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� Application of different
complementary methods allowed
insight into microstructural evolution
as a function of applied deformation
degree by HPT processing of a WCu
alloy.

� Micro-mechanical properties such as
J–Integral were determined by
notched cantilever experiments.

� Sub nanometer precipitations were
identified within nanometer-sized W
grains using scanning transmission
electron microscopy.

� Selection of optimal deformation
state leads to a beneficial
microstructure and tailored
mechanical properties.
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a b s t r a c t

W-Cu composites are commonly used as heat-sinks or high-performance switches in power electronics.
To enhance their mechanical properties and mutually their usability, grain refinement of the initially
coarse-grained microstructure was realized using high–pressure torsion. This leads to different
microstructural conditions, exhibiting fine-, ultrafine-grained or nanocrystalline microstructures.
Scanning as well as transmission electron microscopy was performed to analyze the respective grain size
and microstructures. The hardness and Young’s modulus of the deformed specimens were quantified by
nanoindentation testing. Furthermore, X–ray diffraction indicated a decreased grain size and changed lat-
tice spacings upon increasing the deformation ratio. The deformed specimens were tested for their frac-
ture behaviour by continuous stiffness measurements during in-situ microcantilever bending
experiments. Here, mean J–integral values of 288 ± 38 J/m2 and 402 ± 89 J/m2 were determined for
the 5 and 50 times turned specimens, respectively. The combination of different characterization meth-
ods applied on a W–Cu composite allows to identify both, beneficial and unfavourable microstructural
components regarding the fracture properties.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Coarse-grained W-Cu materials are typically used as construc-
tion materials for high-current circuits in different media and are
subjected to high local mechanical loads during switching
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processes [1,2]. Furthermore, they are used as heat-sinks in power
electronics and are therefore exposed to rapid temperature fluctu-
ations [2-4].

These alternating loads cause fatigue cracks and later on failure
of structural parts during overload events [5,6]. To counteract this,
the material’s damage tolerance must be increased by enhancing
strength and ductility [7,8]. Typically, these material parameters
are intrinsically mutually exclusive. However, this behaviour
becomes less pronounced upon decreasing the grain size to the
nanocrystalline (nc) regime [7,9]. Based on Hall-Petch hardening,
the strength of the material is increased down to a typical grain
size of about 10 nm. Below this dimension, strengthening is satu-
rated due to enabled grain boundary sliding and other diffusional
assisted processes [10]. Furthermore, the ductility can be increased
by decreasing the grain size, enabling higher deformability and
leading to more damage tolerant material behaviour [7,9-11]. This
is typically valid in the ultra-fine grained regime but behaves dif-
ferently in nc materials. Here, the fracture toughness (KIC) is
decreased due to a saturation level at a grain size of several
nm [12-14].

The increasing demand for efficient power electronics and
high–current switches exhibiting small component sizes with
simultaneously long lifetime requires the development of materi-
als capable to withstand higher loading under harsh conditions
[2,15,16]. For that reason, strong efforts are made to develop new
or enhance established material concepts [3,17-20].

Therefore, the current work aims to investigate the mechanical
properties of a bulk W-Cu composite exhibiting different local
grain size distributions. High-pressure torsion (HPT) deformed
specimens were analyzed concerning their grain size and associ-
ated micromechanical properties [21,22]. To do so, the microstruc-
ture was determined by scanning electron (SEM) and transmission
electron microscopy (TEM). This allows to identify critical
microstructural components in both, the lm and nm–regime
[22]. Furthermore, failure stress, J-integral and resulting fracture
toughness were determined by in-situ micromechanical notched
cantilever bending experiments. Young’s modulus and hardness
were quantified by nanoindentation experiments. The combination
of the applied characterization methods allows to relate the
micromechanical properties to the corresponding microstructures
and to identify strengthening but also crack deflecting compo-
nents. Furthermore, this type of experiment allows an in-situ
investigation of the crack propagation on the relevant length scale.
2. Materials and methods

The W-33 wt% Cu composite was supplied as a rod material
exhibiting a diameter of 8 mm from Plansee AG, Austria. The initial
microstructure is displayed in Fig. 1a and consists of W and Cu
Fig. 1. SEM images of the microstructure of the investigated W-Cu specimen condition
5 � and (d) 50 � turned specimen conditions are displayed. White arrows in (a), (c) and (
grains, respectively. In (b) a coordinate system is included, where the r, t and ax axis in

