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ARTICLE INFO ABSTRACT

Keywords: The high brittle-to-ductile transition (BDT) temperature of conventionally produced tungsten (W), challenges the
Isothermal heat treatment design of W-based structural components. Recent studies have demonstrated the potential of cold rolling to
Recovery produce W sheets, which are ductile at room temperature and exhibit a BDT temperature of 208 K. In order to

Softening kinetics
Apparent activation volume
Annealing texture

assess the thermal stability of these materials, we conducted isothermal heat treatments (at 1300 K, for an-
nealing durations between 0.1 h and 210 h) combined with studies on the evolution of mechanical properties
and microstructure of a severely deformed undoped W sheet. With this work, we demonstrate the need for a
stabilized microstructure before utilization of cold-rolled W in high-temperature applications can take place
successfully. After annealing at 1300 K for 6 h, the material properties changed remarkably: The BDT tem-
perature increases from 208 K to 473 K and the sharp BDT of the as-rolled condition transforms into a wide
transition regime spanning over more than 200 K. This means in fact, an endangered structural integrity at room
temperature. We also address the so-called phenomenon of 45° embrittlement of W sheets. Here we show that
cleavage fracture in strongly textured W sheets always takes place with an inclination angle of 45° to the rolling
direction, independent of the studied material condition, whether as-rolled or annealed. An in-depth study of the
microstructure indicates a correlation between an increased BDT temperature caused by annealing and micro-
structural coarsening presumably by extended recovery. We conclude that 45° embrittlement needs to be
comprehended as a combined effect of an increased spacing between grain boundaries along the crack front,
leading to an increased BDT, and a high orientation density of the rotated cube component or texture compo-
nents close to that, which determine the preferred crack propagation of 45° to the rolling direction.

1. Introduction disqualifies bcc metals from being used as structural materials for ap-

plications below the respective BDT temperature [3]. The BDT tem-

The brittle-to-ductile transition (BDT) is a striking feature of body-
centered cubic (bcc) metals [1]. Because of its impact on the safe op-
eration of components, the BDT is the most critical property of bcc
metals from an industrial point of view. Above the BDT temperature,
bce metals behave similarly to face-centered cubic metals: they exhibit
a high toughness and good formability [2]. However, below the BDT
temperature, the mechanical properties of bcc metals change funda-
mentally: they exhibit brittle material behavior with unstable crack
propagation by cleavage fracture. This change in material behavior

perature is not an intrinsic property, it is instead strongly influenced by
the microstructure and, due to that, by the processing history [4]. On
the production side, chemical composition, plastic strain conducted by
the forming process and forming temperature are the most critical
parameters to control the BDT temperature of the later product [5,6].
Significant improvements in terms of a reduced BDT temperature have
been obtained for technical pure W by cold rolling [7-12]. Micro-
structural investigations have shown that a small grain boundary spa-
cing along the crack front and high dislocation densities are desirable
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microstructural features to achieve room-temperature ductility [13].

On the other hand, induction of high grain boundary and dislocation
densities by cold rolling, increase the internal stored energy and con-
sequently the driving force for recrystallization [14]. Moreover, de-
formation induced HABs are generally higher energetically than grain
boundaries formed during primary recrystallization [14]. This might
raise problems with the thermal stability of the microstructure of cold-
rolled W, aiming to be used in high-temperature environments [15-17].
The replacement of the deformed microstructure by non-deformed
grains during recrystallization causes a loss of the improvements gained
by the prior deformation [7,18-20]. Alfonso et al. [21,22] have de-
monstrated the negative impact of an increased level of thickness re-
duction on the resistance to recrystallization by studies on warm-rolled,
technically pure W plates with moderate and high thickness reductions
of 67% and 90%, respectively. Considering half recrystallization after
an extrapolated operation time of 2 years, i.e. recrystallization of less
than 50% of volume fraction during this period as a limit, Alfonso et al.
determined a maximum temperature of 1348 K for W that has under-
gone a thickness reduction of 67%, whereas a limiting temperature of
only 1173 K was predicted for the plate with a 90% thickness reduction.

