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a b s t r a c t

Fracture toughness of polycrystalline Fe, Fe–3%Cr and Fe–9%Cr was measured by four-point bending of
pre-cracked specimens at temperatures between 77 K and 150 K and strain rates between 4.46 � 10�4

and 2.23 � 10�2 s�1. For all materials, fracture behaviour changed with increasing temperature from brit-
tle to ductile at a distinct brittle–ductile transition temperature (Tc), which increased with increasing
strain rate. At low strain rates, an Arrhenius relation was found between Tc and strain rate in each mate-
rial. At high strain rates, Tc was at slightly higher values than those expected from extrapolation of the
Arrhenius relation from lower strain rates. This shift of Tc was associated with twinning near the crack
tip. For each material, use of an Arrhenius relation for tests at strain rates at which specimens showed
twinning gave the same activation energy as for the low strain rate tests. The values of activation energy
for the brittle–ductile transition of polycrystalline Fe, Fe–3%Cr and Fe–9%Cr were found to be 0.21, 0.15
and 0.10 eV, respectively, indicating that the activation energy for dislocation glide decreases with
increasing chromium concentration in iron.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Fusion power has attracted great interest due to its potential as
a major power source for the mid 21st century onwards. Reduced-
activation ferritic–martensitic (RAFM) steels based on iron �9%
chromium form one of the classes of materials currently antici-
pated for structural components of the proposed DEMO reactor
and future power plants [1,2]. In critical applications in the ‘first
wall’, such materials will be exposed to high doses (several dpa/
year) of 14 MeV neutrons, resulting in embrittlement and in-
creased ductile–brittle transition temperature (DBTT) [3]. The brit-
tle–ductile transition temperature (Tc) for a wide range of ferritic/
martensitic steels varies over a �100 �C range with Cr content and
follows the same pattern of variation with Cr content in all steels
studied, with a minimum in DBTT at 5–10% Cr [1,4]. The upward
shift in Tc (DTc) after irradiation (7–36 dpa at 365–410 �C) also fol-
lows a common pattern with Cr content across all steels studied,
with a very small shift at 9% Cr [5], rising to a shift of 200–
250 �C at low (2%) or high (12%) Cr contents; Cr content has a
stronger influence on DTc than other compositional or microstruc-
tural factors (at least under conditions with little He production).
Post-irradiation swelling also varies strongly with Cr content [6].
There is thus a need to understand the influence of Cr on DBT
ll rights reserved.
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behaviour in simple Fe–Cr binaries, to underpin understanding of
DBT behaviour in more complex RAFM alloys such as Eurofer97 [7].

Many unirradiated body-centred cubic (BCC) metals show a
gradual DBT where fracture toughness increases with increasing
temperature up to Tc, over a range of 100 K or more [8–11], though
some BCC metals such as single-crystal Fe–3%Si [12] have been
found to exhibit a ‘sharp’ transition where fracture toughness is
roughly constant below Tc, then increases over a few degrees at
Tc. Such ‘sharp transition’ behaviour is also seen in semiconductors
and ceramics such as Si and Al2O3, where it has been attributed to a
near-zero initial dislocation density [13–15].

In many materials [16], including semiconductors [13,14,17,18],
ceramics [15,19], intermetallics [20,21] and BCC metals
[9,11,16,22], it has been found that the relation between Tc and
strain rate, _e, is empirically given by an Arrhenius equation as
follows:

