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Introduction
Body-centered cubic (bcc), refractory metals like molybdenum 
or tungsten are interesting candidates for structural applications 
due to their high strength at elevated temperatures. The flow 
stress of these bcc metals at low homologous temperature is 
however mainly governed by the mobility of screw dislocations 
and therefore strongly dependent on temperature and applied 
strain rate. Thus, bcc metals exhibit a brittle behavior at low and 
a ductile behavior at elevated temperatures. The temperature 
at which the brittle to ductile transition (BDT) takes places is 
referred as the brittle to ductile transition temperature (BDTT). 
This well-studied behavior is caused by the crystal lattice and the 
activated slip systems:

In the low-temperature regime, the plastic deformation of 
bcc metals is mainly governed by the slip of a2 〈111〉 screw dis-
locations on {110} planes, whereas at high temperatures, addi-
tional {112} and {123} slip planes are activated [1–4]. A spread-
ing of the screw dislocation core on {110} or {112} planes can 
take place due to the threefold symmetry of the 〈111〉 disloca-
tion line [5]. In consequence, the Peierls potential or the Pei-
erls–Nabarro barrier will increase, resulting in a higher resist-
ance of motion of the screw dislocations. The strength of this 
barrier is reduced by thermal activation and the formation of 
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kinks in the dislocation line. These kinks have an edge character 
and allow for the movement of dislocations over the barrier in 
steps. Thus, kink pairs are formed and they move through small 
kink steps instead of having to move the entire dislocation line 
at once. The nucleation and motion of these kink pairs is the 
rate controlling step, controlling the plastic deformation of bcc 
metals at low temperatures. Extrinsic effects like impurity atoms 
can constrain the kink mobility [3].

The dislocation velocity vD is related to the applied plastic 
strain rate ε̇ as described by the Orowan equation (Eq. 1) [5]:

with mobile dislocation density ρm and Burgers vector b. The 
screw dislocation velocity vD is given by Eq. (2) [5]:

where ρK is the steady-state kink density, vK the kink velocity 
and h the kink height. The kink pair nucleation rate J as well as 
the kink velocity are thermal activated processes and can there-
fore be expressed by Arrhenius-type equations (Eqs. 3 and 4). 
The kink pair nucleation rate J is [5]

(1)ε̇ = ρmbvD

(2)vD = ρKvKh,

(3)J = J0 exp
(

−Q
/

kT

)
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with a frequency constant J0 , required energy for kink pair 
nucleation Q, Boltzmann constant k and absolute temperature 
T. It can be assumed that the energy required to initiate a kink 
movement Qm is significantly lower than the energy Q required 
to form a kink pair. The resulting temperature-dependent kink 
velocity can be expressed by the following Arrhenius-type equa-
tion [5]:

where parameter a is the distance which a kink is moving at each 
step, v is a frequency constant and τ is the applied stress.

The plastic deformation is thus related to the formation and 
mobility of kinks. Both are thermally activated processes and 
therefore sensitive to test temperature and applied strain rate 
[6–9].

Seeger and Hollang [6] studied the temperature depend-
ence of the flow stress of single-crystalline (SX) Mo. The data 
are shown in Fig. 1, with additional data from Cheng et al. [9], 
based on tensile tests carried out by Nemat-Nasser et al. [8] 
for coarse-grained (CG) Mo. It is apparent from the diagram 
that the flow stress of Mo consists of an athermal (σa) and a 
thermal component (σ ∗) . The athermal component is related 
to the long-range internal stresses and microstructural barriers 
[10, 11]. However, the aforementioned nucleation and motion 
of kink pairs of the screw dislocations affects the thermal com-
ponent most and is responsible for the strain rate sensitivity 
(SRS) m of Mo. The flow stress of Mo decreases with increasing 
test temperature as shown in Fig. 1, until the knee temperature 
Tk, also referred as athermal temperature, is reached and flow 
stress remains nearly constant [7, 9, 12]. The knee temperature 
is about 20% of the melting temperature for bcc metals [13]. For 
ultrapure single-crystalline Mo, a knee temperature of approx. 
450 K was found [14]. Any further reduction of flow stress is 

(4)vk = 2av sinh
(

τbha
/

kT

)

exp
(

−Qm
/

kT

)

,

comparable to the temperature dependency of the shear modu-
lus [9]. The deformation in the temperature range below Tk is 
controlled by the mobility of screw dislocations. It is apparent 
that the flow stress of the polycrystalline Mo from the tensile test 
data of Nemat-Nasser et al. [8, 9] is larger than that of single-
crystalline Mo which is related to an increase in the athermal 
stress component due to grain boundary strengthening (see 
Fig. 1). The data will be used later as reference and discussion 
of the temperature-dependent change in strain rate sensitivity 
and activation volume.