In previous work, we have demonstrated the enormous potential of
cold rolling by decreasing the BDT temperature of technically pure W to
208 K [10], which means, in fact, stable crack propagation at room
temperature. A cumulative thickness reduction of 98% by severe warm-
and cold rolling was carried out to gain this level of improvement.
Consequently, the opposing consequences of severe rolling have to be
taken into account: Grain size reduction and the increase in dislocation
density achieve the desired ductile W at room temperature [13] on the
one hand. The negative impact of such microstructures on the thermal
stability, on the other hand, raises questions about the mechanical
performance of severely cold-rolled W sheets at room-temperature after
exposure to heat. In addition, rolled W sheets are frequently facing a
specific problem of fracture after subsequent heat treatment: This
phenomenon has become known as 45° embrittlement, due to the char-
acteristic crack path of cleavage fractures with an inclination angle of
45° with respect to the rolling direction [23]. With this paper, we at-
tempt to answer the following open questions:

(1) What is the effect of heat treatments over short to intermediate
periods of time on the BDT temperature and the microstructure of
cold-rolled, room-temperature ductile W sheets?

(2) What is the origin of 45° embrittlement?

This paper is organized as follows: After a first assessment of the
softening behavior of cold-rolled W sheets during subsequent an-
nealing, we study the impact of annealing and related softening on the
BDT temperature. Then, we show the results of a comprehensive mi-
crostructural characterization and make an attempt to link the evolu-
tion of the microstructure with the change in BDT temperature and the
occurrence of 45° embrittlement.

2. Materials and methods

In this study, we used an initially warm-rolled and subsequently
cold-rolled, technically pure W sheet as starting material. For the dis-
tinction between warm- and cold rolling, we make use of the classifi-
cation for bcc refractory metals by Trefilov et al. [24]. The material was
provided by Plansee SE, Reutte, Austria. The total logarithmic strain
conducted by warm- and cold rolling was 4.1, of which the initial 3.3
were obtained by warm rolling and the last 0.8 by cold rolling. This is
equivalent to a total thickness reduction of 98% after the last pass of
cold rolling. The thickness of the sheet after rolling was 0.1 mm. We
refer the reader to another publication for more details of the proces-
sing history [10]. The hardness of the cold-rolled material in the as-
rolled condition was 646 *+ 7 HVO0.1. The chemical composition after
rolling is given in Table 1.
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Table 1
Chemical analysis of the as-rolled condition taken from from Ref. [25].
C N O Al Si P S K Ca v
7 <2 7 <2 <10 <3 <2 <1 1.5 < 0.05
Cr Mn Fe Ni Cu Zn Mo Cd Pb
1.0 0.3 12 0.8 0.07 < 0.5 221 < 0.03 < 0.03

All concentrations are given in wt.-ppm. Summing up the concentrations of
impurities considers the measured concentration or the detection limits (<)
depending on which one is higher. Foreign elements in total: 72.4 wt.-ppm

2.1. Material: heat treatments

Heat treatments at 1300 K, which is equivalent to 35% of the
melting temperature, were carried out. Annealing durations in the
range from 0.1 h to 210 h were undertaken. Two different procedures
were applied: (i) for annealing durations up to 50 h, we used a tube
furnace. The furnace was heated up to the target temperature of
1300 K. After the furnace thermocouples indicated reaching the target
temperature, the specimens placed in an evacuated tube were inserted
into the furnace. Time measurement started after the difference be-
tween the actual temperature of the specimen (measured by a ther-
mocouple in the slider located below the crucible) and the target
temperature was less than 20 K. (ii) Heat treatments with annealing
durations longer than 50 h were conducted in a muffle furnace, after
encapsulating the specimens in glass ampoules. The encapsulation in-
cluded flushing the ampoules with argon, then evacuation and sealing
with a blowtorch. In both procedures, the tube and the ampoules were
cooled down in air after extraction from the furnace.

