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Various fracture tests have been performed to determine the fracture toughness of sintered and rolled
tungsten rods. The polycrystalline rods experienced a degree of deformation of about 65% after sintering and
exhibited a pronounced fiber texture. Specimens with three different kinds of crack orientation were
extracted and tested in the temperature range between −150 °C and 950 C. The results confirm the strong
influence of the anisotropic microstructure on the fracture behavior and on the brittle-to-ductile transition.
To gain insight into the failure mechanisms, a close analysis of the microstructure was done by scanning
electron microscopy and electron backscatter diffraction. Furthermore, in situ experiments were conducted
at elevated temperatures in the transition regime to study crack initiation and fracture. Auger spectroscopy
showed segregations of phosphorus and fluorine at intergranular fracture surfaces.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Body centered metals like tungsten generally fail brittle at lower
temperatures and show a distinct transition from brittle-to-ductile
fracture behavior with increasing temperature. The inherent brittle-
ness and the relatively high transition temperature of tungsten are
crucial issues with regard to many technological applications. A
current field of research is for instance the application of tungsten and
tungsten alloys as a plasma facing material in highly loaded
components of future fusion power plants like the divertor [1].

The fracture toughness and the brittle–ductile transition (BDT) has
been studied extensively for single crystalline tungsten [2,3], while
data of polycrystalline tungsten are still rare. The transition
temperature is not a material constant but depends strongly on
parameters like loading rate, the fabrication route and impurities.
Particularly for brittle metals, the microstructure plays a decisive role
for the fracture process and the resulting fracture toughness. Thus, a
detailed understanding of the fracture mechanisms, the controlling
factors of the BDT and their interaction with the microstructure is
essential to identify ways of improving these properties.

Polycrystalline tungsten is usually produced by a powder
metallurgical route and is commercially available in many forms.
The variation in the experimental data of previously published works
[4–6] concerning the fracture toughness and the brittle-to-ductile
transition (BDT) of polycrystalline tungsten and tungsten alloys

emphasizes the strong influence of the production process and hence
the microstructure. In this work, we focus on a very common variety,
namely sintered and rolled tungsten rods, which show a pronounced
fiber texture. In this textured system, specimens with different crack
orientations have been used to study the influence of the microstruc-
ture on the fracture behavior of polycrystalline tungsten.

2. Experimental

The fracture toughness and the BDT of pure (99.98%) tungsten rods
suppliedby PlanseeMetall GmbH, Reutte, Austria has been investigated.
The rods experienced a break down rolling after sinteringwith a degree
of deformation of 65% resulting in a diameter of 14 mm. Optical
micrographs showed that themicrostructure exhibited elongatedgrains
with an aspect ratio of roughly 3:1 in the rolling direction. Furthermore,
a close analysis of the microstructure was done by means of electron
backscatter diffraction (EBSD). Selected specimens were polished for
this purpose with a succession of diamond pastes. A final polishing step
was done using SiO2-suspension.

Our fracture mechanical tests were conducted on notched rectan-
gular bars (3 mm×6 mm×27mm) in three-point bending (25 mm
span width) over the temperature range −150 °C−950 °C at a fixed
loading rate of 1 µm/s. The fracture tests were performed in high
vacuum for temperatures above 350 °C to avoid any oxidation of the
specimens and in a cooling nitrogen atmosphere below room
temperature. Specimens were fabricated by electrical discharge ma-
chining with 3 mm deep notches. Sharper crack starter notches were
introduced by using a razor blade at the root of these first notches. Final
notch depths and radii were typically 3.2 mm and 20 µm, respectively.
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Toaccount for the anisotropicmicrostructure three specimen typeswith
different kinds of crack orientations were investigated (see Fig. 1). As
the transverse specimens (type I and II) are limited in their size, they
were brazed to two extension arms to obtain the desired geometry.

To gain insight into the crack initiation and propagation process, in
situ SEM fracture tests were performed using the same specimen sizes
and geometry of the bending setup as for the conventional fracture
tests. A tensile-compressive testing apparatus from Kammrath and
Weiss was modified to perform three-point bending tests by
exchanging the sample clamps to home built clamps for bending.
For experiments at elevated temperatures, a small resistance heating
system was attached underneath the specimens and the specimen
temperature wasmeasured in close vicinity to the notch root by a type
K thermocouple. After mounting the samples and attaching the
heater, the system was inserted into a Leo 1530VP scanning electron
microscope. Stable imaging and operation of the whole setup could be
achieved for temperatures as high as 500 °C. In the work presented
here, we will focus on the type III specimen tested at 350 °C.