_e ¼ A � expð�Ea=kTcÞ; ð1Þ

where A is a prefactor, Ea is the activation energy for the DBT and k
is Boltzmann’s constant. For a given material, the activation energy
for the DBT is found to be close to the activation energy for disloca-
tion glide, strongly suggesting that the DBT in these materials is
controlled by dislocation glide. In BCC metals, screw dislocations
move much more slowly than edge dislocations at the same re-
solved shear stress, so that generally the rate of emission of disloca-
tions from crack tip sources is controlled by the motion of screw
dislocation. In the experiments on single-crystal tungsten per-
formed by Gumbsch et al. [9], they selected a uniquely special crys-
tallographic orientation of specimen that allowed easy emission of
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Fig. 1. Stress–strain curves from four-point bend tests of Fe–9%Cr at a strain rate of
4.46 � 10�4 s�1. (a) 77 K: brittle fracture; (b) 100 K: semi-brittle fracture; (c) 200 K:
ductile bending.
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edge dislocation segments from the crack tip, giving a much lower
activation energy than that found for tungsten of other orientations
and in polycrystalline tungsten [11]; this reinforces the conclusion
that generally in BCC metals, the motion of screw dislocations con-
trols the DBT behaviour.

Models based on dislocation-dynamics simulation of plastic-
zone evolution and their effects of crack tip stress fields (‘shield-
ing’) have been successful in modelling the DBT in silicon crystals
[23] and other materials [24]. For pure iron and simple binary
alloys, the application of such models is not currently possible,
because of the very limited data available for fracture toughness
and the DBT (including strain rate effects) or dislocation mobility.
The aim of the current study is to provide fracture and DBT data
suitable for such modelling, which will be reported elsewhere.

In the present study, the effects of chromium content on the
DBT of polycrystalline iron–chromium were experimentally stud-
ied, using chromium concentrations of 0%, 3% and 9%. For each al-
loy composition, fracture toughness was measured over a range of
temperatures at several strain rates. Values of activation energy for
the DBT in each alloy were derived from the variation of the DBT
temperature, Tc, with strain rate, using Eq. (1).

2. Experimental procedures

Polycrystalline Fe, Fe–3%Cr and Fe–9%Cr with grain sizes in the
range 90–300 lm were supplied by Metal Crystals and Oxides,
Cambridge, UK. The chemical composition of the materials used
are shown in Table 1. The Fe and Fe–Cr alloys have different C con-
centrations (0.0119, 0.0018 and 0.0021 mass% for Fe, Fe–3%Cr and
Fe–9%Cr, respectively). Although impurity carbon atoms can pin
both edge and screw dislocations, they are not likely to have a sig-
nificant effect on dislocation motion once the dislocations are un-
pinned [25,26]. Since the dislocation sources, close to the crack tip,
will be subjected to very high stresses, while the initial operation
of the sources and the emission of their first dislocation might be
slightly inhibited, the continued operation of the source will not.
Since the DBT in metals is associated with substantial dislocation
activity at the crack tip, we do not expect that the levels of carbon
found in these materials will substantially affect their DBT
behaviour.

Bend specimens 1 � 1 � 11 mm3 were cut using a Buehler ‘iso-
met’ saw. Each surface was then ground and polished, with the fi-
nal polishing stage using 1lm diamond paste on a soft cloth. The
sample size is relatively small, compared to, for example, ASTM
standard bend specimens. However, it has been shown that while
the absolute value of DBT temperature at a given strain rate de-
pends on specimen size and geometry [11,24], the value of activa-
tion energy for DBT derived varying the strain rate in experiments
using a fixed specimen size and geometry does not depend on the
specimen type. Therefore, once a value of activation energy is ob-
tained for a given specimen type and material and the DBT is deter-
mined at one strain rate, Eq. (1) can be used to predict DBT
temperatures at other strain rates.

Notches with sharp cracks at their bases were produced on the
tensile surface of each specimen by electro-discharge machining,
using a razor blade as a sharp-edged tool to produce a notch
�80 lm deep. The radius at the notch tip was found to be �30 lm.
Table 1
Chemical compositions of the materials used

C (mass %) Si (mass %) Mn (mass

Fe 0.0119 <0.01 <0.01
Fe–3%Cr 0.0018 0.01 0.39
Fe–9%Cr 0.0021 <0.01 <0.01
Four-point bend tests were carried out at surface strain rates
from 4.46 � 10�4 to 2.23 � 10�2 s�1. The test temperature was
controlled by using liquid nitrogen at 77 K and cold nitrogen gas
from 100 K to 150 K. In each test, temperature variation was con-
trolled to within ±0.5 K.

