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Body-centered cubic metals including steels and refractory metals
suffer from an abrupt ductile-to-brittle transition (DBT) at a critical
temperature, hampering their performance and applications.
Temperature-dependent dislocation mobility and dislocation nu-
cleation have been proposed as the potential factors responsible
for the DBT. However, the origin of this sudden switch from
toughness to brittleness still remains a mystery. Here, we discover
that the ratio of screw dislocation velocity to edge dislocation ve-
locity is a controlling factor responsible for the DBT. A physical
model was conceived to correlate the efficiency of Frank–Read
dislocation source with the relative mobility of screw versus edge
dislocations. A sufficiently high relative mobility is a prerequisite
for the coordinated movement of screw and edge segments to
sustain dislocation multiplication. Nanoindentation experiments
found that DBT in chromium requires a critical mobility ratio of
0.7, above which the dislocation sources transition from dispos-
able to regeneratable ones. The proposed model is also supported
by the experimental results of iron, tungsten, and aluminum.
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The ductile-to-brittle transition (DBT) is a ubiquitous feature
in body-centered cubic (BCC) metals (1). Below a critical

temperature, termed the ductile-to-brittle transition temperature
(DBTT), the plasticity of BCC metals displays an abrupt transition
from ductile deformation to cleavage brittle fracture (1–9), limiting
the temperature window for the utilization of these metals (1–9).
Therefore, a thorough understanding of the mechanism controlling
the DBT in BCC metals is essential for their broader applications.
The brittleness/toughness of a material (i.e., its resistance to

crack propagation) (10), depends on the dislocation activities
near the crack tip (11). Crack tip plasticity, which slows down or
arrests the advancing crack, consists of two distinct processes:
nucleation of dislocations at or near the crack tip and their
gliding away from the crack (10–16). As such, the DBT prop-
erties of BCC metals can be traced back to the nucleation and
gliding of a/2〈111〉 screw dislocations. In BCC metals, these screw
dislocations have a dissociated, three-dimensional core structure
and a threefold symmetry under ambient conditions (17, 18). For
dislocation nucleation, dislocation sources may have a hard time
operating at low temperatures (19). For dislocation glide, an in-
trinsic resistance, the Peierls stress, has to be overcome (20, 21).
Therefore, there is a debate as to whether screw dislocation nu-
cleation or glide controls the DBT (11–14). The DBTT strongly
depends on the loading rates, microstructures, and impurities
(22–24). The temperature-dependence of the fracture toughness
and the strain rate dependence of a DBT reveals that the activation
energy for the DBT is close to that for double-kink formation on
the screw dislocation (16, 25); this is a hint that DBT is controlled
by screw dislocation mobility. However, there is no compelling
explanation as to why the smooth/gradual temperature-dependent
kink-pair formation always gives rise to an abrupt DBT. A con-
vincing and quantitative link between dislocation properties and the
DBT still remains elusive (26–29).

In this report, we have used high-temperature nanoindentation
to gauge DBT in chromium (Cr) and quantify the relative mobility
of screw versus edge dislocation. We then propose a physical
model to correlate the efficiency of dislocation source to the rel-
ative mobility of screw versus edge dislocations. Our results indi-
cate that a sudden change in dislocation multiplication efficiency
can well explain the abrupt transition characteristics of DBT.

Results
High-purity polycrystalline Cr was used as model material. The
microstructures of Cr are shown in SI Appendix, Fig. S1. The
initial defect density is very low. Nanoindentation was performed
on selected Cr grains in the temperature range of 20 °C to 190 °C
(SI Appendix, Fig. S2). Fig. 1A shows the temperature-dependent
load–depth curves of a [124] grain. Upon loading, the indenta-
tion depth increases linearly with increasing load (30). The
elastic part of the load–depth follows the Hertzian relation (31).
At a critical load of 700 ± 150 N, a sudden displacement burst
occurs, known as the “pop-in” (32), which indicates the transition
from elasticity to plasticity (30). With further-increased pressure,
the load–depth curve fluctuates for tests above 70 °C but is still
smooth for tests below 70 °C, as shown in Fig. 1B. During load
holding, the indentation depth also increases with time and
shows two distinct regions: a fast stage before 0.5 s and a stable
creep afterward, as plotted in Fig. 1C.
The maximum shear stress, τmax, at which dislocations nucleate

underneath the indenter, are plotted in Fig. 1D as a function of
temperature. Overall, the maximum shear stress decreases with
increasing temperature, but there is no critical turning point.
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Hardness can be determined according to H = Pmax
Ac (33), where