Intergranular fracture of tungsten has been attributed to the
presence of impurities at grain boundaries such as phosphorus [7]; the
nature and extent of impurities depend on the production process.
Fracture surfaces were examined by Auger electron spectroscopy
(AES) to study the impurity segregation at the grain boundaries. The
Auger spectrometer used in this work was equipped with an in situ
fracture apparatus so that specimens could be fractured in ultra high
vacuum inside the specimen chamber.

3. Results and discussion

3.1. Microstructure

EBSD analysis of the microstructure showed that a b110N fiber
texture has formed during rolling, which is particularly pronounced in
the center of rods from where the specimens were extracted.
Furthermore, a subgrain structure has formed as shown in Fig. 2,
where the high (N15°) and low angle (between 2° and 15°)
boundaries are plotted by lines of different grey levels. This finding
was confirmed by transmission electron microscopy (TEM).

3.2. Fracture toughness and fractography

Fig. 3a shows the fracture toughness as a function of temperature
for the investigated kinds of crack orientation. All three specimen
types failed by brittle fracture at low temperatures and exhibited a
transition from brittle-to-ductile fracture behavior with increasing
temperature marked by a rapid increase in fracture toughness. As KIC

loses validity with increasing ductile behavior, the calculated values
above the transition regime give only a lower bound and are denoted
by open symbols. The results demonstrate that the anisotropic
microstructure has a strong influence on the absolute values of
fracture toughness as well as on the transition temperature. Most

notably the type III specimens showed higher fracture toughness in
the brittle regime and the brittle-to-ductile transition occurred at
lower temperatures compared to the two transverse types. SEM
investigations of the fracture surfaces revealed that the type I and II
specimens failed predominately by intergranular fracture while the
type III specimens exhibited almost exclusively transgranular cleav-
age surfaces in the brittle regime. No significant change of the fracture
behavior and morphology could be observed for the two transverse
types with increasing temperature; first dimple patterns appeared
locally at 800 °C. In the transition range, the fracture behavior of type
III specimens changed drastically, as shown in Fig. 3b. With increasing
temperature the specimens did not fail catastrophically anymore but
in a stepwise or stable manner. As can be seen from the load–
displacement curve in Fig. 3b a distinct load drop could be observed at
275 °C followed by stable crack growth. Similar fracture behavior was
found for higher temperatures with the exception that the load drops
occurred after some plastic yielding; the load drops on the load–
displacement curves were accompanied by audible clicks.

Examination of the fractured specimens indicated that the load drop
and the following stable crack growth can be associated with the
initiation and growth of a symmetrically branched crack (see Fig. 4a).
Thebranched crack grewprimarily along theelongatedgrainboundaries
in the rollingdirection,while thematerial in the vicinity of thenotch root
failed by ductile fracture in a fibrous manner (Fig. 4b–d).

3.3. In situ 3 point bending

In situ fracture tests were performed in SEM to clarify the observed
fracture behavior, particularly for the type III specimens in the
transition regime. Snapshots of the experiment conducted on a type III
specimen are shown in Fig. 5a–c to address the issue of crack
branching. The specimen was heated up to about 350 °C and slowly
loaded to fracture in displacement control. The load–displacement
curve was recorded by the control of the stage and images from the
notch tip region were continuously taken during the experiment..As
can be seen from Fig. 5a, the first crack, which was accompanied with
a distinct load drop in the load–displacement curve, was initiated in
front of the notch. Most notably the crack was not oriented along the
symmetry plane of the specimen but perpendicular to it, which
corresponds to the rolling direction of the material. With increasing
load the crack propagated in both directions and the remaining
ligament between the notch root and the transverse crack finally

Fig. 1. Schematic representation of the investigated specimen types and crack
orientations: in the first case the crack front is parallel (type I), in the second one
radial (type II) and in the third case tangential (type III) to the rolling direction.

Fig. 2. High and low angle boundary distribution mapped by EBSD. Data were taken
from a cross section parallel to the rolling direction. High angle boundaries with a
misorientation above 15° are plotted in black and the lighter lines are the low angle
boundaries between 2° and 15°.
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