moderate decrease
after the 300 °C cycle and no significant changes after the 200 °C cycle, correlating with the observed microstructural changes. The apparent decrease
of the HTSI hardness after the 200 °C cycle is due to the aforementioned averaging.

The strain rate sensitivity is expected to follow a similar trend. It can be seen that, despite the significant difference in testing speed of 1 s per test
for HTSI and 9 min per test for SRJ, the data is in decent agreement and, as mentioned in 3.1, in line with previous results. Differences can be explained
by the rapid nature of the HTSI tests, while SRJ results can be affected by a non-constant hardness over depth and transients after the jumps, seen for

%ﬁg@e in [51].

Room temperature hardness and strain rate sensitivity obtained from CSM and SRJ tests, as well as the HTSI method.

Material Sample H CSM (GPa) H HTSI (GPa) m SRJ m HTSI

CuSn5 HPT 4.43 +0.11 4.34 +£0.18 0.013 + 0.001 0.020 + 0.004
After 200° 4.48 + 0.06 4.63 £0.1 0.010 + 0.001 0.010 + 0.001
After 300° 4.08 £ 0.05 3.98 £ 0.26 0.016 + 0.0003 0.012 + 0.002
After 400° 1.69 + 0.07 1.55 + 0.05 0.016 + 0.005 0.009 + 0.001

CuZn5 HPT 2.66 + 0.06 2.59 + 0.05 0.027 + 0.003 0.020 + 0.004
After 200° 2.68 + 0.05 2.51 +0.03 0.019 + 0.001 0.024 + 0.004
After 300° 2.21 £0.1 2.13 £ 0.06 0.022 + 0.006 0.015 + 0.002
After 400° 1.18 + 0.06 1.13 + 0.05 0.012 + 0.001 0.010 + 0.001

Depth independence of hardness

In Figure 12 it can be seen that for both CuZn5 and CuSn5 the hardness remains approximately constant with increasing indentation depth. An
indentation strain rate of 0.05 1/s was used.
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Fig. 12. Representative hardness-depth-curves for CuZn5 and CuSn5 in the HPT state at room temperature, recorded on the G200 nanoindenter described in the
previous section.

Young’s modulus data

Figure 13 shows the Young’s modulus of fused silica and UFG CuSn5 measured by the HTSI method on the HT1K system. The used heating rate was
5 °C/min for the silica sample and 3 °C/min for the CuSn5 sample. It can be seen that there is a split between the heating and cooling branches and a
larger scatter for the CuSn5 sample. This indicates that the determination of the unloading stiffness is sensitive to the heating cycle (and therefore the
stability of the heater’s PID control) and possibly the thermal conductivity of the sample material. The influence of this on the determination of the
hardness is expected to be low.
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Fig. 13. Young’s modulus of fused silica (FS) and UFG CuSn5 as a function of temperature.
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