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Tungsten-copper composites are used in harsh environments because of their
superior material properties. This work addresses a tungsten-copper com-
posite made of 20 wt.% copper, which was subjected to grain refinement by
high-pressure torsion, whereby the deformation temperature was varied be-
tween room temperature and 400 �C to tailor the grain size. Deformation was
performed up to microstructural saturation and verified by hardness mea-
surement and scanning electron microscopy. From the refined nanostructured
material, micro-cantilever bending beams with cross-sections spanning from
5 9 5 to 35 9 35 lm2 were cut to examine possible size effects and the grain
size influence on the fracture behavior. Fracture experiments were performed
in situ inside a scanning electron microscope by applying a quasi-static load-
ing protocol with partial unloading steps. Inspection of the fracture surfaces
showed that all cantilevers failed in an inter-crystalline fashion. Nevertheless,
remaining coarser tungsten grains impacted the resultant fracture toughness
and morphology. Cantilevers fabricated from the 400 �C specimen exhibited a
fracture toughness of 220 � 50 J

m2. For the room temperature cantilevers, a
fracture toughness of 410 � 50 J

m2 was observed, which declined to 340 � 30 J
m2

for cantilevers< 10 9 10 lm2, confirming a size effect. The increased fracture
toughness is attributed to the delamination-like structures formed in the room
temperature sample.

INTRODUCTION

Materials with outstanding properties are
required for high-performance applications and
harsh environments, e.g., plasma-facing compo-
nents in fusion reactors. For that purpose, tungsten
and tungsten-based materials are frequently con-
sidered as candidate materials for structural and
shielding components in fusion reactors because of
the superior material properties of tungsten, such
as high sputter resistance, low tritium retention in
fusion environments, low vapor pressure, high
melting point and good intrinsic strength at ele-
vated temperatures.1–7 Nevertheless, the use of

pure tungsten in safety-relevant applications is
limited because of its low ductility and inherent
brittle behavior, leading to a low overall damage
tolerance.8,9 Besides that, heat sinks used in fusion
reactors to cool structural and shielding components
are commonly fabricated from copper and copper-
based alloys.7 The thermal expansion coefficient
between tungsten and copper differs, leading to
high thermally induced stresses at their interfaces
during high temperature loads. By fabricating
tungsten-copper composites, the thermal stresses
can be alleviated.4,10 In addition, the secondary
ductile copper phase enhances ductility of the
composite, but degrades the intrinsic strength,
whereby the extent depends on the material com-
position.11 Strength and ductility must be enhanced
to improve the damage tolerance.12,13 A well-known
method to increase strength and ductility(Received October 10, 2023; accepted December 14, 2023;
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simultaneously is grain refinement.14–16 Coarse
grained tungsten-copper composites with a copper
content of 25 at.%, 51 at.% and 59 at.% have been
successfully subjected to high-pressure torsion for
grain refinement down to the nanocrystalline
regime. For all compositions the microstructure,
hardness and resulting grain size in saturation
were analyzed, connecting deformation temperature
with the saturated grain size.17–20 While the struc-
tural evolution is well documented, the fracture
mechanical behavior was so far only investigated for
the nanocrystalline tungsten-copper composition
with 59 at.% copper using micro-cantilever bending
experiments,20 preventing a detailed understanding
of the influence of the grain size on the fracture
toughness.

To contribute to this lack of knowledge, in this
work a tungsten-copper composite with a copper
content of only 42 at.% was subjected to high-
pressure torsion at different deformation tempera-
tures to tailor the nanocrystalline grain size. The
sample disks were deformed up to the saturation
regime to avoid microstructural gradients along the
radius. Subsequently, micro-cantilever bending
beams were fabricated from these disks to investi-
gate the fracture toughness for different nanocrys-
talline grain sizes.

EXPERIMENTAL

Sample Preparation

The base material was a liquid phase sintered
tungsten-copper composite rod with a copper con-
tent of 42 at.% (20 wt.%) and a mean tungsten grain
size of 2.5 lm (WHS Sondermetalle, Grünsfeld,
Germany). From this rod with a diameter of 8 mm,
three disks with a thickness of roughly 1 mm were
cut. Subsequently, the disks were subjected to high-
pressure torsion (HPT21) at deformation tempera-
tures of room temperature (RT), 200 �C and 400 �C
to tailor the resultant grain size. To obtain a
saturated microstructure, an equivalent strain of
160 and 680 according to Pippan et al.21 was applied

at a radius of 3 mm for the RT and the two elevated
temperatures samples, respectively.

After HPT, the samples were cut into halves along
the transversal plane with a wire saw, depicted in
Fig. 1a. One half was embedded and polished to
verify the saturated and homogeneous microstruc-
ture along the radius. For quantitative verification
of the saturation level, Vickers hardness measure-
ments (HV1, Buehler Micromet 5104) were per-
formed along the radius. The indents were placed
0.25 mm apart from each other, schematically
shown by the diamond shapes in Fig. 1a. Further-
more, saturation and homogeneity of the
microstructure were qualitatively investigated by
scanning electron microscopy (SEM; Zeiss LEO type
1525) along the radius every 0.5 mm; see the
exemplary blue rectangles in Fig. 1a.

