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hardness increases, while the temperature-dependent thermal contribution is strongly decreased. This
results in a reduced strain rate sensitivity for W-Re alloys compared to pure W. The origin of this effect
is a reduction of the Peierls potential due to Re, manifesting in an increased activation volume at lower
temperatures. This gives rise to a solid solution softening effect, while at high-temperature application the
mechanical behavior is governed by dislocation-dislocation interaction and solution strengthening.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Tungsten, the metal with the highest melting point T, of 3422 °C,
and its alloys are extensively used for high-temperature applications
[1-3]. The most outstanding temperature-related characteristic of W
in particular, and body-centered cubic (bcc) metals in general, is the
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drastic decrease in flow stress with increasing temperature [4, 5].
This is owed to the non-planar core structure of the 1/2(111) screw
dislocations, resulting in a high lattice resistance for slip [6, 7]. Thus,
the shear stress for plastic deformation at low temperatures is high
compared to face-centered cubic (fcc) metals. This phenomenon is
commonly attributed to the Peierls stress and diminishes at tem-
peratures above ~0.2 Ty, due to thermal activation of kink-pairs
that migrate easily along the screw dislocation line [8, 9]. That part
is therefore designated as thermal contribution to the flow stress
and is responsible for the pronounced rate-dependent deformation
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behavior of W at room temperature (RT). Above ~0.2 Ty, screw and
edge dislocations exhibit a similar mobility. This temperature regime
is thus referred to as athermal, meaning that no additional thermal
activation is required for deformation [4, 5].

Although its high melting point makes W a promising candidate
for high-temperature applications, it has some major drawbacks.
Due to its high brittle to ductile transition temperature it has a low
fracture toughness, low elongation to failure and generally a low
formability at ambient temperature [8]. To face these issues, alloying
with Re was developed, as this causes a ductilization effect [6,10-12].
Because the rarity of Re renders it a very expensive metal, W-Re
alloys are not used extensively on a large scale. The most com-
mon applications nowadays are as thermocouples or focal tracks
of anodes for X-ray tubes [13]. For the development of plasma-
facing components in fusion reactors it is furthermore necessary to
understand the effect of Re in W [14-18].

Experimental evidence that Re decreases the Peierls potential in
W was found in the late 60s [19]. More recently, Romaner et al. [6]
proved the concept that alloying with Re changes the properties of
the 1/2(111) screw dislocation from a symmetric to an asymmetric
core and hence leads to a reduction in Peierls stress. The origin of
this intrinsic effect stems from filling of the d band, resulting in a
modification of the intermetallic bonding. It is known for almost half
a century that solid solution softening occurs in group VI elements
when alloying with elements from group V to VIII [11]. The effect
is strongly temperature dependent and disappears at temperatures
above ~0.2 Ty, [11, 20]. Also, the solute content where the minimum
hardness is reached depends strongly on the number of s and d elec-
trons of the alloying element, leading to a highest solute content at
the hardness-minimum for Re and lowest for Ni. At RT, a minimum in
hardness is observed around 5% Re, which decreases with increasing
temperature [20-23].

To experimentally study such effects in small volumes without
the need for large quantities of expensive alloys, nanoindentation
is the method of choice. Hardness and Young’s modulus of a mate-
rial can be investigated at high accuracy and reproducibility [24].
With increasing popularity of this technique, advanced testing pro-
tocols became available [25], allowing to determine the strain rate
sensitivity and activation volume of plastic deformation processes
[26,27]. These methods, combined with the possibility to test at ele-
vated temperatures [28-31], provide a powerful tool to study ther-
mally activated mechanisms for a better understanding of material
behavior at higher temperatures.

2. Materials and methods

Three different alloy compositions were tested in this study,
namely commercially pure W, W5Re and W10Re (in wt%). All sam-
ples were provided by Plansee SE (Reutte, Austria). The initial coarse-
grained microstructure resulted from a solution heat treatment at
1700° for 2 h. Light optical micrographs, including the average
grain size are shown in Fig. 1. Additional Vickers hardness (HV10)
measurements were performed on an Emco-Test M4C025G3M.