This strong increase in the thermal stress component of bcc 
metals and the enhanced rate sensitivity below Tk lead to brittle 
fracture at low temperatures. The BDT is controlled by thermally 
activated dislocation mobility [15–18] and thus related to the 
applied strain rate (Eq. 1), microstructure [12] and testing con-
ditions [19]. In consequence, the BDTT is an extrinsic material 
parameter. It is currently not fully understood how the thermal 
activation and strain rate dependency of the flow stress governs 
the brittle to ductile transition temperature and how different 
testing methods could be used for estimating the temperature 
range for the BDT behavior of bcc metals.

In the present work, nanoindentation and compression test-
ing are used to assess the correlation between thermally acti-
vated processes with respect to strain rate sensitivity and activa-
tion volume and the brittle to ductile transition temperature in 
bcc metals determined by conventional Charpy impact testing. 
All experiments were performed on polycrystalline Mo, which 
is used as reference material.

There are several publications dealing with the BDT or the 
temperature-dependent mechanical properties of Mo and its 
alloys [18, 20–27]. In the most studies, tensile or impact tests 
were carried out. However, the authors of this study are not 
aware of any work that has used such a wide range of investiga-
tive methods to characterize the brittle to ductile transition of 
bcc Mo, particularly in terms of the strain rate sensitivity and 
activation volume underlying dislocation mobility. Different 
strain rate and stress conditions have been achieved by employ-
ing diverse mechanical testing methods.

In Charpy impact tests, a high strain rate is present and a 
triaxial stress state is formed in the region of the notch [28]. In 
compression tests, on the other hand, a uniaxial stress state is 
reached and very low strain rates are applied [29]. Therefore, 
indentation strain rate jump tests were carried out for compari-
son, in which a triaxial stress state is generated within the plastic 
zone below the indenter tip [30], bearing some similarity to the 
impact tests.

The deformation mode observed during impact testing is 
controlled by dislocation emission from the crack tip, which 
in turn depends upon the stress state and testing temperature. 
This dislocation emission is a thermally activated process [6, 
15], thus, the energy absorbed by the specimen during impact 

Figure 1:  Temperature dependence of the flow stress of CG and SX Mo 
[6, 8, 9].
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testing varies with temperature and strain rate. Furthermore, 
the dislocation mobility can lead to work hardening in the 
plastic zone next to the notch [15, 16, 31]. It is unclear how the 
thermally activated dislocation mobility changes in this high 
dislocation density region. In addition, different strengthening 
mechanisms, like grain boundaries or dislocation hardening, 
will influence the underlying mechanism and change the BDT 
behavior [6, 9, 26, 27].

The fracture properties, i.e., fracture toughness and BDTT 
of single-crystal bcc metals, vary with crystal orientation and 
active crack system. For tungsten, for instance, a change in 
BDTT of 100 K was found for different crystal orientations 
[16, 32]. In polycrystalline materials, grain boundaries can 
represent a preferred crack path, where the fracture stress 
depends on the misorientation, respectively the grain bound-
ary energy, of neighboring grains [33, 34]. Segregations at 
the grain boundary can influence the grain boundary energy, 
resulting in an altered fracture behavior. Leitner et al. demon-
strated how grain boundary segregations of carbon and boron 
change the fracture mechanisms from intergranular to trans-
granular resulting in a decreasing BDTT [35, 36].

The active, temperature-dependent deformation mecha-
nisms can be analyzed on the basis of the strain rate sensi-
tivity (SRS) m and activation volume. Changing the strain 
rate within a single test opens the possibility to determine the 
strain rate sensitivity of a material in a quasi-constant volume 
element or microstructure. The relationship between applied 
strain rate ε̇ and resulting flow stress σf  or hardness H is out-
lined in Eq. (5) [37]:

for uniaxial und indentation testing [37].
The activation volume V is related to the process of kink 

formation when an obstacle is overcome by a jump of a dis-
location line segment under an applied shear stress τ (Eq. 6) 
[38].