The second half disk was further cut into pieces.
Along one quarter the matrix grain size was quan-
titatively investigated by scanning transmission
electron microscopy (STEM; JEOL JEM-2200FS
microscope, JEOL Ltd., Japan). To reduce prepara-
tion time, the specimen was manually ground and
polished to a wedge-like shape exhibiting a final
thickness of about 20 lm at the wedge tip. After
manual polishing, focused ion beam milling (FIB;
Zeiss Auriga Laser platform, Carl Zeiss AG, Ober-
kochen, Germany) was used to mill thin lamellas;
thereby, the FIB current was subsequently reduced
from 20 nA, for coarse milling, to 50 pA for
polishing. The final thickness of the lamellas was
about 100 nm with an area of about 2 9 5 lm2 to
investigate the nanocrystalline grain size, which
was analyzed with image processing techniques
using grain segmentation by the watershed
algorithm.20,22

The other quarter of the HPT disk was used to
fabricate differently sized micro-cantilever bending
beams. For that the piece was manually ground and
polished to a wedge shape with a final thickness
between 20 and 50 lm. To further reduce the FIB
time, femtosecond laser ablation23 within an FIB/
SEM (Zeiss Auriga Laser platform, Carl Zeiss AG,

Fig. 1. Sample preparation and testing. (a) Compacted disk after high-pressure torsion processing. The disk is shown in halves to enhance
visibility. The colors blue and green represent SEM and TEM measurements, respectively. The arrows depict the viewing direction, while the
surface normal to the viewing direction was polished. The coordinate system defines the radial (RD), axial (AD) and tangential direction (TD). (b)
Schematic sketch of the cantilever dimensions, with WxB the cantilever cross-section, a the crack length, L0 the length between indenter and
crack and L the length between indenter loading point and fixation. (c) Fabricated cantilever before in situ testing and relation to the HPT disk
orientation (Color figure online).
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Oberkochen, Germany) was performed for coarse
machining and pre-cutting of the cantilevers. Final
processing was done via FIB milling by subse-
quently reducing the FIB current from 20 nA for
coarse milling to 500 pA for polishing. For the RT
sample, the cantilever cross-sections were varied
between 5 9 5 and 35 9 35 lm2 to investigate a
possible size effect on initiation fracture toughness
(Jq). For the 400 �C sample, only cantilevers with
cross-sections of 5 9 5 and 10 9 10 lm2 were fab-
ricated. The cantilever length was set to about 4W
and the initial notch depth between 0:3 � 0:4ð ÞW.
The notches were introduced by line milling from
the top view with a current of 500 pA. To reach the
desired depth for the largest cantilevers of 35 9 35
lm2, the notch was pre-cut from the side view and
finished in the top view, respectively. The cantilever
geometry and important variables are schematically
illustrated in Fig. 1b, while the in situ setup is
shown in Fig. 1c.

Testing Setup

Fracture experiments were performed inside an
SEM (DSM 982, Carl Zeiss AG, Oberkochen, Ger-
many), which allowed to record in situ images at a
rate of one image per second using an in-lens
secondary electron detector. The imaged region
was selected to the crack vicinity to enhance image
resolution at the crack tip. The cantilevers were
loaded with a displacement controlled micro inden-
ter (UNAT SEM 1, ASMEC GmbH, Dresden, Ger-
many) with a noise level of 50 lN in vacuum.
Loading was performed quasi-statically with up to
15 evenly spaced sequential unloading steps.24 Each
loading/unloading step consists of the following
segments: loading with a constant displacement
rate of 50 nm/s, holding for 10 s, unloading with a
displacement drop of 10% caped at 2 lm and holding
again for 10 s. Due to the cross-sectional variation of
the cantilevers, the maximal displacement was set
to 26 lm for the cross-sections of 35 9 35 and
20 9 20 lm2, to 16 lm for the 10 9 10 lm2 can-
tilever and to 8 lm for the 7.5 9 7.5 and 5 9 5 lm2

cantilevers, respectively.

Fracture Mechanical Evaluation

The fracture characteristics of the cantilevers
were determined from the recorded load-displace-
ment data by relating stiffness changes to cross-
sectional variation with respect to the crack
length.25 The cantilever stiffness was measured by
linearly fitting the unloading segment for each
loading cycle.24 The first unloading stiffness in
combination with the initial crack length, measured
before the experiment, was used as a reference to
relate stiffness changes to crack growth, according
to Ref. 25. Furthermore, the J-integral was calcu-
lated employing elastic-plastic fracture mechanics
(EPFM) following the detailed description outlined
by Alfreider et al.,26 as all cantilevers showed

noticeable non-linearity before fracture; see the
representative loading curves in Fig. 2.

To compare the obtained Jq to data from litera-
ture and linear elastic fracture mechanics, the Jq

values were transformed into fracture toughness
(Kq) using in linear-elastic fracture mechanics
according to the ASTM1820 standard27 by:

Kq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

JqE
1�m2ð Þ ;

q

ð1Þ

with the Young’s modulus E ¼ 221 GPa, measured
by nanoindentation and the Poisson ratio m ¼ 0.32.28

Besides the J-integral, the crack tip opening
displacement (d) is frequently used in EPFM to
characterize failure processes. This can be mea-
sured from the recorded in situ frames; therefore,
for stable crack growth, the last frame before crack
initiation was used, while in the case of unsta-
ble crack growth the frame before fracture was
analyzed. Measurement of d was performed manu-
ally as described by Shih et al.,29 where two
orthogonal lines are placed on the crack tip, so that
the distance between the crack tip and the inter-
section with the crack flanks are equal for both
lines. d is then given by the distance between the
crack flank intersection points. This is shown in

Fig. 2. Representative load-displacement data recorded for
stable and instable fracture, respectively, revealing in both cases a
noticeable non-linearity before fracture.

Fig. 3. Manual d measurement example on an in situ recorded
micrograph. Note that the inset, marked with cyan, is distorted in x-
direction for visualization reasons. The yellow cross represents the
crack tip, while the green dashed lines fit the crack flank (Color
figure online).
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Fig. 3. For EPFM it has been shown that both
parameters Jq and d are linked via:

d ¼ dn
Jq

ry
; ð2Þ

with ry being the materials yield strength and dn

the Shih factor depending on the stress condition
and hardening behavior of the material.29

RESULTS

Microstructural Investigations

Vickers hardness measurements were performed
for all specimens to verify microstructural saturation
along the disk radius, as the hardness is inversely
proportional to the grain size according to the Hall-
Petch relation.14–16 The hardness values measured
are depicted in Fig. 4 for all samples, whereby the
mean hardness values above a radius of 1.5 mm in the
saturation regime are 6.8�0.2, 6.7�0.2 and 6.2�0.1
GPa for the RT, 200 �C and 400 �C sample,
respectively.