Nanoindentation experiments were conducted on an InSEM-HT
(Nanomechanics Inc., KLA, Oak Ridge, TN) with a continuous stiffness
measurement unit. The frequency of the superimposed force signal
was 100 Hz with a displacement amplitude of 2 nm. The system
is mounted in a Tescan Vega3 scanning electron microscope (Tes-
can, Brno, Czech Republic) under high vacuum (< 5.0 x 10~% mbar)
to prevent sample surface degradation or oxidation of the inden-
ter at elevated temperatures [28]. A tungsten carbide Berkovich tip
(Synton-MDP, Nidau, Switzerland) was used for all experiments. The
frame stiffness and area function of the tip were obtained by inden-
tation tests on a reference sample of fused quartz at RT according
to the analysis of Oliver and Pharr [24]. To ensure correct contact
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Fig. 1. Light optical micrographs of the investigated coarse-grained materials. The
grain boundaries were contrasted with a Murakami etching. Vickers hardness HV10
and mean grain sizes are indicated in the according image.

temperatures a tip temperature calibration was performed by direct
indentation into a thermocouple, as suggested by Wheeler and Mich-
ler [32]. Tip and sample are heated independently and carefully
adjusted to stabilize the correct isothermal contact temperature. To
follow any possible degradation of the indentation tip, after every
tested sample indentations were performed on fused quartz. Also
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after high-temperature testing the samples surfaces were examined
in a light optical microscope to exclude any surface oxidation.
Nanoindentation experiments were conducted from RT (25 °C)
up to 800 °C with temperature increments of 100 °C. To acquire
Young’s modulus E and hardness H, experiments with a constant
indentation strain rate [33] & = 0.5P/P = 0.2s~! up to a max-
imum indentation depth of 600 nm or to maximum load (50 mN)
were performed. Hardness and Young's modulus at each tempera-
ture were averaged between indentation depths of 300 and 450 nm.
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Fig. 2. Representative indentation data for W at RT, 400 °C and 800 °C: a) Load dis-
placement curves, b) Young’s modulus and c) hardness plotted overindentation depth
for tests with constant indentation strain rate. The inset in b) shows the Young’s mod-
ulus over temperature for technically pure W. In c) additional curves for strain rate
jump tests are presented.

To obtain strain rate sensitivity m = d(In(H))/9(In(¢)) and activation
volume V* = C*.+/3.kg-T/(m-H) of the materials, additional strain
rate jump tests were performed, as introduced by Maier et al. [27],
where C* is a constraint factor taken as 2.8. Up to 350 nm the inden-
tation strain rate was kept constant at P/P = 0.4 s~!, followed by an
abrupt rate change to P/P = 0.04 s~! for 125 nm and finally going
back to the initial P/P = 0.4 s~! for another 125 nm. At least six valid
indents were performed for every indentation protocol, material, as
well as temperature.

3. Results

Comparing the Vickers hardness values for the three investigated
materials in Fig. 1 indicates a pronounced solid solution softening
effect. While W and W10Re exhibit almost identical values of 319 +
7 and 312 + 6 HV10, W5Re is significantly softer (266 + 7 HV10).
This is clearly linked to a change in the intrinsic material behavior,
as for the continuously decreasing grain size from 54 um (W) to 34
pm (W10Re) an increase in hardness according to Hall-Petch would
be expected.

Fig. 2 shows representative indentation data for W at RT, 400 °C
and 800 °C. The top (a) and center (b) indicate load and Young’s mod-
ulus versus displacement for constant indentation strain rate tests.
In the inset of Fig. 2b Young’s modulus for W is shown as a function
of temperature with additional literature values [34, 35]. The contin-
uously recorded constant Young’s modulus over indentation depth,
as well as the accordance of our data with literature emphasize the
accuracy of this data even at high temperatures. Finally, in Fig. 2c
hardness over displacement is displayed for both testing protocols,
constant indentation strain rate as well as strain rate jump tests. As
expected for coarse-grained materials a decrease in hardness with
increasing indentation depth, a so-called indentation size effect [36],
can be observed, but was not investigated in detail, as the main focus
of this study is on thermally activated deformation processes.