2

grains. To refine the material, discs with a thickness of about
950 lm were cut from the rod and processed by HPT [23,24].
Therefore, the upper anvil was turned for 0.5, 5 and 50 rotations,
resulting in an equivalent plastic strain of 5.7, 57.3 and 573% at a
radius of 3 mm [22]. This was performed with an applied pressure
of 7.4 GPa and a rotational speed of 1.2 rpm at room temperature
(RT). The discs were cut and mechanically ground to lamellae with
a thickness of 15–20 lm for micro–cantilever production. Addi-
tionally, polished quarters of the discs were used for imaging and
nanoindentation experiments. In the following, specimens will be
named according to the number of revolutions during the HPT pro-
cess, e.g. 5 � in the case of the 5 times turned specimens. Gener-
ally, all experiments were conducted at a radius of 3.0 ± 0.2 mm
to ensure comparable material conditions.

The microstructure was analysed with an SEM of type Leo 1525,
Carl Zeiss AG, Germany, operating a field emission gun combined
with the Gemini lens system. TEM images were recorded in scan-
ning TEM (STEM) mode using a JEOL JEM-2200FS microscope from
JEOL Ltd., Japan. SEM and STEM images were analyzed regarding
their grain size using a Python 3.9 script including additional
libraries as e.g. Scipy, Scikit-Image or OpenCV. The grain size was
determined by an adapted watershed algorithm using the water-
shed class from the Scikit-Image library. To enable proper statis-
tics, at least five different SEM or STEM images were analysed
including more than 3000 individual grains.

The Young’s modulus was measured for the 5 � and
50 � turned specimens by nanoindentation experiments utilizing
a UMIS nanoindenter, Fisher–Cripps, USA, equipped with a dia-
mond Berkovich tip, Synton MDP, Switzerland. To that, at least
20 indents were conducted for each specimen state within a load
range of 10–20 mN, resulting in penetration depths between 210
and 330 nm. Data evaluation was performed according to the
method of Oliver and Pharr [25]. The used Poisson’s ratio of 0.35
for W-Cu was taken from ref. [26].

X-ray diffraction (XRD) measurements were performed on a
Bruker-AXS D8 Advance, Bruker Corporation, USA, diffractometer
in Bragg-Brentano geometry. Here, a 2h range from 25 to 95� with
a step size of 0.02�, a counting time of 0.5 s and Cu Ka radiation was
utilized. The recorded diffractograms were evaluated using the
Rietveld refinement method using the software package Topas 6,
Bruker Corporation, USA [27].

In the following, bending beams were cut using a Zeiss Auriga
Laser focused ion beam (FIB) system, by applying cutting currents
from 1 to 5 nA. Final polishing and notching were performed with
currents of 100 pA and 20 pA, respectively [28]. The attached FIB
column was supplied by Orsay Physics, France including a Ga+

ion source. Final dimensions of the produced and tested cantilevers
concerning the height, width, length from the indenter tip to the
notch and total length from the base to the indenter tip were
determined to be about 3.5 ± 0.3 lm, 2.7 ± 0.3 lm, 11.5 ± 0.5 lm
s at a radius of 3 mm. (a) The initial microstructure of the W-Cu rod, (b) 0.5 �, (c)
d) mark small pores located within W grains, remaining W platelets and globular W
dicate the radial, transversal and axial directions, respectively.
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and 13.0 ± 0.5 lm, respectively. The mean depth of the inserted
notch was determined to be 924 ± 148 nm. However, in every case,
the notch depth amounted tomore than 30%, but notmore than 40%
of the height of the cantilever. In the case of the 0.5 � turned spec-
imens, the notch was situated along or next to a W/Cu interface to
determine the interfacial fracture behaviour. The respective TEM
windows were cut directly next to the cantilevers at a diameter of
about 3 mm from the center point of the HPT discs.

Micromechanical investigations were performed within an SEM
LEO 1540XB, Carl Zeiss AG, Germany, using a Hysitron pico–inden-
ter PI-85, Bruker Corporation, USA. The indenter is equipped with a
continuous stiffness measurement (CSM) module, capable to
record 300 data points per second. Data analysis was performed
following the detailed description of Alfreider et al. [29] including
a new analytical model to calculate the actual crack length from
the current stiffness, Young’s modulus and cantilever dimensions
[30]. This allows determining the J–integral at any point of the
in-situ experiment for every cantilever.