The resulting activation volume can be calculated using 
Eq. (7) [37]:

with Boltzmann constant k and absolute temperature T [37].
However, bcc metals show a well-known indentation size 

effect, i.e., the increase in hardness at low indentation depths, 
due to storage of geometrically necessary dislocations that are 
required to accommodate the large strain gradients induced by 
the indenter. This can lead to an overestimation of strain rate 

(5)m =
d(lnσf)

d(lnε̇)
∼=

d(lnH)

d(lnε̇)

(6)V = kT

(

d(ln ρm)

dτ
+

d(ln vD)

dτ

)

.

(7)V =
√
3kT

mσf

∼= 3
√
3
kT

mH

sensitivity [39, 40]. The Nix–Gao [41] analysis can be applied in 
order to get a depth-independent hardness value using Eq. (8):

with the hardness H at an indentation depth h and a character-
istic length h∗ . This characteristic length depends on the shape 
of the indenter, the sample shear modulus and the hardness level 
for an infinite depth H0 [41]. However, the internal material 
length scale also changes with testing temperature [7].

This paper addresses the question whether quasi-static 
nanoindentation and compression tests can be used to study 
the temperature-dependent deformation mechanisms or in 
more particular the BDT and BDTT in bcc molybdenum as it is 
usually done with Charpy V-notch impact tests. Therefore, the 
strain rate sensitivities as well as the activation volumes were 
determined with different techniques causing different stress 
states in the material. The results are compared to literature data 
on single- and polycrystalline bcc Mo in terms of strain rate 
sensitivity and activation volumes.

Results
Impact testing

The absorbed energy determined in Charpy impact tests is plot-
ted against temperature in Fig. 2a. A clear brittle fracture was 
observed at room temperature and below (Fig. 2b), with a low 
fracture energy in the order of 0.2 J. This is typical of fracture 
devoid of plasticity at the crack tip [15]. A mixed mode fracture 
is observed in the intermediate temperature range between 75 
°C and 110 °C. The cleavage crack propagated directly from the 
notch and followed the pancake microstructure (Fig. 2c). At 
T > 125 °C, the crack propagated in a ductile manner and plastic 
deformation was found next to the crack tip (Fig. 2d). A similar 
fracture behavior was observed by Babinsky et al. [27]. Disloca-
tion slip becomes easier with an increase in temperature due to 
a reduction in the flow strength of Mo. Hence, more energy is 
absorbed by the samples in this regime. The brittle to ductile 
transition range is highlighted by the gray box in Fig. 2a.

Compression strain rate jump tests

The results of compression strain rate jump tests in the brit-
tle (RT), ductile (200 °C) and intermediate regimes (60 and 
100 °C) are shown in Fig. 3a. A change in strain rate leads to 
a short transient in stress, e.g., the first strain rate jump from 
0.008 s−1 to 0.0008 s−1. This transition is caused by the mobility 
of the dislocation network as it is described by Eq. (1). Thermal 
activation of dislocations allows to overcome the Peierls barrier 
and the kink velocity increases (Eq. 4), resulting in a decrease 
in strength. The steady-state flow stresses at the constant strain 

(8)H = H0

√

1+
h∗

h
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rate marked by arrows (in Fig. 3a) are plotted as a function of 
temperature in Fig. 3b. These are later used to estimate the strain 
rate sensitivity and the activation volume.

Indentation testing

The load displacement curves of nanoindentation strain 
rate jump tests are shown in Fig. 4a. As mentioned above, 

the indentation size effect can lead to an overestimation of 
m. Therefore, Nix–Gao [41] fitting of the hardness displace-
ment plots was performed and the indentation size effect was 
subtracted from the depth-dependent hardness. This ensured 
that the estimated rate sensitivity and the activation volume 
are independent of the material length scale and indentation 
size effect. The resulting rate-dependent hardness is shown 
in Fig. 4b. During strain rate jump tests, a short transition is 

Figure 2:  Charpy V-notch impact tests: (a) temperature-dependent energy absorbed by Mo samples during impact testing. The gray area indicates the 
brittle to ductile transition range (b–d). Samples fractured tested at room temperature (0.26 J), 100 °C (3.03 J) and 250 °C (8.64 J).

Figure 3:  Compression strain rate jump tests: (a) stress over strain for different temperatures and (b) compression stress as a function of temperature for 
different strain rates.
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observed following a change in strain rate (Fig. 4b) similar to 
the compression SRJ tests.