Furthermore, the microstructure was examined
by backscatter electron imaging along the radius.
The microstructures at a radius of 3 mm are
depicted in Fig. 5a, b and c as representative
microstructures above a radius of 1.5 mm for the
HPT deformation temperature of RT, 200 �C and
400 �C, respectively. Despite the verified saturation
by Vickers hardness measurements, the microstruc-
tures showed a bi-modal grain size characteristic
with statistically distributed coarse tungsten grains
embedded in a nanocrystalline matrix of copper and
tungsten. Bright regions in the microstructure
represent coarse tungsten grains; see Fig. 5a-c.
With increasing deformation temperature, the
coarse tungsten grains change their shape from an
elongated flake-like, lamellar form to a spherical
shape at 200 �C and 400 �C; compare Fig. 5a-c.
Thereby, the median equivalent Feret diameter of
the coarse tungsten grains increased from 200 to
233 nm between the RT and 400 �C.

Furthermore, the nanocrystalline matrix was
investigated by STEM at a radius of about 3 mm.
These investigations revealed an increasing grain
size trend of the nanocrystalline matrix with rising
deformation temperature; see Fig. 5d-f. For the
specimens deformed at elevated temperatures, a
few coarse tungsten grains are present in the STEM
images, while for the RT specimen none are evident.
This arises from the flake-like structure in the RT
specimen, which is oriented parallel to the lamella
and thinner than the spherical grains observed in
the elevated temperature specimens. Hence, the
probability of capturing these flake-like structures
in this TEM lamella orientation is reduced. For
proper statistics, at least four images were analyzed
for each deformation temperature to quantify the
matrix grain size. The resulting grain size distribu-
tions are depicted in Fig. 6, while the central
statistical values are listed in Table I.

Fracture Mechanical Testing

Notched micro-cantilever bending beams were
cut to examine the fracture behavior of the RT and
400 �C sample. The cantilevers were fabricated in
pairs and grouped by size at a disk radius between 2
and 3.5 mm. Furthermore, they were orientated
along the radial direction, with the notch being
parallel to the axial direction; see Fig. 1a and c for
reference. Hence, the coarse flake-like tungsten
grains evident in the RT specimen are parallel to
the cantilever. For the RT specimen, the cantilever
cross-section was varied between 5 9 5 and 35 9 35
lm2 to investigate a possible sample size effect.
Thereby, the initial crack length a0 was measured
for the individual cantilever sizes as: 2.4 ± 0.5 lm
a0

W ¼ 37 � 7%
� �

, 2.3 ± 0.3 lm a0

W ¼ 31 � 2%
� �

,

3.4 ± 0.7 lm a0

W ¼ 33 � 8%
� �

, 5.8 ± 0.7 lm
a0

W ¼ 29 � 4%
� �

and 15.9 ± 0.8 lm a0

W ¼ 46 � 2%
� �

,
for the 5 9 5, 7.5 9 7.5, 10 9 10, 20 9 20 and
35 9 35 lm2 cantilever, respectively. Despite the
cross-sectional variation, the cantilevers from the
RT sample fractured primarily by stable crack
growth. Fig. 7Ia-If depicts representative fracture
surfaces for the different cantilever sizes of the RT
sample. The subfigures Ia-Id and If show failure by
stable crack growth, while subfigure Ie illustrates a
fracture surface after unstable failure. Further-
more, to investigate a grain size dependency of the
fracture toughness, cantilevers with a cross-section
of 5 9 5 and 10 9 10 lm2 were fabricated from the
400 �C sample. For these cantilevers, an initial
crack length a0 was determined to 2.1 ± 0.3 lm
a0

W ¼ 36 � 4%
� �

and 3.8 ± 0.4 lm a0

W ¼ 36 � 4%
� �

for
the 5 9 5 and 10 9 10 lm2 cantilevers, respectively.
For the 400 �C sample, all cantilevers with a cross-
section of 5 9 5 lm2 showed stable crack growth,
while all having a cross-section of 10 9 10 lm2

fractured unstably. The fracture surfaces for the
400 �C cantilevers are displayed in Fig. 7IIa and IIb.

Fig. 4. Vickers hardness measurement along the radius of the
samples fabricated via HPT deformation at RT, 200 �C and 400 �C,
respectively. The gray shaded area encloses the region with
insufficient straining and thus unsaturated microstructure.

Micro-Mechanical Fracture Investigations on Grain Size Tailored Tungsten-Copper
Nanocomposites

2305



All load-displacement curves showed noticeable
non-linearity before crack initiation or catastrophic
failure; see the representative Fig. 2. Hence, EPFM
was used to characterize the fracture process of all

cantilevers. For stable crack growth, the Jq was
determined before crack initiation, whereby inter-
mediate values between two unloading steps were
linearly interpolated. Thereby, the crack growth
initiation was determined by visually inspecting the
in situ frames for some crack extension, neglecting
crack tip blunting. The Jq was obtained at the
initiation as the transition between blunting and
tearing regime becomes harder to distinguish with
decreasing cantilever size, making fitting of either
regime challenging; see Fig. 8. This occurs because
the tearing modulus is indirectly proportional to the
sample size.30

For stable crack growth, the uncertainty was

approximated by Jnþ1�Jn

2 . For unstable crack growth,
Jq was determined at the maximum load, including
the load-displacement area between the last unload-
ing step before failure and maximum load, as
schematically illustrated in Fig. 8. To validate the
Jq values, the validation criterion

Fig. 5. Obtained microstructures for the different deformation temperatures at a disk radius of 3 mm. (a)-(c) Backscatter electron images for
deformation at (a) RT, (b) 200 �C and (c) 400 �C. The bright spots represent coarse tungsten grains. (d)-(f) STEM investigations of the
nanocrystalline matrix for deformation temperatures of (d) RT, (e) 200 �C and (f) 400 �C.