2.2. Vickers hardness tests: softening behavior

In preparation for Vickers hardness tests, the differently heat-
treated specimens were embedded in a hard compound as a mechani-
cally clamped stack of specimens. The material volume of the speci-
mens affected by electro-discharge machining was removed by careful
grinding of the stack of samples. Due to mechanical and subsequent
electrochemical polishing, we ensure smooth sample surfaces (surface
roughness Rt below 100 nm) and minimal hardening of the surface
layer by preparation-induced deformation. An aqueous solution con-
taining demineralized H,O and 0.66 wt.-% NaOH (diluted ASTM elec-
trolyte VII-7 [26]) was used as etching agent. We applied a voltage of
10V for a net time of 180 s, activated in intervals of 5 s current and 10 s
time-out. The Vickers hardness (HV0.1) of the samples was determined
at room temperature using a combined Vickers microhardness in-
dentation and measuring system (Clemex CMT.HD, Canada) providing
a 400 x optical magnification. A load of 100 gf for a standard dwell
time of 10 s was applied [27]. In order to maximize the number of
interacting grains, indentation was performed along the rolling direc-
tion (RD) on the surface defined by the transversal direction (TD) and
normal direction (ND). The indents were conducted on the centerline
parallel to the transversal direction of the above-noted TD-ND cross-
section. For each condition, the mean value out of 10 data points was
calculated after the elimination of maximum and minimum value out of
a set of 12 indentations.

2.3. Fracture mechanical testing: BDT temperature

Detailed descriptions of the single-edge notched tensile SE(T) spe-
cimens and the specimen fixture are provided in Fig. 1. First, the sample
geometry of the SE(T) specimens was cut out. Afterwards, the cut parts
were annealed at 1300 K for 6 h in a tube furnace. Finally, the starting
notch was inserted by EDM. The tip of the notch had a radius of around
70 pm and showed multiple parallel-aligned thermal-induced cracks as
highlighted in Fig. 1c. Only the L-T crack system [28] was studied in
this work. To determine the impact of the annealing on the BDT
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Fig. 1. Fracture mechanical testing. In (a) the specimen fixture, specimen po-
sition, and the assembly device are depicted. The SE(T) specimen is highlighted
in red, components of the assembly device are bordered by yellow lines.
Furthermore, the alignment of the rolling direction (RD) and transverse direc-
tion (TD) with respect to the notch position is provided. In (b) the geometry of
the used SE(T) specimens is described in detail. Subplot (c) shows the tip of the
notch inserted by EDM. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

temperature, we conducted a series of fracture toughness tests (mode I
loading, crack opening). The tests were performed in air at a nominal
loading rate of 1 MPa m®® s~ ! until fracture occurred. We conducted
all fracture toughness test in displacement-controlled mode with con-
stant crosshead speed. A universal mechanical testing machine
(ZwickRoell 1474, Germany) equipped with an environmental chamber
(Instron SFL 3119-400, USA) was used for all fracture toughness tests,
covering a temperature range 120-550 K. Values for the critical stress
intensity factor (Ko) were calculated in accordance with ASTM E399
[28]. Literature does not provide a consistent criterion for the transition
temperature. In this study, we define the BDT temperature as the lowest
test temperature in the respective test campaign that showed only
specimens exhibiting ductile or stable crack propagation across at least
2% of the ligament width [29], in this work denoted as semi-ductile
material behavior. Or in other words: The lowest test temperature at
which samples did not exhibit brittle fracture. For the distinction in
ductile, semi-ductile, and brittle material samples we made, we refer
the reader to an earlier publication [10].