The steady-state hardness from SRJ tests is decreasing 
with increasing test temperature as it is shown in Fig. 4c. It 
contains both the athermal and the thermal component of 
the flow stress, as the hardness can be converted into stress 
by multiplying with a constraint factor C. The hardness does 

not decrease further with temperature beyond approx. 125 °C, 
indicating that the critical temperature has reached. The effect 
of deformation on the activation volume and the rate sensitiv-
ity will be discussed in the next section. Therefore, the strain 
rate sensitivity and the activation volume were estimated using 
Eqs. (5) and (7) [37, 38].

Discussion
Thermally activated processes in bcc Mo have been investigated 
by using low strain rate indentation and compression experi-
ments at various temperatures. It is not fully understood how 
the high strain rates and stress triaxiality at the notch during 
an impact test will influence the underlying dislocation mecha-
nisms. Such stress triaxiality is also found in nanoindentation 
testing and this work aims at establishing the possibilities offered 
by nanoindentation testing as an approach for investigating ther-
mally activated processes at elevated temperatures. The results 
are compared with uniaxial compression tests and literature 
data. The triaxial stress state during indentation testing makes 
it difficult to directly compare hardness and compression flow 
stress values. Therefore, strain rate sensitivity coefficient (m) is 
first used to compare results from different testing approaches.

The rate sensitivity coefficients and corresponding activation 
volumes—determined from present experiments, single-crystal 
data from Seeger and Hollang [6] and a modified mathematical 
model for polycrystalline Mo by Cheng et al. [9]—are plotted 
as a function of test temperature in Fig. 5. The brittle to ductile 
transition range determined by impact testing is highlighted 
in gray for comparison. The present measurements, as well as 
the literature data, show a small SRS at low temperatures and 
an increase in the rate sensitivity in the intermediate tempera-
ture range (50–110 °C) before again a decrease at higher tem-
peratures ductile regime (Fig. 5a). A similar behavior was also 
observed for bcc tungsten [42].

However, the absolute values of m are quite different for 
the different testing methods and microstructures. The highest 
SRS value is found for the single-crystal experiments by Seeger 
and Hollang [6], which is strongly increasing in the temperature 
range from approx. 50–110 °C. At this temperature range, the 
flow stress is strongly dropping with increasing temperature, 
however, the change in stress with strain rate remains largely 
constant.

The polycrystalline data by Cheng et al. [9] show a maxi-
mum in SRS in the temperature range from 50 to 80 °C. The 
SRSs determined from compression test data are almost identi-
cal to the literature values of Cheng et al., while the indentation 
technique provides significantly lower values. This indicates that 
the rate sensitivity is affected by the stress state inside the probed 

Figure 4:  Nanoindentation tests: (a) load–displacement curve of the 
strain rate jump tests, (b) indentation size effect-corrected hardness from 
SRJ tests plotted against indentation depth, (c) hardness as a function of 
test temperature.
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volumes, whereas the applied strain rate has a negligible impact 
on the results.

Such discrepancies between individual testing methods 
and applied strain rates are caused by the interplay between 
the net flow stress and the strain rate sensitivity. The flow stress 
consists of a thermal component (temperature dependent) and 
an athermal component (grain size dependent). Therefore, the 
flow stress of polycrystalline Mo is larger than that of single-
crystalline Mo due to grain boundary strengthening (see Fig. 1). 
Although the �σ/�H is similar at a constant temperature, the 
lower overall value of flow stress values for the single-crystal 
specimen results in a larger value of the SRS coefficient when 
it is estimated using Eq. (5). Therefore, as the net flow stress of 
Mo increases by grain boundary strengthening, the strain rate 
sensitivity decreases.

The activation volumes determined for single- and poly-
crystalline Mo (Fig. 5b) however differ only slightly and the 
activation volume for polycrystalline Mo is almost independ-
ent of the test method (uniaxial or triaxial stress state during 
indentation). The activation volume gives thus a much better 
representation of the deformation mechanism under these test 
condition, since both rate sensitivity and flow stress respectively 
hardness are considered in the analysis (Eq. 7). In comparison, at 
low temperature an activation volume of about 5  b3 is found, and 
similar values (4–7  b3) are already reported for SX tungsten and 
chromium [43]. The activation volume is increasing to about 30 
 b3 at elevated temperatures.