Fig. 6. Matrix grain size distribution measured at a radius of 3 mm
for the samples deformed at RT, 200 �C and 400 �C. (a) Cumulative
and (b) probability distribution. The dashed lines represent the mean
values, while the dotted ones correspond to the median values.

Table I. Central values of the matrix grain size
distribution in nm, where p15 and p85 represent
the 15% and 85% percentile

T (�C) Mean Median p15 p85 Grains

RT 9 8 5 12 1658
200 11 10 6 17 1777
400 28 26 17 39 1758
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W � a0ð Þ;Bf g>C
Jq

ry
; ð3Þ

is frequently used in EPFM, where C is a pre-factor
ranging between 10 and 50,24,29,31–33 whereby the
ASTM1820 standard states a value of 10.27

The Jq values determined for all RT cantilevers
are shown in Fig. 9a. Thereby, the C parameter is

calculated from Eq. 3 by taking the minimum of the
left side and solving the equation for C by assuming
an equal sign. Among similar cantilever dimensions
for the RT sample, median Jq values of 340 ± 30,
370 ± 40, 400 ± 90, 420 ± 50 and 410 ± 30 J

m2 were

determined for the cantilever cross-section 5 9 5,

Fig. 7. Postmortem fracture surfaces for the different cantilever sizes fabricated from the RT sample in (Ia)-(If) and the 400 �C sample in (IIa)-
(IIb). Images (Ia)-(Id), (If) and (IIb) illustrate fracture surfaces after stable crack growth, while the surfaces shown in (Ie) and (IIa) represent
unstable fracture. The red arrows indicate coarse tungsten grains, which form delamination-like structures for the RT sample, and the blue arrows
point to the spherical-shaped coarse tungsten grains in the 400 �C sample (Color figure online).

Fig. 8. (a) Representative R-curves fitted by a power-law fit for cantilever dimensions of 5 9 5, 10 9 10 and 20 9 20 lm2, showing an increasing
tearing modulus with decreasing size, rendering distinguishing between blunting and tearing part a challenging task. (b) Schematic illustration for
the evaluation of Jq for unstable fracture, with kn the unloading stiffness, Apl the plastic area and Ael the elastic area. Thereby, Jq is evaluated at
the maximum load (green dot), and the area below the load-displacement curve is split into plastic and elastic area according to the last unloading
stiffness (k1) (Color figure online).
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7.5 9 7.5, 10 9 10, 20 9 20 and 35 9 35 lm2,
respectively.

In addition, the d was determined, which was
challenging, as image resolution is limited because
of the necessity of imaging the total cantilever
height and image noise present due to the fast frame
acquisition required to capture the fracture process.
Thus, d was measured several times and averaged to
obtain an accurate value. For comparison, the d
values were transformed according to Eq. 2 using a
Shih factor of 0.78 for a non-hardening material and
the plane strain condition.29 The yield strength was
approximated from the hardness measurements by
ry � 9:810665

3 HV,34 which gives 2250 ± 60 MPa, 2330
± 70 MPa and 2050 ± 30 MPa for the RT, 200 �C and
400 �C sample, respectively. Fig. 9b depicts the
measured and transformed d values for the RT
sample, whereby values of 125 ± 7, 129 ± 6, 143 ± 6,
146 ± 7 and 152 ± 3 nm were found for the cantilever
cross-sections of 5 9 5, 7.5 9 7.5, 10 9 10, 20 9 20
and 35 9 35 lm2, respectively. This translates to Jq;d

values of 360 ± 20, 370 ± 20, 400 ± 20, 410 ± 20 and

430 ± 20 J
m2 for these dimensions of the RT sample,

respectively.
The Jq determined from mechanical data for the

cantilevers fabricated from the 400 �C sample are
depicted in Fig. 10a. Additionally, the Jq values of
the RT cantilevers with varying cross-section are
displayed for a direct comparison. Cantilevers with
a cross-section of 10 9 10 lm2 from the 400 �C
sample exhibited a Jq of 220 � 60 J

m2, while
cantilevers with a cross-section of 5 9 5 lm2 gave
230 ± 40 J

m2. Furthermore, d values were measured
from the in situ frames for the 400 �C cantilevers
and are illustrated in Fig. 10b. Additionally, the d
data from the various RT cantilevers are included
for a direct comparison. The 400 �C cantilevers
exhibited a d of 90 ± 6 and 91 ± 6 nm, which gives a
Jq;d value of 230 ± 20 and 240 ± 20 J

m2 for the
cantilever cross-sections 5 9 5 and 10 9 10 lm2,
respectively.

Fig. 9. Characteristic fracture values depending on the pre-factor C given in Eq. 3. The gray shaded area represents the minimum validity region
of the J-integral for EPFM from the literature.24,27,29,31–33 The horizontal line indicates the size-independent fracture toughness Jq obtained from
the larger cantilevers. (a) Jq values from the R-curve determined from the load-displacement data of RT sample. (b) Measured values of the d
before crack growth initiation or failure converted into fracture toughness Jq according to Eq. 2.

Fig. 10. Comparison of the fracture characteristics between the RT and 400 �C deformed samples. The fracture toughness Jq is plotted over the
pre-factor C given in Eq. 3, while the gray shaded region illustrates the minimum validity criterion range for the J-integral in EPFM according to
literature.24,27,29,31–33 (a) Fracture toughness values Jq obtained from the R-curve, which was calculated from mechanical data. (b) d values
before failure or crack growth initiation, transformed into fracture toughness values according to Eq. 2.