2.4. Electron backscatter diffraction: texture and microstructure

Sample preparation for the EBSD experiments was conducted in the
same way as above described for the Vickers hardness measurements.
Data on the materials' microstructure and texture were collected with a
high-resolution field emission SEM MERLIN (Carl Zeiss Microscopy,
Germany) equipped with a high-speed data collection EBSD system
Hikari XP (EDAX Inc., USA). Acquisition of orientation information for
texture determination was carried out on the cross-section defined by
TD and ND [28], using an acceleration voltage of 20 kV and probe
current of 20 nA. With regard to the grain dimensions, step size for
texture measurement was set to 400 nm [30]. Ten maps, with an area of
280 pum by 40 um each, were acquired along the centerline of each
sheet, collecting orientation data of about 10k grains [31]. Micro-
structure analysis was performed using an acceleration voltage of
15 kV, probe current of 20 nA and a step size of 40 nm. Cross-sections
defined by RD and ND [28] were scanned. Four maps, with an area of
35 um by 45 um each, were acquired along the centerline of the sheet.
Texture and mean grain size were derived from stitched maps [32].
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Error bars were determined by calculating the standard deviation be-
tween the mean values of the single maps. By using TSL OIM Analysis
v8, pixels with a confidence index (CI) below 0.1 were eliminated
during post-processing. Apart from a grain CI standardization, no clean-
up routine was performed on the datasets so that the measured or-
ientation of all the points remained unchanged. Before texture analysis,
orientation data was adjusted for slight specimen misalignment in the
SEM inspecting the symmetry of the discrete pole figures [33]. Or-
ientation distribution functions (ODF) were calculated using the gen-
eralized spherical harmonic series expansion of Bunge [34] expanded
up to rank 34 and selecting a Gaussian half-width of 5° for smoothing,
which is the lowest value without obvious artifacts in the maps dis-
playing the ODF at rank 34 for these materials [35]. In this paper, high-
angle boundaries (HABs) are defined as boundaries between points with
a lattice disorientation angle above 15°, low-angle boundaries (LABs)
are defined to have lattice disorientation angles between 2° and 15°. We
selected the line intercept method to determine the mean spacing be-
tween intersection points along test lines along ND with HABs and
LABs. The expression chord length frequently used in this paper refers
to the spacing between boundaries along ND, determined along mul-
tiple intersecting lines. Here, we differentiate between (i) the inter-
ception distance between HABs, denoted as chord length for HABs and
(ii) the spacing considering both, HABs and LABs, called chord length
for all boundaries. Due to the alignment of the L-T crack system used in
this study, the mean chord length for HABs represents the mean spacing
between HAB:s (i.e. lattice disorientations above 15°, cf. Ref. [14]) along
the crack front. Similar to that, the mean chord length for all bound-
aries represents the mean spacing between boundaries with lattice
disorientation angles above 2° along the crack front.

2.5. X-ray diffraction experiments: dislocation density

The dislocation density was assessed by X-ray diffraction (XRD) and
derived from the peak broadening of the resulting line profile. Due to
the smooth surface of the rolling plane after cold rolling and pickling,
electrochemical polishing as described above was sufficient as surface
preparation. A Bragg-Brentano type diffractometer (Seifert, Germany)
equipped with a 1D detector (Meteor 1D; 600 single active segments of
0.01°) was used for recording the line profiles. The diffractometer was
equipped with a Cu anode, operating with an acceleration voltage of
40 kV to gain an optimized ratio of intensities between CuK, and
bremsstrahlung. The beam current was 30 mA. A Ni filter was used to
suppress CuKp radiation during the experiment, whereas the CuK,
fraction was subtracted during post-processing applying the mathe-
matical Rachinger correction using Seifert RayfleX Analyze in version
2.503, cf. Ref. [36]. The specimen was mounted on the Goniometer
(Type MZ IV) so that the rolling plane (plane normal to ND) was facing
the X-ray beam. Due to the symmetrical beam path, the diffraction
vector is parallel ND. A 26 interval between 10° and 135° was scanned
with a step size of 0.01°. Due to the use of a 1D detector, an interval of
6° (26) was measured at once. The cumulated acquisition time for each
angular step was 360 s. We corrected the entire full width half max-
imum (FWHM) of each peak by subtracting the instrumental con-
tribution applying the approach for Lorentz-shaped peaks (linear sub-
traction), i.e. the physical width is underestimated and due to that the
dislocation density as well [37]. Instrumental line broadening was
quantified measuring the powder standard NIST SRM 660c (LaBg, line
position, and line shape standard). After this correction, we calculated
the dislocation density by applying the modified Williamson-Hall
method [38]. Due to texture sharpening during annealing, fewer peaks
were accessible in the present study compared to the previous work
dealing with the as-rolled state [13]. The three most dominant peaks
relating to the {200}, {211}, and {222} plane, were considered for the
calculation. The dimensionless screening factor M, characterizing the
effective outer cut-off radius, was assumed to be 2 [39].
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3. Results and discussion

In this study, we elucidate the impact of short- to intermediate-time
annealing durations in the range of 0.1-210 h on cold-rolled tungsten
(W) sheets. The following results concern (i) mechanical properties
with hardness and brittle-to-ductile-transition (BDT) temperature, and
(i) microstructural properties like texture and chord length, before and
after an isothermal heat treatment at 1300 K. In addition, differences in
the crack path are studied based on a post-mortem study of SE(T)
specimens and whole W sheets. The evolution in microstructure and
material behavior during annealing are discussed on the background of
the phenomenon of 45° embrittlement.