Analyzing the temperature-dependent change of the acti-
vation volume in more detail, it is noticeable that a moderate, 
linear increase in the low temperature range can be observed. 
However, as soon as a critical temperature is reached, the gra-
dient of the linear increase changes significantly. This behavior 

is shown in Fig. 6 in more detail for the different data sets. In 
the following analysis, the critical temperature is determined 
by a line intercept method and is thus called as intersection 
temperature, Tint, in the following. Therefore, the activation 
volumes for the low and high temperature range are fitted in 
their linear regime (red dashed lines) and the intersections 
of the linear fitting lines are used as a measure for Tint. This 
results in Tint of approx. 77 °C for the single-crystal data of 
Seeger and Hollang [4] and 88 °C for the polycrystalline data 
of Nemat-Nasser [8] and Cheng et al. [9] (Fig. 6a, b). The same 
analysis for the SRJ tests yields an intersection temperature of 
76 °C for nanoindentation and 79 °C for compression testing 
(Fig. 6c, d). Included in the diagram is also the range of the 
brittle to ductile transition temperature, as determined by the 
Charpy Impact test (Fig. 6c, d). It seems that the intersection 
temperatures are close to the lower limit of the BDT tempera-
ture range. At Tint, the SRS exhibits a maximum, whereas the 
activation volume is starting to increase significantly.

This leads to the question of the meaning of Tint and the 
underlying physical processes, which are activated and lead to 
the strong change in the activation volume.

The intersection temperatures of 76–88 °C (Fig. 6) are 
significantly lower than the knee temperature of Mo single 
crystals, which is found to be Tk = 177 °C (450 K) [14]. The 
knee temperature is not necessarily identical to the BDTT. It 
rather represents an upper limit for the BDTT, i.e., TBDT ≤ Tk 
[44] as the Peierls barrier disappears at T > Tk and the material 
can deform in a ductile manner. At temperatures below Tk, 
the deformation is limited by the mobility of the screw dis-
locations [12, 19]. However, the mobility can already be high 
enough to cause a “semi-ductile” material behavior. The dis-
cussion above shows that the intersection temperature must be 

Figure 5:  Temperature dependence of (a) strain rate sensitivity and (b) activation volume compared with literature from Seeger and Hollang [6] 
and mathematical model by Cheng et al. [8, 9]. The brittle to ductile transition range from Charpy V-notch impact testing is highlighted in gray for 
comparison.
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below Tk, so it has to be questioned how the BDTT is related 
to Tk and Tint. At temperatures below Tint, activation volumes 
of V ≤ 5  b3 are found, which can be linked to a kink mecha-
nism [43]. At temperature above Tk, the thermal energy alone 
is sufficient to overcome the Peierls barrier, the thermal com-
ponent of the yield stress disappears (Fig. 1) and the mobility 
of screw and edge dislocations becomes equal [12, 19].

The Tint is thus close to the onset of the BDTT and the very 
good agreement of literature data and the data provided here 
make us confident that by analyzing the intersection of the acti-
vation volumes an estimate of the BDTT can be provided.

It should be noted, however, that this rather simple analysis 
procedure can only give an approximation of the brittle to duc-
tile transition temperature. The temperature-dependent course 
of V can only be described with a linear fit to some extent. As 
shown in Fig. 6c, d, the data of this study show a well-defined 
change in V with increasing T, while the literature data (Fig. 6a, 
b) show a rather continuous transition. This complicates the 
definition of appropriate fitting functions.

This discussion clearly shows that the SRS coefficient can 
only provide a qualitative description of the thermally acti-
vated processes. A much better understanding of the defor-
mation mechanisms can be achieved by comparing the acti-
vation volumes, since in that case the SRS is normalized by 
the flow stress and therefore independent of the stress state. 
Furthermore, the activation volume can be directly related 
to the spacing between the obstacles, i.e., the smaller the 
distance between obstacles, the lesser will be the activation 
volume and vice versa [45, 46]. Thus, the thermally activated 
mobility of screw dislocations is reflected in the activation 
volume. At low temperatures, the high Peierls stress does not 
allow the motion of dislocations and kinks must be nucle-
ated for the dislocations to move resulting in a low activa-
tion volume of the order of 5  b3. At high temperatures, the 
deformation is controlled by the motion of kink pairs thereby 
resulting in a higher activation volume (> 20  b3) as shown 
in Fig. 5b. This is in agreement with literature data [8]. For 
tungsten, an increase in V to about 200  b3 was observed at 

Figure 6:  Determination of the intersection temperature for (a) SX Mo data from Seeger and Hollang [6], (b) Cheng–Nemat-Nasser model [8, 9], (c) 
nanoindentation strain rate jump tests and d) compression strain rate jump tests. The brittle to ductile transition range from Charpy V-notch impact 
testing is highlighted in gray for comparison.
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T > Tk, indicating dislocation interactions as observed in face-
centered cubic materials [42, 43].