3. Results and discussion

3.1. Fe–9%Cr: Four-point bend tests

Fig. 1 shows typical stress–strain curves from Fe–9%Cr tested
at a maximum strain rate of 4.46 � 10�4 s�1, illustrating three
characteristic deformation modes. Curve (a) (77 K) indicates
brittle fracture, where fracture took place without any apprecia-
ble plastic deformation. Curve (b) (100 K) indicates semi-brittle
fracture, where plastic deformation is seen slightly before
fracture. Curve (c) (140 K) shows ductile bending, where the
sample continued to deform plastically after yielding. In the test
jig used, samples could not be deformed to more than �3.5%
total (elastic + plastic) strain, so the deformation mode was
defined as ‘ductile’ if samples did not fracture up to this
point.

Figs. 2(a) and (b) show fracture surfaces of the samples in
Fig. 1(a) and (b), respectively. The cross section of the notch is
seen at the top of the figures, and cracks propagated from the
root of the notch. Fig. 2(a) (77 K) exhibits transgranular cleavage
over the whole surface, indicating purely brittle fracture. In
Fig. 2(b) (100 K), most of the surface shows cleavage; however,
there are also regions of ductile tearing to depths of a few hun-
dred microns below the notch root. Thus in semi-brittle fracture,
it appears that some plastic deformation take place in a small
region around the pre-crack but final fracture itself occurs in a
brittle manner. This is in good agreement with curve (b) in
Fig. 1, which exhibits slight plastic deformation before fracture
occurs.
%) P (mass %) S (mass %) Cr (mass %)

<0.004 <0.001 <0.01
<0.004 <0.001 3.11
<0.004 <0.001 8.82



Fig. 2. SEM images of fracture surfaces of Fe–9%Cr. The strain rate used was
4.46 � 10�4 s�1. (a) Specimen tested at 77 K, showing a typical brittle fracture
surface, (b) specimen tested at 100 K, showing semi-brittle behaviour; ductile voids
are seen in a small area indicated by an arrow in the figure.
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Fig. 3. Fracture toughness as a function of temperature for Fe–9%Cr, tested at strain
rates of: (a) 4.46 � 10�4 s�1, (b) 8.93 � 10�4 s�1, (c) 4.46 � 10�3 s�1. Solid squares,
triangles and circles represent brittle fracture, semi-brittle fracture and ductile
bending, respectively. Dashed lines indicate the brittle–ductile transition temper-
ature. Increasing the strain rate increases the brittle–ductile transition temperature.
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Fracture toughness, KIC, in a four-point bending test is given by

K IC ¼ rf
ffiffiffiffiffiffi
pc
p

f ðnÞ; n ¼ c=h;

f ðnÞ ¼ 1:112� 1:40nþ 7:33n2 � 13:08n3 þ 14:0n4; ð2Þ

where rf is the fracture stress, c is the crack length and h is the spec-
imen height [27]. The fracture toughness was measured between
77 K and 130 K and at strain rates from 4.46 � 10�4 s�1 to
2.23 � 10�2 s�1. For ductile specimens, values of yield stress were
used for rf in Eq. (2) instead of fracture stress, giving a lower-bound
value for the fracture toughness.