3.1. Softening kinetics

In this section, we discuss the hardness loss of a cold-rolled W sheet
during isothermal heat treatments conducted at 1300 K. Vickers hard-
ness tests were carried out to get indirect information about the mi-
crostructural changes during annealing. Our results show a remarkable
loss of hardness compared to the as-rolled state even at the onset of
annealing.

Fig. 1la displays the effect of isothermal heat treatments at 1300 K
on the Vickers hardness (HVO0.1) of cold-rolled W for heat treatments
between 0.1 h and 210 h. In the as-rolled condition, the studied ma-
terial possesses an initial hardness of 646 + 7 HVO0.1. In comparison to
conventionally warm-rolled W plates possessing values from
(430 HV10) [21,22] to (550 HVO0.5) [40], a hardness of 646 HVO0.1
represents a significant hardening, which almost reaches values of
drawn W wires (680 HVO0.5) [41]. This initial hardness of the as-rolled
condition of 646 * 7 HVO0.1 matches with previous studies of cold-
rolled W sheets [17,40,42,43] and seems characteristic for them. These
high hardness values are a consequence of the ultrafine-grained and
dislocation-rich microstructure of such W sheets, which forms during
cold rolling [13]. However, for this comparison the differently used
loads and due to that the difference in indentation size must be con-
sidered, which however usually gains noticeably influence only for
hardness testing with low loads below 100 gf [44]. The high hardness is
a unique feature of the as-rolled state and is rapidly lost after a short
annealing at 1300 K. After an annealing duration of only 0.1 h, the
hardness dropped by 100 HVO0.1 to values around 560 HVO0.1. However,
after this first loss of hardness, the rate of softening slows down for
longer annealing durations. For heat treatments beyond 50 h, the de-
termined values do not follow the logarithmic decrease of the begin-
ning. We interpret this deviation as an undesired effect caused by the
change in experimental method: For heat treatments longer than 50 h,
we switched from annealing in the tube furnace to annealing in the
muffle furnace.

In the first stage of thermally activated softening of polycrystalline
materials, the loss in hardness often progresses in a logarithmic manner,
(Eq. (1)). This In(t) dependence, has been elucidated by Kuhlmann for
the softening by thermally activated dislocation-based processes
[45,46]. Aside from the logarithmic dependence of the hardness HV,,.
on time t, Eq. (1) also includes parameters HVy* and c;, where HVy* is a
back-extrapolated hardness value and c¢; a measure of the ongoing re-
covery kinetics.

HViee = HVG — cq In(1) (@]

The trend line plotted in Fig. 2 shows the regression line of the
experimental data. The match of data and trend line reveals that a
logarithmic relationship is suited to describe the softening behavior of
cold-rolled W sheets for annealing durations between 0.1 and 50 h.
Annealing for 100 h and 210 h were excluded in this attempt due to the
change of furnace for longer annealing durations. The parameter c; is
temperature-dependent and increases with increased annealing tem-
perature [47]. Normalizing c; by the annealing temperature results in a
nearly temperature-independent material property c;/T, which reflects
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Fig. 2. Hardness evolution during isothermal annealing. The Vickers hardness
(HV0.1) for cold-rolled W specimens with subsequent heat treatment is plotted
against the annealing time (t) at a constant annealing temperature at 1300 K.
The trend line of the recovery behavior was calculated based on the logarithmic
time dependence of Kuhlmann. The red symbol (annealing duration of 6 h)
highlights the material condition, which was selected to assess the impact of
heat treatment on the BDT temperature and the microstructure of cold-rolled W
sheets. The error bars display the standard deviation of the mean values, which
were calculated out of 10 single Vickers hardness measurements per annealed
specimen. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

the microstructure-dependent softening kinetics of the studied material
[21]. Furthermore, an apparent activation volume denoted as V,, can be
calculated in accordance with the relationship shown in Eq. (2), where
kg is the Boltzmann constant and the approximated prefactor 3 is given
due to the use of Vickers hardness instead of yield pressure [14,48].
Please note the slightly declining trend of the prefactor with decreasing
load applied during the hardness test [49].