Schmuck, Burtscher, Alfreider, Wurmshuber, and Kiener2308



DISCUSSION

Microstructural Investigations

The equivalent strain, introduced via HPT,
depends linearly on the radius. Hence, with increas-
ing radius more strain is introduced into the sample
upon deformation, leading to an increased refine-
ment of the microstructure. Exceeding the radius of
1.5 mm, the hardness converges to a constant value,
indicating microstructural saturation; see Fig. 4.
Comparing the hardness among the different defor-
mation temperatures, similar values for the sample
deformed at RT and 200 �C are evident, while the
400 �C sample shows a slightly decreased hardness,
in agreement with an increased grain size, as
depicted in Fig. 6. This indicates being still within
the Hall-Petch regime.35,36 The hardness values are
comparable to literature data of a bulk tungsten-
copper composite with 59 at.% (33 wt.%) copper
deformed at RT to the nanocrystalline regime,
where a final hardness from 6 to 8 GPa was
reached.19 Nevertheless, Vickers hardness mea-
surements examine the whole imprint volume at
once, allowing to detect only mean changes within
the imprint size. Hence, additional SEM investiga-
tions were performed, revealing a similar trend as
the hardness values. No significant differences were
observable in the microstructure above a radius of
1.5 mm, verifying microstructural saturation. Nev-
ertheless, the observed microstructures show a bi-
modal structure, consisting of statistically compa-
rably distributed coarse tungsten grains, with an
equivalent diameter of hundreds of nm, embedded
into a truly nanocrystalline matrix; see Fig. 5a-c.
This occurs as the deformation is mainly localized in
the softer copper phase, and the volume fraction of
the nanocrystalline matrix increases during defor-
mation, limiting the contact between large tungsten
particles.18 With increasing deformation tempera-
ture, the copper phase softens because of the related
increase in homologous temperature from 0:22 to
0:35 and 0:5, respectively.37 This leads to less grain
refinement and a more spherical shape for the
present coarse tungsten grains in the samples
deformed at elevated temperatures, as illustrated
in Fig. 5a-c.

From STEM images of the nanocrystalline
matrix, an increasing grain size with increased
deformation temperature is obvious; see Fig. 5d-f.
The quantitative analysis of the nanocrystalline
matrix by STEM, listed in Table I, revealed a
similar mean grain size of about 10 nm for the RT
and 200 �C samples. At the same time, the distri-
bution slightly broadens from RT to 200 �C, illus-
trated in Fig. 6. For the sample deformed at 400 �C,
the mean grain size of the nanocrystalline matrix
shifts to a significantly higher value of 28 nm and
the grain size distribution broadens notably; see
Fig. 6. Furthermore, the 400 �C sample displays
only a minor overlap with the distributions of the
other samples, as there are fewer small grains. The

grain size values determined for the RT sample are
in accordance with literature data from HPT refined
bulk tungsten-copper composites. For these, SEM
investigations revealed a grain size range of 10 � 20 nm
when containing 25 at.% (10 wt.%) copper,17 while
TEM investigations revealed a grain size range of
5 � 15 nm for 51 at.% (26 wt.%) copper.18 For the
elevated temperatures, 200 �C and 400 �C, the
literature states a broader grain size range of 10 �
100 nm and 20 � 200 nm for a tungsten-copper-25
at.% composite,17 measured by SEM. The mean
grain size values determined in this study are on
the lower end of the literature range.17,18 This is not
surprising, as in the present study nanocrystalline
matrix was deliberately investigated by STEM,
excluding the coarse tungsten grains present in
the microstructure.

Besides, the HPT parameters used in this study to
tailor the microstructure and grain size can be used
as starting point for other material compositions.
Nevertheless, additional investigations are neces-
sary for new material compositions, as the defor-
mation process in HPT is related to the material
properties, e.g., the saturation grain size depends on
the strength of the material. Schweiger et al.38

reported a detailed insight into the different aspects
of HPT deformation by using an iron-titanium-
copper composite as model material. They concluded
that for new multi-phase materials the interaction
between the phases must be carefully examined to
achieve a homogeneous structure by HPT.

Fracture Mechanical Testing

Concerning the conducted miniaturized fracture
experiments, all cantilevers were fabricated in the
region of microstructural saturation, which was
verified by hardness measurements and microstruc-
tural investigations; see Figs. 4 and 5. Nevertheless,
coarse tungsten grains were still present in this
region. These grains are statistically distributed
and an order of magnitude smaller than the small-
est cantilever size. Hence, these coarse tungsten
grains are present in all cantilevers and are
expected to have minor influence on the fracture
behavior regarding the sample size. The fracture
process of all cantilevers was governed by inter-
crystalline failure, evident by the small feature size
of the rough surface structure regardless of can-
tilever dimensions and deformation temperatures;
see Fig. 7. For the RT cantilevers, postmortem
analysis of the fracture surface showed delamina-
tion-like structures, which have a similar extent as
the coarse tungsten grains documented in the
microstructure. This is depicted in Fig. 7Ia–If,
where some delamination-like structures are
marked by red arrows. Delaminations are known
to transform the stress state at the crack front into a
state with lower stress triaxiality (plane stress) by
dividing the cross-section into smaller segments and
improve the resulting fracture toughness of the
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material.39,40 Although the RT cantilevers mainly
fractured in a stable manner, a few cantilevers
exhibited unstable failure. By comparing the frac-
ture surfaces of the stable and unstable fractured
samples, it is noticeable that the fracture surface of
the brittle cantilevers showed a slightly reduced
number of delamination-like structures; compare
Fig. 7Ib and Ie. Thus, for the unstable fracturing
cantilevers, the stress triaxiality at the crack front
is more pronounced compared to cantilevers exhibit-
ing a stable crack growth. For the 400 �C sample, all
cantilevers with a cross-section of 10 9 10 lm2