An estimation of the dimension of the plastic zone for coarse-
grained W revealed a size of 31 lm [31,32]. In the case of Cu, this
parameter varies in the mm range depending on deformation and
microstructural conditions [33,34]. According to applied normative
standards, the used cantilever dimensions do not fit the needed
specifications [35,36]. In order to enable a comparison with litera-
ture data, fracture toughness (KJ) was determined from J–integral
following ref. [35].
3. Results

Secondary electron (SE) SEM images of the initial microstruc-
ture of the W-Cu rod as well as the deformed counterparts are dis-
played in Fig. 1a-c. Due to a pronounced atomic contrast of the
used SE detector, the bright phase constitutes W, the darker Cu
grains. In Fig. 1a, equiaxed and globular W grains with a mean
diameter of 4.21 ± 3.15 lm surrounded by a Cu matrix are visible.
The high standard deviation of the analyzed W-grain size is rea-
soned by the used W powder. Occasionally, single pores can be
identified in the received material situated within the W grains
as exemplarily marked by white arrows. After 0.5 turns, a distinct
elongation of the W grains can be determined from the SEM
images (see Fig. 1b) [37]. Hence, a strong directionality of the
mechanical properties is assumed next to the radial deformation
degree [4]. The deformed W grains feature a ˈpancakeˈ morphol-
ogy, as they are elongated in radial (r) and transversal (t) but
squeezed in the axial (ax) direction. This leads to an anisotropic
overlapping pancake structure, depicted in Fig. 1b [22,38]. Further-
more, the deformed microstructure no longer exhibits any pores
within the W grains. The next deformation condition was reached
by turning the anvils during the HPT process 5 turns. The respec-
tive microstructure is displayed in Fig. 1c and consists of equiaxed
nc W grains within a Cu matrix next to areas with remaining elon-
gated W grains. Based on SEM investigations, these areas exhibit a
dimension of up to several lm in length and 1–2 lm in width with
respect to the deformation direction of the HPT processed speci-
men. At a deformation of 50 turns, these persistent and elongated
W grains have vanished as the deformation input was sufficient
and a saturation level of the grain size could be reached [21]. As
the microstructure exhibits a homogeneous grain size and no inho-
mogeneities, SEM images of this specimen are uniformly con-
trasted (see Fig. 1d).

To access the grain size of the 5 � and 50 � deformed speci-
mens, TEM investigations were performed. STEM images including
their normalized grain size distributions are displayed in Fig. 2. The
lm sized W grains could not be analyzed within TEM, as they were
not situated within the prepared TEM lamella. In the case of the
3

5 � turned specimen, a mean grain size of 6.7 ± 3.2 nm, as deter-
mined from 3516 individual grains, was obtained. The respective
STEM image is displayed in Fig. 2a, where sub nm–sized particles
could be identified within W grains (white arrows). In the corre-
sponding grain size distribution (shown in Fig. 2b), they are not
considered, as the minimum particle size was defined above their
size. In Fig. 2c the microstructure of the 50 � turned specimen is
displayed, exhibiting an average grain size of 7.0 ± 3.1 nm. Hence,
a comparable grain size distribution could be determined for both
specimen conditions in the homogeneous fine-grained areas. Also,
in the case of the 50 � turned specimen, sub to nm–sized particles
could be determined within W grains and are marked by white
arrows. The corresponding distribution, including the diameters
of both the W and Cu grains, exhibits an asymmetric behaviour,

as the median (x
�
), visible as a dashed vertical line in Fig. 2b and

d, lies above the maximum values. The expectation values (E[x])
of the log-normal distributions were determined to be 5 nm and
6.3 nm in the case of the 5 � and 50 � turned specimens, respec-

tively. As the x
�
and E[x] are in good accordance and range within

their estimated standard deviation, reaching the saturation level
of the grain size is assumed in both cases.