Kg
C1/ T (2

A =

The deduced apparent activation volume allows a comparison of
softening kinetics obtained in different studies. From the regression line
shown in Fig. 2 for a thickness reduction of 98%, an apparent activation
volume of 28b°, 0.58 nm® was derived (where b is the length of the
Burgers vector, which is 0.274 nm for %2<111)> dislocations in W),
which is equivalent to a value of 28b% and 2.1 nm? for the apparent
activation area (V,/b). The apparent activation volume of 28b° matches
well the 32 + 7b° derived from the ¢, /T values (at 873 K, 1073 K, and
1423 K) provided by Reiser et al. [50] for the same batch of material.
Our result is consistent with the trend of warm-rolled W by Alfonso
et al. [21,22,51]. Their studies have revealed a decrease in apparent
activation volume with increasing rolling deformation as expected due
to an increase of the dislocation density. For sheets with a thickness
reduction of 67% and 90% conducted by warm rolling, apparent acti-
vation volumes of 66b°, 1.4 nm® and 48b°, 1.0 nm®, respectively, have
been reported. Consequently, we can point out the tendency of W to
possess lower apparent activation volumes with increasing strain con-
ducted by rolling. Referring this tendency to the apparent activation
area, a reduction of the mean area swept by the dislocation on its way
before annihilation is indicated [52]. The decreasing apparent activa-
tion volume implies an acceleration of the softening behavior with in-
creasing level of pre-deformation conducted by warm rolling or a
combination of warm- and cold rolling, respectively.

In comparison with previous studies on warm-rolled W sheets, the
loss of hardness at the onset of softening is several times higher in the
present study (—140 HVO0.1). Alfonso et al. have reported only slightly
reduced hardness values, of around —30 HV10, during recovery
[21,22]. However, after the initial drop, which took place until an
annealing duration of 0.1 h and has not been observed for warm-rolled
W sheets [21,22], the loss of hardness in our sheets (—40 HVO0.1) is
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comparable to the loss of hardness in the early stage of the quoted re-
ferences (—30 HV10). It seems that similar to the high hardness of the
as-rolled state, the observed rapid loss of hardness is a feature of se-
verely deformed W sheets. Ciucani et al. [40] reported comparable
values for the loss of hardness (—163 HVO0.5) at the beginning of
softening for a cold-rolled W sheet (0.2 mm thick) with an initial
hardness of 642 HVO0.5. Additionally, the approximately constant level
of the standard deviation of the mean hardness values during annealing
between 0.1 h and 50 h points to a homogenously occurring process
responsible for the observed material softening. This is different to
materials, which undergo e.g. discontinuous recrystallization, posses-
sing recrystallized (soft) and recovered (hard) regions at the same time,
causing an increased level of the standard deviation as long as both
conditions coexist.

In the studied timeframe of annealing (up to 210 h) no further drop
in hardness, indicating the onset of following processes like dis-
continuous recrystallization or grain growth was observed (cf. Ref.
[53]). Furthermore, even after the maximum annealing duration of
210 h, the material has an increased hardness (550 HV0.1) compared to
fully recrystallized W (400 HVO.1). Possible explanations for this phe-
nomenon might be the strong loss in hardness at the onset of softening
and an accompanying reduction of internal stored energy to a large
extent. This reduces the driving force for discontinuous recrystallization
and might delay its onset [54].

Although the loss in hardness of cold-rolled W exceeds the values,
which have been reported for warm-rolled W [21,22], the softening
kinetic gives strong indications that loss in hardness of cold-rolled W
follows a mechanism that is closely linked with recovery. This conclu-
sion is derived based on the observations that (i) the loss in hardness
possesses a logarithmic time dependence and (ii) the microstructural
process responsible for the softening takes place homogeneously,
leading to only slight scattering of the single hardness values de-
termined for the same specimen (low standard deviation). Both are
well-known characteristics of recovery [53].

3.2. BDT and regime-related inclination of the crack path

In this section, we study BDT temperature and crack paths of cold-
rolled W in as-rolled condition and after annealing at 1300 K for 6 h.
Our fracture toughness tests show a change in BDT caused by the heat
treatment: the sharp transition from brittle to ductile material behavior
as observed for the as-rolled material condition transforms into a wide
transition regime. The BDT temperature, representing the lowest test
temperature exhibiting not any brittle material behavior during our
experiments, is shifted from 208 K for the as-rolled condition to 473 K
after annealing. After annealing, specimens tested at room temperature
show brittle material behavior and characteristic crack propagation
along 45° to the rolling direction.