fractured unstably, while the cantilevers with a
cross-section of 5 9 5 lm2 exhibited stable crack
growth; see Fig. 10. Despite the different failure
behaviors, both cantilever dimensions revealed a
similar fracture surface, where the coarse tungsten
grains are bypassed by the fracture path; see blue
arrows in Fig. 7IIa and IIb. Fracture surface
comparison of RT and 400 �C shows a rougher
structure for the 400 �C samples; see Fig. 7Ia-If and
IIa-IIb. This stems from the inter-crystalline frac-
ture process and the increased matrix grain size,
raised from 10 to 28 nm, as shown in Fig. 6.
Furthermore, the coarse tungsten grains form
delamination-like structures for the RT cantilevers,
thereby lowering the stress triaxiality. In contrast,
for the 400 �C specimens, the fracture path
bypassed these grains, and coarse tungsten grains
are pulled out from the other side; see Fig. 7IIa and
IIb. Hence, the fracture toughness of the RT sample
will be increased compared to the 400 �C cantilevers
because of the reduced stress triaxiality, as depicted
in Fig. 10.

The fracture toughness was quantified by EPFM,
as all load-displacement curves showed noticeable
non-linearity before crack growth; see Fig. 2. The
RT cantilevers with cross-sections of 20 9 20 and
35 9 35 lm2 were assessed to be above the most
conservative pre-factor C in Eq. 3, which ranges
from 10 to 50 for size independency in the litera-
ture.24,27,29,31–33 For both cantilever dimensions, a
similar Jq of about 410 � 50 J

m2 was evaluated,

assuring sample size independence for these cross-
sections due to the relative size difference, depicted
in Fig. 9a. The other cantilevers on the RT sample
were dimensioned to be within the pre-factor C
range of 10 to 50, resulting in cross-sectional sizes of
5 9 5, 7.5 9 7.5 and 10 9 10 lm2. For these can-
tilevers, the determined Jq showed an increased
scatter, originating from a decreasing fracture load
with reduced cantilever size, therefore deteriorating
the signal to noise ratio of the load sensor; see the Jq

scatter in Fig. 9a. Additionally, the initial ligament
impacts the determination of the plastic part from
the J-integral.41 The experimental ligament varia-
tions for the fabricated cantilevers are rather small,
and therefore a significant impact on the deter-
mined Jq values is not expected. Nevertheless, the
minor variations might contribute to the scatter of

the Jq values observed; see the increased scatter of
the 10 9 10 lm2 cantilevers. However, the resul-
tant Jq of 400 � 90 J

m2 for the cantilever cross-

section of 10 9 10 lm2 is similar to the value
determined for the cantilevers with a cross-section
of 20 9 20 and 35 9 35 lm2. This indicates size
independency for the 10 9 10 lm2 cantilevers; see
Fig. 9a. Conversely the cantilever with a cross-
section of 5 9 5 and 7.5 9 7.5 lm2 exhibited a
slightly decreased Jq of 340 � 30 and 370 � 40 J

m2,

pointing to a distinct sample size effect; see the
declining Jq values below a pre-factor C<30 in
Fig. 9a. A similar pre-factor value for sample size
independency was reported by Wurmshuber et al.33

for micro-cantilever bending beams fabricated from
grain boundary-doped tungsten alloys with a grain
size of about 150 nm. However, the application field
of the investigated material is above the lm regime,
where the sample size effect is expected. Neverthe-
less, future application might apply only to thin
films of this material; hence, thorough investiga-
tions of the sample size effect are crucial.

Additionally, d was determined from the in situ
frames, which directly relates to the plastic zone
size on the surface ahead of the crack. Therefore,
the d measurement is unaffected by the ligament
variations. Cantilevers on the RT sample with a
cross-section between 10 9 10 and 35 9 35 lm2

showed a similar value of approximately 146 � 7 nm,
illustrated in Fig. 9b. Conversion into Jq;d according
to Eq. 2 gives a value of 420 � 20 J

m2, which is in

excellent agreement with the Jq value of 410 J
m2

obtained from mechanical data, ensuring size inde-
pendence. The RT cantilevers with cross-sections of
5 9 5 and 7.5 9 7.5 lm2 revealed a decreased d of
125 � 7 and 129 � 6 nm. Conversion to Jq;d gives
values of 360 � 20 and 370 � 20 J

m2 for these

cantilevers, which are similar to Jq and exhibit the
same trend of a decreasing Jq. The decline of both
characteristic values signifies a sample size effect on
the fracture toughness. The criteria given in Eq. 3
sets limits to the minimal cantilever thickness (B)
and the ligament length (W � a0) for sample size
independency. The former defines the dominate
stress state at the crack front to be plane strain,
while the ligament length in conjunction with the
plastic zone size defines the valid fracture model,
whether the fracture is governed by small-scale,
large-scale yielding or plastic collapse.33,42 Besides
the criteria given in Eq. 3, d can be used to define a
sample size independency criteria, which is given
by:42

W � a0;B> 10d: ð4Þ

This criterion suggests a minimal cantilever
thickness and ligament length of approximately
1.5 lm. In this case B, this is fulfilled by all RT
cantilevers, maintaining the plane strain condition.
Therefore, the initiation parameters should be
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constant over the different cantilever dimensions
regarding the thickness.42 Furthermore, the liga-
ment length of all RT cantilevers is above the
criteria given in Eq. 4, and analysis of the frames
recorded in situ showed no significant plastic defor-
mation, excluding the occurrence of plastic collapse.
Nevertheless, a decline of the toughness values is
evident with decreasing size, which might stem
from stress gradients due to bending. The plastic
zone size was estimated by the simple Irwin model,
which is given for the plane strain condition as:

rp ¼ 1
6p

Kq

ry

� �2
; ð5Þ

with rp as the plastic zone radius.43,44 In combina-
tion with Eq. 1 and the obtained values for Jq this
gives an approximate rp = 1.1 � 0.2 lm for the RT
cantilevers. Furthermore, due to the bending
applied to the cantilever, a strain gradient forms
within the ligament, which gets steeper with
decreasing sample dimensions. For cantilevers with
a cross-section of 5 9 5 and 7.5 9 7.5 lm2 with an
assumed a0