Fig. 3(a)–(c) shows fracture toughness versus temperature for
Fe–9%Cr at strain rates of 4.46 � 10�4, 8.93 � 10�4 and
4.46 � 10�3 s�1. Solid squares, triangles and circles represent brit-
tle fracture, semi-brittle fracture and ductile bending, respectively.
For ductile behaviour, since the specimens did not fracture, the
‘fracture toughness’ values shown are lower-bound values calcu-
lated from yield stress in each test and the notch/crack depths.
The arrows above the solid circles mean that the real values of frac-
ture toughness are higher than those indicated. The fracture tough-
ness at 77 K seems to vary slightly with strain rate, however, there
is some scatter due to the polycrystalline nature of the material,
with only a few grains of different crystallographic orientation
across the crack front in each sample, so no clear trend can be iden-
tified. The DBT temperature, Tc, indicated by dashed lines in Fig. 3,
is taken as the mean of the highest temperature for semi-brittle
fracture and the lowest temperature for ductile bending. Generally,
fracture toughness close to the DBT is slightly higher than at 77 K.
The determination of Tc is inevitably somewhat uncertain due to
the large grain size (relative to specimen size), with each grain dif-
ferently orientated with respect to the applied stresses near the
notch. However, the uncertainties in the DBT at a given strain rate
are rather smaller than the shifts in DBT with strain rate (see
Fig. 4).
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Fig. 4. Arrhenius plot of ln(strain rate) as a function of reciprocal transition
temperature for polycrystalline Fe–9%Cr. Solid squares indicate strain rates where
twinning was observed near the crack tip; solid circles indicate that no twinning
was seen. Lines fitted to these two types of test results have the same slope,
implying that the critical process in each case has the same activation energy. Error
bars indicate the highest temperature for semi-brittle fracture and the lowest
temperature for ductile bending.
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Fig. 4 shows an Arrhenius plot of the ln(strain rate) vs 1/Tc for
Fe–9%Cr tested at strain rates of 4.46 � 10�4, 8.93 � 10�4,
4.46 � 10�3, 8.93 � 10�3 and 2.23 � 10�2 s�1. The data do not fit
on a single straight line. Instead, two parallel lines are drawn;
the reasons for this are given below.

3.2. Fe–9%Cr: scanning electron microscopy (SEM)/electron
backscattered diffraction (EBSD) observations around crack tips

Fig. 5(a) and (c) shows SEM images of crack tips of Fe–9%Cr
samples deformed at strain rates of 4.46 � 10�4 s�1 (the lowest
strain rate used) and 8.93 � 10�3 s�1 (the second-highest strain
rate used), after electropolishing for subsequent EBSD observation.
Fig. 5(e) shows a higher magnification view of the crack tip in
Fig. 5(c). The specimens were deformed at 117 K, which in both
cases is higher than Tc, i.e., both deformed by ductile bending, to
strains of 3.0 � 10�2 (Fig. 5(a)) and 3.5 � 10�2 (Fig. 5(c)). The elec-
tron backscattered diffraction (EBSD) images in Fig. 5(b), (d) and (f)
indicates the crystallographic orientations of grains around the
crack tips shown in Figs. 5(a), (c) and (e). The colour indicates
the orientation of the grains relative to the x direction in
Fig. 5(h). A key to the colour mapping is given in Fig. 5(g).

Fig. 5(b) shows that the crack in the specimen deformed at the
lower strain rate stopped at a grain boundary. Rotations due to slip
deformation can be seen ahead of the crack and in the grain imme-
diately below the crack tip. Deformation was solely by slip at this
temperature and strain rate (the lowest strain rate used).

For the specimen deformed at the higher strain rate, Fig. 5(d)
shows crystallographically distinct areas (red) with widths of sev-
eral microns around the crack tip. Fig. 5(e) shows an enlarged SEM
image of the region close to the crack tip, and Fig. 5(f) shows an
EBSD image of the area surrounded by a dashed rectangle in (e),
indicating similar crystallographically distinct regions around the
crack tip as blue lines. The grain boundaries between the red or
blue regions and the matrix were found to be all of R3 type, indi-
cating that they are twins.

Thus even though the specimens shown in (a) and (c) were
both deformed at the same temperature and in the ductile re-
gime, their deformation processes were different. At low strain
rates, only slip was observed, while for higher strain rates
(>8.93 � 10�3 s�1), twins also developed at the crack tip. This dif-
ference in crack tip deformation mechanism, resulting in a lower
Tc at high strain rates than would be expected from extrapola-
tion of low strain rate behaviour, is why two lines are drawn
on the Arrhenius plot in Fig. 4. One line, labelled (i) is fitted
to the points for low strain rates of 4.46 � 10�4, 8.93 � 10�4