XRD investigations were performed on all specimen conditions.
In Fig. 3a, the X-ray diffractograms are displayed, including the
standard peak positions of the body–centered cubic (bcc) W and
face–centered cubic (fcc) Cu. The relative intensity of the Cu reflec-
tions decreases with increasing deformation ratio. A higher defor-
mation degree is furthermore accompanied by a more pronounced
peak broadening [21]. To obtain a quantitative measure of the peak
broadening, the full width at half maximum (FWHM) as obtained
from a Pseudo-Voigt fit of the 110-tungsten peak, is given in
Fig. 3b. The step-wise increase of the FWHMwith increasing defor-
mation degree indicates a more pronounced micro–strain and a
smaller size of coherently diffracting domains [27]. This result
was substantiated by the SEM and TEM investigations, where a sig-
nificant grain refinement of the 5 � and 50 � turned specimens
could be determined (Fig. 1). Furthermore, the lattice parameters
for Cu and W were calculated. However, only minimal changes
from the theoretical values of W (3.165 Å) and Cu (3.615 Å) could
be determined concerning the differently deformed conditions
[21]. The phase fraction calculated by Rietveld analysis yielded a
decrease in the Cu phase and an increase in the W phase fraction
with increasing deformation degree [21,39,40]. This behaviour
was also determined in the case of ball–milled W-Cu powders in
ref. [40]. Generally, the W-Cu system is considered as an immisci-
ble system at ambient pressure over the entire composition and
temperature range [22,41]. However, during HPT or other severe
plastic deformation processes, a distinct amount of Cu can be
mechanically alloyed into the W phase and vice versa [21,22]. This
may explain the decreasing amount of determined Cu phase frac-
tion with increasing deformation degree.

Concerning the 5 � and 50 � turned specimens, valid nanoin-
dentation experiments could be performed and a resulting Young’s
modulus of 204 ± 8 GPa and 208 ± 9 GPa, respectively, was deter-
mined. In addition, hardness measurements resulted in
8.0 ± 0.6 GPa in the case of the 5 � turned specimen, while the
50 � deformed specimen exhibited a hardness of 8.4 ± 0.7 GPa.
The evaluated moduli and hardness values are in good accordance
with literature data from a deformed nc W-Cu composite [42].
However, Young’s modulus of the 0.5 � turned specimen was
determined via the Reuss model for a composite material including
a phase composition of 51/49 [43]. Hence, a calculated modulus of
188 ± 17 GPa was used for further evaluation [44,45]. Moduli data,
determined via nanoindentation experiments, for this condition
exhibits strong scattering due to the present grain size and
directionality.



Fig. 2. Results from TEM investigations of the 5 � and 50 � turned specimens. In (a) and (c) STEM images of the nc microstructure of 5 � and 50 � turned specimens are
displayed, respectively. Inserts in the right upper corner are displaying magnified areas including the sub nm–sized precipitations. Their corresponding log-normal
distribution is visible in (b) and (d). Furthermore, sub nm–sized particles situated within W grains are marked by white arrows.

Fig. 3. (a) X-ray diffractograms from the undeformed (0 � ), 0.5�, 5 � and 50 � turned specimens. The theoretical peak positions of bcc–W and fcc–Cu are marked by vertical
lines to guide the reader’s eye. In (b), the respective lattice parameter of W and Cu, the FWHM of the 110 W peak and the phase fraction of Cu in at.% are displayed against the
degree of deformation.
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Determined maximum bending stress-displacement data for all
deformed specimen conditions are displayed in Fig. 4a-c. Moder-
ately deformed specimens exhibit a ductile deformation behaviour
during the in-situ notched cantilever experiments. Depending on
the location of the notch, varying fracture or blunting behaviour
could be determined. However, during the experiments, no drastic
drops in stress-displacement curves were determined until the
fatal crack event or exceedance of the maximum displacement
level. This indicates a stable crack growth until rupture of the
remaining filament. In the case of 5 � or 50 � turned nc W-Cu
specimens, a brittle to semi-brittle fracture behaviour was
revealed. Nevertheless, the fine-grained microstructure enables
higher fracture forces and therefore leads to higher resulting
stress-displacement curves as displayed in Fig. 4b and c. The
50 � turned specimen tolerates higher displacement values and
therefore higher bending strains until fracture of the cantilevers
but overall lower fracture stresses were determined.

The calculated J-integral values plotted against the current
crack length of all specimen types are displayed in Fig. 4d-f. The
used actual crack length was calculated from the measured CSM
signal during the in-situ experiments [29,30,35]. In the case of
the 0.5 � turned specimens, the inhomogeneity of the microstruc-
ture due to the coarse grain size causes a noticeable variability of
the J–integral (see Fig. 4a). Consequently, every single specimen
is regarded separately, as the position of the notch and the pres-
ence of phases or interfaces along the crack path significantly influ-
enced the experimental outcome. The calculated J–integral values
4

for the 5 � and 50 � turned specimens are shown in Fig. 4e and
d, respectively. Furthermore, both specimen types indicate stable
crack propagation for every single experiment without any sudden
crack bursts or major crack events. Both specimen types exhibit
only minor scattering of the resulting mechanical properties and
show similar J–integral over crack length. This can be attributed
to the more homogeneous microstructure of the 5 � and
50 � turned specimens as compared to the 0.5 � turned variant.
However, the 50 � turned specimen exhibits higher plasticity
and therefore, a distinctively higher J–integral and affiliated crack
length could be reached.