W ratio of 0.5, the initial ligament length is
2.5 and 3.75 lm, whereby the neutral axis is close to
the ligament halve. Thus, for these RT cantilevers
the plastic zone size approaches the neutral axis.
Therefore, compressive stresses may start to inhibit
the plastic zone expansion. Hence, the energy
dissipation from the crack tip is reduced, and
fracture occurs at lower Jq and d values. Similar
observations were reported by Wurmshuber et al.33

for cantilevers with a cross-section of 3 9 3 lm2

made from grain boundary-doped tungsten alloys
with a grain size of about 150 nm.

From the 400 �C sample, cantilevers with a cross-
section of 5 9 5 and 10 9 10 lm2 were fabricated to
reduce FIB time, as the RT cantilevers with a cross-
section of 10 9 10 lm2 confirmed size independency
already. Fracturemechanical evaluation for the 400 �C
sample revealed a Jq of 230 � 40 and 210 � 60 J

m2 for

the 5 9 5 and 10 9 10 lm2 cantilever cross-sections;
see Fig. 10a. Combined with the yield strength
estimated form the hardness values, this gives a pre-
factorC of 66 for the 10 9 10 lm2 cantilevers, which is
well above the size dependency range of 10 to 50 given
in the literature.24,27,29,31–33 The cantilevers with a
cross-section of 5 9 5 lm2 exhibit a pre-factor value of
35, which is within a similar range as the 10 9 10 lm2

cantilevers fabricated from the RT sample; see Fig. 9.
Despite the cross-sectional difference, the mechanical
data of the 400 �C cantilevers showed no size-depen-
dent trend. Nevertheless, dwas measured from in situ
images, revealing a d of 90 � 6 and 91 � 6 nm for the
400 �C cantilevers, illustrated in Fig. 10b. Transforming
the d into Jq;d gives 230 � 20 and 240 � 20 J

m2 for the

5 9 5 and 10 9 10 lm2 cantilevers, which are in
accordance with the Jq determined. The plane strain
condition for the 400 �C cantilevers was verified by
Eq. 4, which gives a minimal size constrain of 1.2 lm,
as met by all 400 �C cantilevers. Furthermore, the

plastic zone size was estimated according to Eq. 5 as
0.7 � 0.2 lm, which fits well into a quarter of the
initial ligament length of the 5 9 5 lm2 cantilevers.
Therefore, compressive stresses below the neutral
axis do not interfere with the plastic zone. Never-
theless, the fracture behavior differs for the 400 �C
cantilever between 5 9 5 and 10 9 10 lm2, as the
former fractured by stable crack growth while the
latter exhibits unstable failure. This change in
fracture behavior might originate from the fact
that with decreasing size less energy is stored in
the sample, stabilizing crack propagation through
reduced energy release capabilities. This behavior
is also reflected in the increasing tearing modulus
by decreasing the sample size; see Fig. 8 and Ref.
30. Hence, stable crack growth might occur because
of the size reduction, whereby displacement con-
trolled quasi-static loading might be further bene-
ficial for a stable crack growth, as during unloading
elastically stored energy is released and has to be
reapplied during the following loading segment.
Despite the size-dependent crack propagation, the
crack initiation is size independent as long as Eq. 4
is fulfilled.42

Comparing the RT and 400 �C sample microstruc-
ture suggests that the nanocomposite matrix grain
size, increasing from 9 to 28 nm, has only a minor
impact on Jq, although larger grains could poten-
tially accumulate more dislocations. In contrast, the
coarse tungsten grains present in the nanocrys-
talline matrix have a significant effect on Jq and
Jq;d. In the RT samples, these coarse tungsten
grains form delamination-like structures, lowering
the stress triaxiality and leading to an anisotropic
fracture behavior. From an engineering point of
view, while this anisotropic characteristic could be
harnessed in dedicated component design, isotropic
material properties are favorable regarding ease of
material use and safety regarding unintended load-
ing situations. For the cantilevers deformed at
elevated temperatures, the spherically shaped
coarse tungsten grains led to an isotropic
microstructure and connected material properties.
Nevertheless, cantilevers fabricated from the RT
sample exhibited a high Jq and Jq;d of about 410 J

m2,

while only 220 J
m2 were obtained from the 400 �C

cantilevers.
To further underline the attractive properties of

the present material, the metric proposed by
Hohenwater et al.45 for damage tolerance was used
to classify the results regarding literature data for
grain refined copper, tungsten and tungsten-copper
composites. This metric is given by the product of
KIC and the material strength; as for damage
tolerance, a one-dimensional viewpoint is insuffi-
cient. A damage tolerant material must combine a
high material strength, as this defines the onset of
plastification, and a high fracture toughness, which
is a measure for the crack growth resistance. The
iso-lines in Fig. 11 illustrate this respective damage
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tolerance. The investigated tungsten-copper com-
posite showcases a noticeably increased fracture
toughness compared to other nanostructured mate-
rials such as nanocrystalline copper,46 nanocrys-
talline magnetron sputtered tungsten,47

polycrystalline tungsten48 and a nanocrystalline
tungsten-copper composite with 50 at.% copper.49