Figure 3 displays trends of the critical stress intensity factor (Kq)
versus test temperature (T) for the as-rolled and annealed material. All
results in this section representing the annealed state are acquired from
samples that were heat-treated at 1300 K for 6 h (cf. Fig. 2). The results
of the as-rolled condition have been published in earlier work [10] and
are shown as a reference. Cold-rolled W in as-rolled condition possesses
a sharp BDT, i. e. narrow transition regime spreading over about 25 K
only. The BDT temperature before annealing is 208 K. After annealing,
however, the material does not exhibit a sharp transition between the
brittle and the ductile regime anymore. Based on the data shown in
Fig. 3, three temperature regimes can be identified for the annealed
material: (i) in the low-temperature regime with an upper bound tem-
perature of 235 K, all specimens exhibited brittle material behavior
(filled symbols); (iii) starting at 460 K and for test temperatures above
solely ductile material behavior (open symbols) was observed. Conse-
quently, regime (ii) spans over a wide temperature range in between
the abovementioned temperatures. This transition regime covers a
temperature range of more than 200 K which contains specimens
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Fig. 3. BDT of cold-rolled W before and after annealing. The critical stress in-
tensity factor (Kg) is plotted against the test temperature (T) applied for per-
forming the single fracture toughness tests. Two material conditions are dis-
played: samples in the as-rolled condition (black circles) and samples heat-
treated for 6 h at 1300 K (red squares). Filled symbols indicate brittle material
behavior, crossed symbols and open symbols signalize semi-ductile and ductile
material behavior, respectively. The regime marked by grey or red shading is
referred to as the transition regime. All fracture toughness tests were carried out
at a constant loading rate (dK/dt). The as-rolled experiments have been pub-
lished earlier in Ref. [10], where also the distinction between brittle, semi-
ductile, and ductile material behaviors is explained. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

fractured in a brittle or ductile manner. Furthermore, unlike the as-
rolled condition, also specimens with semi-ductile material behavior
(crossed symbols; at least 2% stable crack propagation across the liga-
ment width [29]) were detected after annealing. Consequently, the
transition regime from brittle (unstable crack propagation) to ductile
material behavior (stable crack growth) is widened by a large extent
(compared to the as-rolled W) and the BDT temperature is increased
from 208 K to 473 K. As a result, the excellent ductility of the as-rolled
condition is lost, which means in effect an endangered structural in-
tegrity at room temperature.

In addition, we conducted a post-mortem study of the fracture
toughness test specimens to investigate the transition regime (ii) where
strongly scattering behavior of the heat treated specimen is observed.
Fig. 4 shows the inclinations of the crack path for annealed material (a,
b, d, e) and, as a reference, for brittle and ductile specimens of the as-
rolled state (c, f). The crack path characteristics for specimens with
ductile material behavior (d, e, f) are discussed first. The crack path of
annealed materials representing ductile material behavior (d, e) is in-
dependent of the test temperature regime. Different crack patterns are
not recognized between the ductile specimen tested in the transition
regime (ii) displayed in (d) and for specimens that were tested above
460 K (e). In both cases, the crack propagates approximately normal to
the applied tension through the ligament width [28]. The ductile spe-
cimens of the as-rolled state (f) exhibit an almost perfect crack growth
in the extension of the crack-starting notch as well. Thus, we conclude
for rolled W sheets tested in this manner that stable crack growth is
characterized by crack propagation normal to the applied tension.