The measured hardness as a function of the homologous tem-
perature T/Ty, for the three tested materials is illustrated in Fig. 3.
T for W is 3695 K, while the solidus temperature for W5Re and
W10Re strongly decreases to 3493 K and 3418 K, respectively [37].
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Fig. 3. Evolution of hardness over homologous temperature T/T, for the three
investigated materials at constant indentation strain rates. Thermal and athermal con-
tribution to hardness are highlighted for W and W10Re. The transition temperature
between these two regimes is well pronounced around 0.2 Tp,.
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The evolution of hardness over temperature is qualitatively simi-
lar for all three materials. From ambient to medium temperatures
(~400 °C) we observe a rapid decrease in hardness, followed by a
less temperature-sensitive, athermal part at higher temperatures.
The transition temperature between these two different behaviors
is slightly below 0.2 Ty. With increasing Re-content the level of
athermal hardness is increased, while the slope of the thermal part
or temperature-sensitivity 0H/d(T/Ty) is decreased. Solid solution
softening is evident at RT hardness values of 6.54, 6.25 and 6.69 GPa
for W, W5Re and W10Re and can be observed for W5Re for 100 °C
and 200 °C as well. Overcoming 300°C the effect reverses and solid
solution hardening takes place.

Strain rate sensitivity, activation volume and activation energy
are plotted as a function of temperature in Fig. 4. For the strain rate
sensitivity (Fig. 4a) of W we observe an increase from 0.021 at RTto a
peak of 0.037 at 300 °C, followed by a steady decrease with increas-
ing temperature. Alloying with Re lowers the strain rate sensitivity
and no significant increase from ambient to medium temperatures
can be observed. Overcoming approximately 400 °C all three alloys
show a steady decrease over temperature. The activation volume,
normalized to the cubed Burgers vector b of W (0.274 nm), in Fig. 4b
generally increases with rising temperature. Starting from a value of
8b3 for W at RT, it increases to above 200b% at 800 °C. The alloyed
variants show a slightly higher activation volume below 400 °C.
This effect disappears at temperatures exceeding 500 °C, where the
activation volume is found independent of the alloy composition.
From the hardness and Young’s modulus data the apparent activa-
tion energy Q can be ascertained using the modulus-compensated
hot hardness analysis [38, 39] H/E = G -exp(Q-m/(R-T)), where
G is a pre-exponential factor and R the gas constant. m-values are
averaged in the associated temperature regime. This is summarized
in Fig. 4c, where the data can be well described by linear fits in two
different temperature regimes.

4. Discussion

A typical evolution of hardness over temperature for bcc metals
with a pronounced thermal and athermal contribution to the flow
stress [4, 5] can be observed in Fig. 3a. The athermal hardness values
for W amounting to 40% of the RT hardness as well as a transition
temperature around 400 °C are in excellent agreement with litera-
ture data [29, 40, 41]. Below 0.2 Ty, alloying with Re manifests as a
reduced temperature-sensitivity dH/9(T/Tx). In the athermal defor-
mation regime an increase in hardness for the alloyed materials can
be observed, as is usually the case for solid solution strengthen-
ing [4]. The increase in athermal contribution on the one hand and
the decrease in temperature sensitivity of the thermal contribution
on the other hand leads to a solid solution softening for W5Re at RT
up to 200 °C.

Fig. 4a shows a pronounced rate-sensitivity for W at RT, which is
typical for bcc metals [4, 9, 42]. An increase in strain rate sensitivity
can be observed up to 300 °C, followed by a steady decrease at higher
temperatures. It is assumed that the initial increase below 0.2 Ty,
which is common for ‘technically pure’ or doped bcc metals, stems
from a thermally activated interaction of kinks with impurity atoms
[5, 42-44). The decrease of strain rate sensitivity at temperatures
above 0.2 T, results from thermal activation of dislocation move-
ment via kinks [9]. As alloying with Re increases the athermal hard-
ness, it generally decreases the strain rate sensitivity. This behavior
is commonly observed during solid solution softening in refractory
metals [19,45] and is closely related to the reduced temperature sen-
sitivity in the temperature regime below 0.2 Tp,. Notably, the strain
rate sensitivity for W5Re remains constant, or even increases slightly
between RT and 100 °C. It can be assumed that, as for the technically
pure W, thermally activated interaction of dislocations with impurity
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Fig. 4. Strain rate sensitivity a), activation volume b) and activation energy c) as a
function of temperature. In a) the arrow indicates the reduced strain rate sensitivity
due to alloying with Re, while in b) the arrow highlights the increased activation vol-
ume as a result of the reduced Peierls potential. The temperature regime, where the
activation volume is independent of the Re content (above 400 °C) is emphasized as
well. c) shows how activation energies of plastic deformation are determined with the
modulus-compensated hot hardness analysis for two different temperature regimes.
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atoms governs this effect. This behavior diminishes at higher tem-
peratures due to the dominating effect of the substitutional Re atoms
in the W lattice, a phenomenon that is described as ‘scavenging’ of
interstitial impurities by solute atoms [46].