The latter has a comparable composition and sim-
ilar grain size of 10 nm as the here-investigated RT
sample. Comparing the fracture toughness reveals
an increased value for the present RT sample, which
stems from the coarse flake-like tungsten grains,
transforming the stress state. For the 400 �C
specimen, the coarse tungsten grains were spheri-
cally shaped, and the grain size increased to 27 nm.
Due to the spherical shape the coarse tungsten
grains have reduced influence on the fracture
toughness. Nevertheless, the 400 �C specimen
exhibits an increased fracture toughness compared
to the tungsten-copper composite with 50 at.%
copper49 reported in literature. This fracture tough-
ness increase can be attributed to the increased
grain size. A similar trend can be deduced from the
nanocrystalline46 and ultrafine-grained50,51 copper.
The tungsten-copper composite with 75 at.%52 has a
similar fracture toughness level to the investigated
composites, as the additional amount of copper
enhanced the ductility. However, the strength is
only in the range of 1 GPa and thus well below the
present material. Consequently, the damage toler-
ance also increased from 10.000 MPa

ffiffiffiffiffi

m
p

, where the
nanocrystalline tungsten and tungsten-copper com-
posites reside, to 25.000 MPa

ffiffiffiffiffi

m
p

for the present
case; see the iso-lines in Fig. 11. However, due to the
observed intercrystalline fracture, the damage tol-
erance of the tungsten-copper composite would
benefit from grain boundary strengthening, e.g.,

by grain boundary segregation.52 Another possibil-
ity to enhance the damage tolerance would be to
strengthen the copper phase and enable twinning as
an additional deformation mechanism, e.g., by
alloying copper with zinc.53

Motivated by the promising material properties of
this microstructurally optimized tough nanocom-
posite, possibilities for transferring the achieved
results to a large-scale production become of inter-
est. One possibility would be to sinter bulk materi-
als of nanocrystalline powders by liquid phase
sintering or field-assisted flash sintering. However,
processing of nanocrystalline powder is challenging
because of oxidation, the necessity to remove pow-
der agglomerates and the unwanted contamination
of the powder with elements from the grinding balls
or vial. Furthermore, direct upscaling of HPT is
limited to thickness of 10 mm and diameter of
[60 mm because of the required pressure.54 Nev-
ertheless, different severe plastic deformation meth-
ods are available in the literature for continuous or
quasi-continuous material synthesis, e.g., accumu-
lative roll bonding (ARB),55,56 equal channel angu-
lar pressing (ECAP),57 incremental high-pressure
torsion (I-HPT),58 continuous high-pressure torsion
(C-HPT)54 and high pressure tube twisting
(HPTT).59,60 However, these techniques often lack
the achievable high strain that can be conveniently
imposed by HPT. ARB necessitates sintered mate-
rial sheets as basis and stacks material sheets to
bind them by rolling. During stacking, different
material components like particles, fibers, or foils
can be incorporated to enhance the material prop-
erties.55 Nevertheless, ARB results in a layered
structure with anisotropic material properties. For
the application of C-HPT, HPTT and I-HPT, a
sintered base material is required, and the process-
ing will result again in a textured microstructure.60

However, similarly to the present results, applica-
tion of an increased deformation temperature could
reduce the microstructural texture for these tech-
niques. Last, ECAP allows to directly consolidate
powders, which produces a significant compositional
design and produces an isotropic microstructure
when following appropriate billed pressing paths.
Hence, ECAP might be a promising candidate to
upscale fabrication of nanocrystalline immiscible
nanocomposite materials.

CONCLUSION

A bulk tungsten-copper composite was subjected
to high-pressure torsion at different deformation
temperatures to tailor the grain size into the
nanocrystalline regime, resulting in a bi-modal
microstructure despite refinement saturation. By
raising the deformation temperature from room
temperature to 400 �C, the matrix grain size was
increased by a factor of three from 9 to 28 nm,
whereby coarse tungsten grains embedded in the
nanocrystalline matrix changed from a flake-like

Fig. 11. Relation of the investigated composite to refined material
compositions, ultra-fine grained copper (cyan circle),51 nanotwined
copper (olive circle),50 nanocrystalline copper46 (brown dot),
nanocrystalline tungsten-copper with 75 at.% copper (orange
rectangle),52 ultra-fine grained tungsten (unfilled purple triangle),48

nanocrystalline tungsten-copper with 50 at.% copper (blue
rectangle)49 and magnetron sputtered tungsten (green triangle)47

(Color figure online).

Schmuck, Burtscher, Alfreider, Wurmshuber, and Kiener2312



shape to spherical and enlarged in size. Micro-
cantilever bending beams with varying size were
fabricated to study a possible size effect and the
impact of the matrix grain size, utilizing elastic-
plastic fracture mechanical evaluation and in situ
images from the crack initiation point. Inter-crys-
talline fracture governs the failure process, with
features roughly corresponding to the matrix grain
size. Additionally, for room temperature cantilevers,
the coarse flat tungsten grains formed delamina-
tion-like structures on the fracture surface, which
reduced the stress triaxiality at the crack front and
therefore increased the fracture toughness. Fur-
thermore, the room temperature cantilevers failed
mainly by stable crack growth and revealed a size
dependency below a cantilever cross-section of
10 9 10 lm2 as then the plastic zone size
approached the neutral axis. For 400 �C cantilevers,
no delaminations formed on the fracture surface, as
the crack path passed the spherical coarse tungsten
grains. Nevertheless, the fracture behavior changed
from unstable to stable with decreasing cantilever
cross-section. This occurs as with reduced sample
volume less energy is stored in the cantilever, as
reflected in the size dependency of the tearing
modulus. Despite the different fracture behavior,
the determined characteristics are similar, as the
criteria for size independent crack initiation values
are met. The matrix grain size had only a marginal
influence on the fracture characteristics, while the
delamination-like structures formed by the coarse
flat tungsten grains significantly increased the
fracture toughness. This further allows to tailor
the material transition from a tungsten shield to the
copper cooling block.
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