To identify the effect of the actual microstructure on the crack
propagation during the in-situ experiments, post-mortem SEM
investigations of the fractured surfaces were performed. Selected
images of the fractured surfaces, as well as their sketched
microstructure in side–view, are displayed in Fig. 5. The sketches
were reconstructed from the in-situ videos as well as pre- and
post-mortem SEM investigations. The tested cantilever 0.5�_c1
was notched within a coarse W grain near a W/Cu interface (see
a). However, during the in-situ test, a steady crack propagation
through the massive W grain without any involvement of the near
interface was determined. The SEM image reveals a smooth
cracked surface along an unspecified W cleavage plane. As the
crack front propagates through a randomly oriented W grain,
the crack follows the easiest path and is therefore twisted from
the ideal crack path. In the case of the 0.5�_c2 specimen, the crack
propagated through a W grain, but was later stuck in the Cu phase



Fig. 4. Determined stress-displacement curves for (a) 0.5 �, (b) 5 � and (c) 50 � turned W-Cu composite specimens. J-integral over crack length data from in-situ notched
micro-cantilever experiments for (d) 0.5 �, (e) 5 � and (f) 50 � turned W-Cu composite specimens. The black arrow in d) is pointing out an unstable crack burst of 110 nm of
the 0.5�_c2 specimen. The crack length constitutes the current crack length from CSM subtracted by the specimen’s notch depth.

Fig. 5. Sketched side view of the microstructure (top) and their corresponding SE SEM images (bottom) of the fractured surfaces of selected cantilevers. In (a) specimen
0.5�_c1 containing a coarse W grain was notched near a Cu interface. Specimen 0.5�_c2 had a similar microstructure, but the crack was detained in the Cu phase (b). The
sketch and SEM image in (c) display the microstructure of specimen 0.5�_c3, exhibiting a pancake structure. Here, black and white arrows indicate excerpted Cu and brittle
fractured W along the fractured surface, respectively. Sections (d) and (e) depict the nc microstructure and fractured surfaces of 5 � and 50 � turned specimens, respectively.
Black arrows in (d) indicate cleaved W grains along the fractured surfaces. In (c) a coordinate system was included, where r, t and ax indicate radial, transversal and axial
directions, respectively.
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visible in Fig. 5b. Hence, the mechanical response determined from
the in-situ experiments displayed in Fig. 4a and b are initially very
similar.

Concerning the 0.5�_c3 specimen, the microstructure and frac-
ture surface of a second cantilever from the 0.5 � turned specimen
is displayed in Fig. 5c. Here, the notch was situated perpendicular
to the pancake structure. Hence, the microstructure in front of the
notch consists of alternating flattened W grains and the intermedi-
ate Cu phase. Upon analysis of the SEM images of the fractured sur-
face, brittle fracture of the W grains (white arrow) with distinct
fracture planes as well as ductile fracture of the intermediate Cu
phase (black arrow) was determined [4]. Hence, the ductile Cu
phase was elongated and ripped apart between the flattened W
5

grains visible in c. This combination leads to lower failure stresses,
but the highest J–integral value within this study was achieved.

Both, 5 � and 50 � specimens exhibit a homogenous nc matrix
as visible in Fig. 2. However, remaining coarse W grains are present
within the microstructure of the 5 � turned specimen condition
(Fig. 1d). The fractured surfaces reflect this circumstance by a
rough surface appearance compared to the cleaved W grain in
Fig. 5a. In the case of the 5 � turned specimen, a high number of
undeformed W grains was determined via SEM analysis. Therefore,
several cleaved W grains are visible on the fractured surface in
Fig. 5d and two of them are marked by white arrows. As there is
a distinct difference in mechanical properties determined via
micromechanical cantilever experiments, this may be attributed
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to the differences in the microstructure. Furthermore, the higher
deformation of the 50 � turned specimen may cause an increased
mechanical intermixing of the W and Cu phases and therefore, a
different W/Cu interface structure (see e) [22,40].
4. Discussion