The activation volume describes the atoms collectively involved
in the rate limiting deformation process [25] and is an indicator for
the dominant plastic deformation mechanism. A value of around
10b3 at RT (Fig. 4b) points to a kink-pair mechanism [7], which is
dominant at ambient temperatures for bcc metals in general [4, 9,
43]. At temperatures below 500 °C, the activation volume is sig-
nificantly increased for the alloyed materials. This is related to a
reduction in the Peierls potential due to the reorganization of the
screw dislocation core by Re and the resulting increase in mobility,
as reported in [6, 19]. Increasing the temperature to above 500 °C
raises the activation volume to values larger than 100b3. This
indicates that the deformation mechanism changes to dislocation-
dislocation interaction via forest hardening, a more fcc-like behavior
[5,42,43,47]. It should be noted that there is no change in the acti-
vation volume of the technically pure W between RT and 100 °C A
conceivable explanation for that could be that impurity atoms hin-
der the thermal activation of kinks in that temperature regime. This
assumption is supported by a similar observation for single crystal Cr
[43, 47]. At testing temperatures of 500 °C and above, corresponding
to 0.2 T, for all three materials, the activation volume is independent
of the Re content. As expected, this suggests that the rate limiting
dislocation interaction in the athermal deformation regime is not
strongly affected by the alloying element.

The activation energy at low temperatures is significantly
reduced for W10Re (0.5 & 0.1 eV), while 0.9 & 0.1 eV for W is close to
the activation energy of kink-pair formation at the critical resolved
shear stress between 127 and 227 °C (1.11 eV) [48], although oth-
ers found slightly higher values [49, 50]. In references [47] and [49]
it is assumed that kink-pair formation below 0.2 Ty, can be subdi-
vided into a line-tension and elastic interaction dominated regime.
One could presume a similar behavior in the W-data in Fig. 4 from the
small bend at 200 °C. To verify such a transient, narrower tempera-
ture increments would be necessary. In the present study, values are
averaged over the whole thermally activated deformation regime,
as the main focus lies on the temperature regime exceeding 0.2 Tp,,
where only limited data can be found in literature. Here, No signif-
icant influence of Re (2.6 £ 0.3 eV, 2.3 + 04 eV and 2.9 + 0.2 eV
for W, W5Re and W10Re, respectively) on the activation energy was
confirmed.

5. Conclusion

Advanced high temperature nanoindentation methods were
applied to study thermally activated deformation mechanisms in
binary W-Re alloys. For that purpose three different coarse-grained
alloys, namely commercially pure W, W5Re and W10Re were tested.

A reduction of the Peierls potential in W due to Re alloying was
manifested as an increased activation volume of plastic deforma-
tion below 0.2 Tp,. This results in a significantly decreased strain
rate sensitivity and temperature dependency for the alloyed mate-
rial variants. While the hardness in the athermal temperature regime
was increased through conventional solid solution strengthening,
the temperature-sensitivity in the thermal regime was drastically
reduced. These two oppositional influences lead to the occurrence of
solid solution softening in W5Re up to 200 °C.

To the authors’ knowledge this is the first study that focuses
on the plastic deformation behavior of W-Re alloys at tempera-
tures significantly above the transition temperature from thermal
to athermal flow stress. While solid solution softening can in some
conditions be observed at low temperatures, at typical forming
or application temperatures the mechanical behavior is governed

by dislocation-dislocation interaction and a solution strengthening
effect.
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