Next, we discuss the crack paths of specimens tested in regime (i),
i.e. below 235 K, in the case of the annealed material (a) and below
180 K for the as-rolled material (c). In this mentioned regime the ma-
terials showed solely brittle material behavior. Again, crack paths of the
annealed (a) and the as-rolled material (c) show a similar pattern. After
crack initiation, the preferred direction of propagation develops an
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Fig. 4. Crack paths in as-rolled and annealed conditions. A post-mortem in-
vestigation of the crack paths of the annealed specimens (a, b, d, e) reveals
characteristic alignments of the crack path in the ductile regime (d, e), in the
brittle regime (a) and for brittle material behavior above 223 K (b). Examples of
ductile (f) and brittle (c) fracture behavior of the as-rolled state are displayed as
a reference. The labeling (i)-(iii) refers to the regimes defined in Fig. 2. The
propagation paths of cracks in larger sheets are given in (g, h). The sheet an-
nealed at 1300 K for 6 h (g) was subsequently fractured at room temperature.
The sheet displayed in (h) maintained in the as-rolled condition and was cooled
and loaded in liquid nitrogen to provoke brittle material behavior.

inclination angle of around 45° with respect to the rolling direction in
both cases. In tests, which were conducted at test temperatures close to
180 K or 235 K, respectively, the crack propagates in a straight manner
from the notch tip towards the outer specimen surface. Studying the
fracture surfaces reveals transgranular crack propagation in this regime.
Both, 45° fracture and transgranular crack propagation are in ac-
cordance with recent observations by Nikoli¢ et al. [11] on ultrafine-
grained W sheets (L-T crack system) if tested below the BDT
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temperature. With decreasing temperature, the crack paths seem to
become zigzag-shaped (Fig. 4a and c, specimens left-hand side); how-
ever, they retain the inclination angle of 45° in the single segments.
Strikingly, the annealed material exhibit cracks that are split into two
individual crack paths (Fig. 4a, specimens at the right-hand side). Both
cracks start at the root of the notch and propagate with 45° inclined to
the rolling direction, but, in different directions. Apart from this, the
annealed and the as-rolled material do not show differences regarding
the crack path if fractured in the brittle regime.

Finally, the brittle crack paths of heat-treated specimens tested be-
tween 235 K and 460 K (Fig. 4b) are discussed (transition regime). At
first glance, there is no clear difference between these specimens and
the brittle samples below the maximum Kg in the annealed (Fig. 4a)
and as-rolled (Fig. 4c) conditions. The crack also appears to propagate
with an inclination angle of 45°. However, unlike both other brittle
states (as-rolled and annealed), brittle crack propagation of regime (ii)
seems to occur parallel to the rolling direction at the root of the notch,
or the crack kinks (highlighted by red arrows) very close to the notch
along the direction of maximum grain elongation, i.e. along the rolling
direction. After a macroscopic propagation of the crack, the inclination
of the crack path changes to the well-known 45° direction. Propagation
along the direction of maximum grain elongation has been already been
observed by Gludovatz et al. for fully recrystallized W rods [55]. An
EBSD study of the fracture surface (to be published) shows that crack
propagation with an inclination of 45° to the rolling direction takes
place along {001} cleavage planes and furthermore that the fracture
surface parallel to the rolling direction possess a transgranular fracture
pattern as well, presumably related to cleavage along {110} planes.
Aside from this anomalous crack propagation, no distinguishing feature
in the crack path was found which would allow easy discrimination
between the as-rolled state and specimens embrittled during annealing.

In order to conclude this section, we discuss the crack paths on the
scale of whole sheets. Unlike the SE(T) specimens, we forwent to in-
troduce a notch in preparation for these tests. Fractured sheets are
displayed in Fig. 4g and h. Again, the condition annealed at 1300 K for
6 h (Fig. 4g) is benchmarked against an as-rolled material (Fig. 4h). The
annealed sheet (Fig. 4g) fractured at room temperature in a typical
manner known for severely rolled and heat-treated W sheets that ex-
hibit 45° embrittlement. Most segments of the crack follow an inclina-
tion angle of 45° to the rolling direction. As mentioned above, some
short zig-zag-shaped crack paths might be caused due to the relatively
large temperature difference between the test at room temperature and
the BDT temperature at 473 K. The as-rolled sheet (Fig. 4h) with a BDT
temperature of 208 K was cooled and loaded in liquid nitrogen (76 K) to
provoke brittle material behavior. The results confirm the fracture
pattern of the SE(T) specimens described above. Independent of the
material condition, whether as-rolled or annealed, brittle material be-
havior results in a crack growth that propagates with an inclination
angle of 45° to the rolling direction. Consequently, we proved that
fracture with an inclination angle of 45° to the rolling direction is not
triggered by thermal driven processes that weaken the material. Even
room-temperature ductile W sheets fracture under 45° to the