4.1. Microstructure

The microstructural evolution as a function of the applied
deformation degree in the HPT process is visible in SEM images
in Fig. 1a-d. With increasing deformation degree, the W grains
are elongated in the deformation directions (see b) and further
decreased in their size (c and d). The Cu grains represent the matrix
phase and fill the interstices between the W grains. Detailed TEM
investigations unveiled a mean grain size of the particles of
6.7 ± 3.2 and 7.0 ± 3.1 nm in the case of the 5 � and 50 � turned
specimens, respectively. STEM images furthermore revealed sub
nm–sized particles within the W grains, which are marked by
white arrows in Fig. 2a and c. During the HPT process, significant
pressure and temperature increment due to the deformation may
lead to a higher solubility of Cu inW and vice versa. When finished,
the specimen is released and cooled down to RT. As the driving
force to dissolve dissimilar atoms consequently decreases, sub
nm-sized Cu precipitates are formed within W grains
[21,22,46,47]. However, no W particles were identified, as the tem-
perature was too low to enable W diffusion in Cu grains [48]. Fur-
thermore, there was no significant difference in size and number of
the precipitates between the 5 � and 50 � turned specimens.
Therefore, a similar amount of mechanically intermixed Cu is
assumed to be soluble in the W grains for both specimen condi-
tions. Precipitation of sub nm–sized particles within the W-Cu sys-
tem was also achieved with additional alloying elements
summarized by C. Hou et al. [20]. XRD measurements indicated a
strong decrease of the grain size with a rising number of turns in
the HPT process, as the peak broadening increased. Furthermore,
a small peak shift indicates the change of the lattice parameters
due to mechanical deformation and alloying [21]. However, the lat-
tice parameters of the 5 � and 50 � turned specimens regarding
the W and Cu phases are almost equal. Rietveld analysis indicated
a pronounced reduction of the Cu phase fraction with increasing
deformation degree [22,39]. In the case of the 5 � and
50 � turned specimens, a similar phase fraction was determined.
Hence, the deformation during the HPT process was mainly dissim-
ilated within the Cu phase as the W grain size stays similar for
both, the 5 � and 50 � turned specimens. Here, the formation of
Cu/Cu interfaces, dislocations and a pronounced deformation-
induced intermixing especially along the W/Cu grain boundaries
is assumed [40]. The combination of these mechanisms leads to
an underestimation of the Cu phase fraction in the XRD determina-
tions [22]. In the SEM images in Fig. 1c and d, numerous remaining
W grains with a mean grain size of several hundred nm up to a few
lm are visible. Their number decreases with increasing deforma-
tion ratio, as in the case of the 50� turned specimen fewer remain-
ing coarse W grains could be determined within the nc W-Cu
composite microstructure. However, as the 5 � turned specimen
nearly and the specimen 50 � turned specimen by far reached
the saturation level, further deformation to higher numbers in
turns would not lead to a significant decrease of prevalent coarse
W grains.
4.2. Micromechanical fracture behaviour

The notch induced along the 0.5�_c1 specimen was situated
within a coarse W grain, leading to stable crack growth during
6

the in–situ experiment. Calculated from CSM data, a maximum J-
integral of 330 J/m2 at a crack length of 2038 nm was determined.
From this, a maximum KJ value was calculated with 8.4 MPa

p
m,

which is comparable to single crystalline W tested by microcan-
tilever experiments within the same ligament range [49]. How-
ever, the notched W grain within the W-Cu cantilever exhibits
no special orientation and therefore, the crack deviates marginally
from the ideal notch direction (see Fig. 5a). Furthermore, post-
mortem SEM investigations of the fractured surface of the can-
tilever unveiled a relatively smooth and cleaved crack surface. This
indicates no influence of the Cu phase on the crack propagation, as
a coarse W grain was tested and cleaved during the experiment.

In the case of the 0.5�_c2 cantilever, also a coarse W grain was
notched near a W/Cu interface. During the experiment, the crack
propagates through the W grain and is later trapped within the
more ductile Cu phase [4]. The change from brittle fracture through
theW grain to ductile behaviour, including plastic deformation and
crack tip blunting within the Cu phase, is visible in Fig. 4a and the
supplementary figure S1b. Consequently, the bending stress
reaches a maximum of 1.38 GPa and decreases steadily to a dis-
placement of 2.4 lm. Here, a sudden crack propagation of about
110 nm could be determined with a J–integral of 335.9 J/m2 and
is marked by a black arrow in Fig. 4d, which is equivalent to a frac-
ture toughness of 8.5 MPa

p
m. This event is attributed to the fail-

ure of the remaining W ligament and subsequently the intercept
of the crack tip to the Cu phase. The distinct difference in crack
length to J–integral behaviour compared to the 0.5�_c1 specimen
is attributed to the composite nature of the microstructure [50,51].
Thus, the crack is retarded within the ductile Cu phase. During fur-
ther displacement, the adjacent force is decreased as the support-
ing cross-section is reduced and bending stresses are lowered.
Furthermore, distinct crack tip blunting accompanied by minimal
crack propagation within the Cu phase was determined [4,13,52].