The most interesting finding of the present work is that 
irrespective of the testing method and stress state—triaxial in 
indentation and uniaxial compression testing—a similar change 
in the activation volume is observed with an increase in test 
temperature. This clearly shows that the fundamental deforma-
tion mechanism controlling plastic deformation is the same in 
all the testing methods and the activation volume is the control-
ling parameter, which must be analyzed to compare the different 
test methods. The applied strain rates during impact testing are 
significantly larger than those employed during conventional 
indentation testing. However, the stress triaxiality during impact 
testing and the plastic zone underneath the indenter tip are quite 
similar.

The different methods differ not only in the stress state and 
the applied strain rate, but also in the microstructure being 
tested. Seeger and Hollang have performed experiments on sin-
gle-crystalline Mo and thus obtain best data for the movement 
of screw dislocations, while Nemat-Nasser et al. have investi-
gated polycrystalline Mo. These results are influenced by the 
different crystal orientations and grain boundaries. The results 
of the impact and compression tests carried out in this work are 
also influenced by grain boundary effects due to the size of the 
plastic zones. This is not necessarily the case for nanoindenta-
tion testing, as the probed volumes are small in respect to the 
grain size. In consequence, the information is obtained from 
individual grains or from a small number of grains depending 
on the grain size of the tested material. Thus, the influence of 
boundary effects is not as pronounced as in the other testing 
methods carried out in this study.

It could be assumed that, in general, the indentation tech-
nique provides more reliable results than tensile or compres-
sion testing. This is especially the case for highly anisotropic 
materials, as there the hardness is less influenced by the grain 
structure and texture due to the triaxial stress state inside the 
plastic zone. Although the indentation data are less dependent 
on crystal orientation than uniaxial test results, the orientation 
can still affect m, H and in consequence the activation volume 
as these parameters depend on the number of active slip systems 
[43]. Thus, the intersection temperature is expected to depend 
on the crystal orientation. Furthermore, it has been shown in the 
literature that Mo exhibits only a marginal orientation-depend-
ent hardness [47].

For the present data, the influence of crystalline orienta-
tion has not been specifically addressed. However, due to the 
small scatter in data, a strong influence of the crystal orienta-
tion on the determination of the brittle to ductile transition is 
not expected.

Recently, the development of non-ambient temperature 
nanoindentation systems has made significant progress. This 
opens the possibility for studying the BDT in a rather wide 
temperature range between − 142 and 1100 °C [48, 49].

In this study, the quasi-static tests show a slightly lower 
brittle to ductile transition temperature than Charpy impact 
tests with 93.5 °C [middle of the transition range (75–110 °C)]. 
This is in accordance with literature where a strain rate 
dependence of the BDTT was observed [15, 16, 26]. This 
phenomenon is due to an increase of the yield strength with 
increasing strain rate [26]. Additionally, a local temperature 
increase can occur within the plastic zone, which is more pro-
nounced for high deformation rates, since the adiabatic energy 
generated by plastic deformation cannot dissipate due to the 
short time scale. This effect can also cause a small shift in the 
transition temperature. Furthermore, the determination of an 
exact transition temperature by using impact testing is only 
possible to a limited extent due to the scattering of the data. It 
is therefore more favorable to specify a temperature range for 
the BDT. This shows a further advantage of the methodology 
presented here, where the increase in activation volume pro-
vides a clear indication of the BDT and thus a more precise, 
strain rate-dependent BDTT can be determined.

Conclusions
The active deformation mechanisms in bcc Mo have been 
investigated using different mechanical testing approaches 
and following conclusions could be drawn:

1. The absolute value of strain rate sensitivity parameter 
(m) for bcc metals is dependent on the net flow stress. 
An increase in athermal component with grain boundary 
strengthening leads to a lower value of m and vice versa.