and 4.46 � 10�3 s�1, and the other, labelled (ii), is fitted to the
points for high strain rates of 8.93 � 10�3 and 2.23 � 10�2 s�1.
The slope of line (i) gives a value of activation energy of
0.10 ± 0.001 eV while that of line (ii) gives 0.11 eV although gi-
ven the possible errors of Tc measurements (due to the large
grain size), these can only be tentative values. The value of the
activation energy for the DBT thus appears not to be affected
by the onset of twinning at higher strain rate, though the value
of Tc shifts to lower temperatures. This implies that the glide of
dislocations controls the DBT at all strain rates; at the higher
strain rates, it is possible that intersection of glide planes with
twins inhibits their dislocation motion, thus decreasing ductility.

3.3. Fe and Fe–3%Cr

Figs. 6(a) and (b) show Arrhenius plots of the strain rate and
transition temperature for polycrystalline Fe–3%Cr and polycrys-
talline Fe at strain rates of 4.46 � 10�4, 8.93 � 10�4, 2.23 � 10�3,
4.46 � 10�3, 8.93 � 10�3 and 2.23 � 10�2 s�1. Two nearly parallel
lines can be drawn in each case as for Fig. 4, implying that twinning
takes place as well as slip deformation at the higher strain rates.
EBSD observations were not carried out on these specimens; how-
ever, some twins can be observed in SEM secondary imaging
around cracks in specimens deformed at high strain rates (see
Fig. 7). The slopes of the lines (i) and (ii) in Fig. 6(a), for polycrys-
talline Fe–3%Cr, give values of activation energy of 0.15 ± 0.07 eV
and 0.14 eV, respectively. The slopes of lines (i) and (ii) in
Fig. 6(b), from polycrystalline Fe, give values of activation energy
of 0.21 ± 0.05 eV and 0.23 eV, respectively. Thus, as in Fe–9%Cr, it
appears that dislocation glide is the controlling process over the
whole strain rate range used, with the onset of twinning at high
strain rates increasing Tc, possibly by inhibiting dislocation motion.

3.4. Activation energies for dislocation glide

Previous work on ductile–brittle transition in single-crystals
has found that the activation energies deduced from DBT experi-
ments are similar to those for dislocation glide [11–16]. Dislocation
mobility data for the materials tested here are sparse. Data exist
only for Fe, and then only for edge dislocations [25]; the DBT is
most likely to be controlled by the motion of screw dislocations,
which have much lower mobilities than edge dislocations in BCC
metals [28].

The accepted model for screw dislocation motion in a BCC metal
is by double-kink pair nucleation and propagation [29], giving a
dependence of strain rate on temperature via a stress-dependent
activation enthalpy for double-kink nucleation ðHkpðs�ÞÞ:

_e ¼ _e0 � expð�Hkpðs�Þ=kTÞ; ð3Þ

where _e0 is a pre-exponential factor, T is the absolute temperature
and ðs�Þ is the local resolved shear stress on the dislocation. For val-
ues of applied shear stress ðs�Þ much lower than the stress to move
the dislocation without the operation of the double-kink mecha-
nism (the ‘Peierls stress’, sp), Hkpðs�Þ is given by

Hkpðs�Þ ¼ 2Hk � 2aðs�Þ1=2
; ð4Þ

where a ¼ d3bc0

2

 !1=2

ð5Þ



Fig. 5. (a) SEM image of a crack tip in a specimen of Fe–9%Cr deformed at 4.46 � 10�4 s�1 (the lowest strain used); (b) EBSD image of the area in (a), indicating the
crystallographic orientation of grains parallel to the x direction in (h); (c) SEM image of a crack tip in a specimen deformed at 8.93 � 10�3 s�1 (the second-highest strain used
for Fe–9%Cr); (d) EBSD image of the area in (a); twins are observed around the crack tip; (e) enlarged SEM image around the crack tip shown in (d); (f) EBSD image of the area
surrounded by a dashed rectangle in (e). (g) Colour key used in (b), (c) and (f). (h) Schematic drawing of the sample and axis. All EBSD images show the crystallographic
orientation parallel to the x direction of the sample.
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and Hk is the single kink nucleation enthalpy in the absence of ap-
plied stress, d is the kink height, b is the magnitude of the Burgers
vector, and c0 is the pre-logarithmic factor in the elastic part of the
line tension of a dislocation [29]. For values of applied shear stress
close to sp, Brunner [30] derived the following expression for the
double-kink activation enthalpy:

Hkpðs�Þ ¼ 2Hk
6
5

2
3

1� s�

sp

� �� �5=4

: ð6Þ

Brunner and Diehl [30–32] obtained experimental values of 2Hk for
pure iron by means of stress-relaxation tests, finding that 2Hk de-
pended on the temperature range of the test: 0.93 eV for tempera-
tures above 250 K (regime I), 0.74 eV for the temperature range
between 120 K and 250 K (regime II), and 0.60 eV for temperatures
below 120 K (regime III). The DBT temperatures found in this study
for pure iron (100–120 K) are in regime II, where the experiments of
Brunner and Diehl found Hkpðs�Þ to be 0.22–0.24 eV, with ðs�Þ in
their tests in the range 150–170 MPa, giving a good fit to Eq. (4),
with 2Hk = 0.74 eV and experimentally derived values for d, b and
c0. A fit to Eq. (6) is possible with sp = 395 MPa, which is plausible
within this temperature range. Thus it is not clear which of Eq. (4)
or (6) is best applicable to the experiments.

However, it is clear that experimental activation energies de-
rived from strain rate variation of the ductile–brittle transition in
iron are consistent with those obtained for dislocation motion in
stress-relaxation tests, if the shear stresses on the dislocations ac-
tive around the cracks are �150 MPa. It is not very straightforward
to obtain a value of such stresses in the ductile–brittle transition
experiments, as the dislocations active around the crack tip will
experience strong interaction stresses from nearby dislocations in
addition to the strongly varying crack tip stress field and externally
applied stresses. Tensile stresses at the specimen surface at frac-
ture in these tests were typically 650 MPa, giving peak resolved
shear stresses on the active dislocations of �325 MPa; the values
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Fig. 7. SEM images around a crack, showing twins beside the crack. The strain rate
used was 8.9 � 10�3 s�1 (the second-highest strain rate), (a) polycrystalline
Fe–3%Cr deformed at 111 K; (b) polycrystalline iron deformed at 116 K.
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of stress below the tensile surface and in earlier parts of the load-
ing cycle will range between zero and this peak value. The average
values over the course of a fracture test are thus likely to be in the
required range. Dislocation-dynamics models of the DBT in iron
and iron–chromium alloys are currently being developed, and
should give further insight into the crack tip deformation processes
and local stresses on the dislocations.

4. Conclusions

The effect of chromium in iron on its ductile brittle transition
(DBT) was experimentally studied, using chromium concentrations
of 0%, 3% and 9% in polycrystalline iron. SEM and EBSD observa-
tions showed the development of some deformation twins as well
as dislocation slip at crack tips deformed at high strain rates. The
onset of twin deformation inhibits dislocation glide, which is the
controlling process for the DBT at all strain rates. The value of acti-
vation energy for the DBT decreases with increasing chromium
concentration in iron from 0.21 eV (Fe) though 0.15 eV (Fe–3%Cr)
to 0.10 eV (Fe–9%Cr). This implies that the activation energy for
dislocation glide in iron–chromium alloys varies similarly with
chromium content. The activation energy found for iron is consis-
tent with that for screw dislocation motion by the double-kink
mechanism. Hence it is likely that the presence of chromium mod-
ifies the activation parameters of this process. The lowering of the
activation energy for screw dislocation glide is also likely to be re-
lated to the phenomenon of low-temperature solution softening
observed in many BCC binary systems [33]; in particular, iron–
chromium binary alloys exhibit a hardness decrease with increas-
ing chromium content up to �8% below 190 K.
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