The third specimen from the 0.5 � turned material contains a
pancake structure visible in Fig. 1b between the coarse W grains
and the remaining Cu matrix. The structure consists of elongated
W platelets and an intermediate Cu matrix. These pancakes were
cut perpendicular as the foil was prepared from one-quarter of
the HPT disc. Therefore, several elongated W grains and Cu matrix
in between are separated simultaneously. During testing and after
initial approach, the J–integral against the crack length curve stea-
dily increases. This indicates continuous crack propagation during
loading, which was verified by SEM videos recorded during testing.
Furthermore, no drastic drop in J-integral over crack length could
be determined. In side–view, distinct crack tip blunting was deter-
mined as the ductile Cu allows high deformation prior to failure
(see supplementary figure S1c) [12]. Thus, by further tuning this
composite consisting of ductile Cu in combination with strength-
ening W platelets, an improved fracture tolerant microstructure
may be achieved [20].

Regarding the 5 � turned specimens, a homogenous nc matrix
exhibiting a mean grain size of 6.7 ± 3.2 nm was determined by
TEM investigations. Complementary SEM investigations unveiled
remaining W grains within the nc composite microstructure with
a maximum size of several lm. The similar initial state of the bend-
ing beams leads to closely related stress over displacement and J-
integral over crack length curves, visible in Fig. 4b and e, respec-
tively. Hence, a mean J-integral of 288 ± 38 J/m2 resulting in a
mean calculated KJ of 8.2 ± 0.7 MPa

p
m were determined from

micro-mechanical tests before fatal fracture. Visible from the
stress–displacement curves in Fig. 4b, only a minor influence of
plastic deformation is assumed as the slope flattens marginally
with increasing displacement.

The 50 � turned specimens exhibit increased J–integral values
compared to the 5 � turned specimens. Hence, mean values of 9.
7 ± 1.1 MPa

p
m for KJ and 402 ± 89 J/m2 for the maximal J–integral
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were evaluated from micromechanical fracture experiments [35].
As evidenced in the stress–displacement curves in Fig. 4c, a distinct
plastic share during the experiments is evident. Here, the displace-
ment of the indenter tip until the fatal crack event was 75% larger
compared to the one of the 5 � turned specimens regardless of
similar specimen geometries. However, a drop in stress after reach-
ing maximum values occurs in advance of the final crack event.
Despite the higher deformed state of this specimen condition,
higher capable deformation prior to crack propagation and final
failure was determined. This may originate in the stronger
mechanical intermixing of Cu in W grains and vice versa
[21,22,40].

Based on SEM investigations, no lm–sized W grains within the
nc W–Cu composite of the 50 � turned specimens could be deter-
mined. Also, post–mortem analysis of the fractured surfaces evi-
denced no remaining coarse W grains along the crack path. This
may explain the enhanced J–integral, but lower stress values at
failure of the 50 � turned specimen condition. Hence, the nc W-
Cu composite enables higher plasticity compared to the composite
including several remaining coarse W grains. During crack propa-
gation, these W grains act as internal flaws and fail due to their
low KIC values along the preferred {100} cleavage planes at
RT [53-55]. As these planes are oriented randomly within the host-
ing ncW-Cumatrix, the crack deviates frequently from its path and
a ragged fracture surface is created.

Typically, a higher amount of cracked surface would also
evoke higher J–integral values. However, the negative effect of
brittle cleavage of coarse W grains exceeds the crack deflecting
properties [56,57]. Based on the microstructural investigation,
the microstructure of the 50 � turned specimens is assumed to
have reached a state of saturation in regards of the present grain
size. Apart from the fact that dislocation motion is hampered in
the nc W and Cu grains, dislocation formation and diffusion
assisted motion along the multitude of grain boundaries allows
earlier and easier yielding [58,59]. Hence, lower maximum stres-
ses are reached as compared to the 5 � turned specimens (see
Fig. 4b and c). However, this allows higher deformation and sup-
ports improved J–integral values in the case of the higher
deformed specimens [58]. This is substantiated by the low J–inte-
gral value, measured during the cleavage of a single W grain in
the case of specimen 0.5�_c1. Therefore, decreased J–integral,
but higher fracture stresses at the failure of the 5 � turned spec-
imen are evident.