2. Indentation and compression SRJ tests show a low strain 
rate sensitivity in the brittle regime. It increases with tem-
perature to a maximum at the onset of the brittle to ductile 
transition before decreasing in the ductile regime.

3. The significant increase in the activation volume can be 
used in order to determine the brittle to ductile transi-
tion temperature and gives information about the active 
deformation mechanism. In addition, unlike yield stress/
hardness and strain rate sensitivity, it is independent of the 
microstructure and test method, since it depends only on 
the distance between thermal obstacles.

4. High-temperature nanoindentation strain rate jump tests 
can be used as a complementary approach to Charpy impact 
testing for investigating active deformation mechanisms 
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and for estimation of the brittle to ductile transition tem-
perature.

Material and methods
Polycrystalline Mo with a purity of 99.97% was purchased from 
Plansee GmbH as 5-mm-thick hot-rolled plates. The main impu-
rities were tungsten (< 300 µg/g), oxygen (< 40 µg/g) and carbon 
with (< 30 µg/g). These samples had a grain size of 125 µm in 
the texture direction and a grain size of 37 µm perpendicular to 
the texture direction.

Nanoindentation strain rate jump tests [37, 38] were per-
formed using the load-controlled G200 nanoindenter (Key-
sight technologies, USA) equipped with a diamond Berkovich 
tip and a Laser heating set-up (both from Surface System Tech-
nology, Germany) for testing up to 500 °C. The sample and the 
indenter tip could be heated independently with a tempera-
ture stability of 0.1 °C. A temperature adjustment procedure 
that ensures the accuracy of the tip and sample temperature 
is required for reliable measurements with low thermal drift 
rates at high temperatures [50]. The tip was therefore used as 
a probe by heating it with a constant laser power. Afterwards 
the sample temperature was adjusted until the change in tip 
temperature during contact with the sample was less than or 
equal to 0.1 K. At least six tests were performed at 30, 50, 75, 
100, 125, 150 and 200 °C. The test locations were chosen arbi-
trarily; nevertheless mainly the interior of different orientated 
grains was tested. Forming gas (VARIGON H5, Linde, Ger-
many) was used to prevent oxidation of the tip and sample. 
Strain rate jump tests were used to investigate the thermally 
activated mechanisms by varying the applied strain rate in the 
range 0.05 s−1 to 0.001 s−1.

All indentation tests were performed on the same sample 
which was polished using the conventional metallographic pol-
ishing techniques followed by etching with a solution of 20 ml 
 H2O2 (30%) and 10 ml  H2SO4 (95%) in 70 ml deionized water. 
Finally, the deformation layers—induced by mechanical pol-
ishing—were removed by vibrational polishing using an oxide 
particle-based solution.

Rectangular samples with dimensions of 4 × 4 × 8  mm3 were 
machined and polished plane-parallel for compression testing. 
Compression strain rate jump tests were performed using Z030 
load frame (Zwick/Roell, Germany); it was equipped with a 
LVDT displacement sensor and a heating chamber, thus ena-
bling measurements at 25, 40, 50, 60 75, 100 and 200 °C. A pre-
load of 250 N was applied to the samples before heating to the 
test temperature. The temperature was kept constant for 10 min 
before starting the test. This ensures a good thermal stability of 
the system. The strain rates during the jump tests consisted of 
0.008 s−1 till a displacement of 45 µm (0.5% ε), 0.0008 s−1 till 
75 µm (0.9% ε), 0.008 s−1 to 105 µm (1.3% ε) and 0.08 s−1 till 

165 µm (2% ε). Further details about the machine set-up and 
control of strain rate can be found in [51].

Miniaturized Charpy V-notch impact tests (KLST) were 
used to investigate the brittle to ductile transition at high strain 
rates. Impact tests were performed at Karlsruhe Institute of 
Technology (IAM-WBM) at different temperatures between 
− 100 and 250 °C. The specimens were designed according to 
DIN 50,115. A notch with tip radius of 0.1 mm and opening 
angle of 60° was machined in at the middle of the rectangu-
lar specimen with dimension of 27 × 4 × 3  mm3. Impact tests 
were carried out using an impact testing device (Zwick/Roell, 
Germany) with an impact energy of 25 J resulting in an impact 
velocity of 3.85 m/s. The striker radius is 2 mm and the spacing 
between the supports is 22 mm. The system enables an auto-
matic specimen cooling, heating and transporting in a test tem-
perature range between − 180 and 600 °C.
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