The minor uncertainty of 13.2% (38 J/m2) in the case of the
5 � deformed specimen indicates a rather homogenous distribu-
tion of remaining W grains within the nc W-Cu matrix. Regard-
ing the fractured surfaces of 5 � and 50 � turned specimens,
shown in Fig. 5d and e, respectively, distinct differences can be
determined. Several small cleaved W grains are visible in the
SE SEM images in the case of 5 � deformed specimens. Repre-
sentatively, Fig. 5d displays the fractured surfaces of specimen
5�_c2, including transcrystalline fractured W grains, whereby
two of them are highlighted by white arrows. Along the frac-
tured surface of the 50 � turned specimen 50�_c3, no single
cleaved coarse W grains, but a plane appearance is evident.
The remaining roughness can be attributed to the grain size of
this specimen condition.

Another effect may originate in the amount of mechanical
alloyed W within Cu and vice versa [21,22,40]. Using atom probe
tomography experiments, Kormout et al. [22] determined � 4 at.%
of Cu within W and 5 at.% W within the Cu phase regarding the
same alloy composition. Despite the different crystal structures,
intermixing is possible, as the applied pressure during HPT forces
the atoms into their respective other phases. During TEM investi-
gations, precipitates within the nc W grains could be determined
(see white arrows in Fig. 2a and b. As a certain solubility of Cu
7

and W is prevalent within the mutual phases due to mechanical
alloying during the HPT process, precipitation of sub nm–sized
Cu or W particles is possible during annealing or retaining to ambi-
ent conditions [21]. Furthermore, mechanical alloying is suggested
by XRD, as the Cu phase fraction decreased with an increasing
deformation ratio. Hence, the formation of numerous dislocations
along the different interfaces may assist the yielding process and
hampers crack propagation in the heavily deformed
50 � specimens. However, precipitations of sub nm–sized particles
within the W grains were equally distributed within both speci-
men conditions.
5. Conclusions

In this study, a coarse-grained W-Cu rod material was
deformed via a high-pressure torsion process route. Different
amounts of deformation resulted in unique microstructures and
finally, a nano-crystalline W-Cu composite was obtained upon
applying 50 turns at room temperature. Furthermore, a strong
dependence of the determined J–integral on these microstruc-
tures during the in–situ experiments was observed. In the case
of the 0.5 � turned specimen, site-specific microstructures led
to different mechanical responses. The remaining but elongated
W grains persisted in the lm regime, while in between these
coarse W grains, a pancake–like structure was formed. Here, the
high deformability of Cu in combination with the strength of W
grains resulted in the highest measured J-integral. This is evident,
as the intermediate Cu grains were deformed and distinct blunt-
ing was determined by secondary electron microscopy videos
captured during in–situ experiments. When the notch was situ-
ated within a coarse W grain, the lowest J–integral and moderate
failure stresses were measured. Here, the fractured surface exhi-
bits a smooth appearance as the W grain was cleaved and no
blunting of the crack tip was visible during the in-situ
experiment.

Furthermore, the 5 � and 50 � deformed specimens exhibit a
more brittle fracture behaviour as the mean grain sizes of their
nanocrystalline matrix were decreased to 6.7 ± 3.2 and 7.0 ± 3.1 n
m, respectively. Hence, an effective Hall–Petch hardening effect
and therefore increased failure stresses could be achieved for both
conditions. This is further substantiated by the determined hard-
ness from nanoindentation tests, ranging from 8.0 ± 0.6 GPa for
the 5 � deformed to 8.4 ± 0.7 GPa for the 50 � deformed speci-
mens. The 50 � turned specimen exhibits no remaining coarse W
grains within the nc WCu microstructure compared to the
5 � turned condition. Therefore, higher deformation prior to the
fatal crack event was possible in the case of the 50 � turned spec-
imen. This also leads to higher mean J-integral, but lower failure
stresses compared to the 5 � turned specimen.

Based on these results, the influence of the high-pressure tor-
sion process on the microstructure of a W-Cu composite and the
resulting micromechanical fracture properties could be described.
This enables to determine an optimal degree of deformation to
enable a tailored nanocrystalline microstructure in combination
with the highest mechanical properties.
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