H is hardness, Pmax is the maximum applied load, and Ac is the
contact area at maximum load. Fig. 1E plots the hardness versus
temperature for tests in grains with orientations of [013], [455],
and [124], respectively. The hardness shows two stages: it de-
creases with increasing temperature below 70 °C and then
switches into a stage with a weak temperature dependence. An
obvious turn in hardness is evident at 70 °C. This transition
temperature in nanoindentation is very close to the DBTT of Cr
determined under Charpy test (34). The sharp turn reveals the
existence of a switch in deformation mechanism near DBTT,
which could then possibly be responsible for the DBT.
The creep strain rate ( _«H) can be obtained by _«H = 1

h
dh
dt (35,

36), where h and t are the instantaneous indentation depth and
time, respectively. Fig. 1F shows the stable creep strain rate
(after load holding for 1.5 s) as a function of temperature. In
between the top and bottom plateaus, the creep strain rate goes
through a transition region, with a midway point again at ∼70 °C.
The distinctly different behaviors below and above ∼70 °C in the
load–depth curves, hardness, and creep rate of Cr all reflect a
major switch in the underlying dislocation behaviors.
To explore the mechanism of DBT, we studied the dislocation

structures produced underneath the indentations just after the
pop-in in [455] orientated grains below (30 °C), at (70 °C), and
above (170 °C) the critical temperature for DBT (Fig. 2). Fig. 2 A
and D show dislocation structures underneath the indent at
30 °C. The pop-in curve is displayed in Fig. 2E. The Burgers
vectors of dislocations are highlighted in different colors in
Fig. 2A. There are two kinds of dislocations with different Bur-
gers vectors: ±1/2[111] in red and ±1/2[111] in blue. Both screw
dislocations and edge dislocations are observed, as marked in
Fig. 2A. To mediate the pop-in strain, three slip systems were
activated, two of which were along the same [111] direction and
the other along the [111] direction. The nucleated dislocations
have a mixed character. Upon slipping forward, the fraction of

edge dislocations increases, while that of the screw segments
decreases, as manifested by the short, straight dislocations in
Fig. 2A. In the region far from the indentation, only pure-edge
dislocations remain.
Fig. 2 B and F show the dislocation structures formed after

pop-in loading (Fig. 2G) at 70 °C. Similarly, three traces of
dislocations were observed in Fig. 2B. Most emitted dislocations
are straight edge dislocations. In another test at 70 °C, the
fraction of mixed and screw dislocations was higher than that in
Fig. 2B, as shown in SI Appendix, Fig. S5. These observations
indicate that the dislocations should have experienced a transi-
tion in mobility at 70 °C.
Fig. 2 C and H show the dislocation structures produced after

pop-in loading (Fig. 2I) at 170 °C. Both the dislocations near the
indentation and far away from it are curved and entangled, in-
dicating that most dislocations now have a mixed character. Only
a few pure-edge dislocations can be identified in Fig. 2C. Dis-
locations with distinct Burgers vectors are connected to each
other (Fig. 2H), indicating dislocation reactions. Details for de-
termining the Burgers vectors of the dislocations are displayed in
SI Appendix, Figs. S3–S7. The characteristics of dislocations has a
clear temperature-dependence. Easy glide edge dislocations
prevail below the DBTT, while mixed dislocations dominate
plasticity above it.
Fig. 3A shows another example of dislocation structures un-

derneath an indent at 70 °C. By chance, there is a small-angle
grain boundary (SAGB) ∼4 μm away from the indentation. In
this case, the nucleation and emission of dislocations (Fig. 3B)
are similar to Fig. 2, while the gliding of dislocations is obstructed
by the SAGB. As shown in Fig. 3A, three traces of dislocations are
triggered. The two downward traces of dislocations met at the GB
and then partially transmitted through it. A pile-up of dislocations
is formed in front of the SAGB, increasing the back stress for
subsequent dislocations. A large fraction of edge dislocations can
still be identified in Fig. 3A. The fraction of mixed and screw
components is increased compared to Fig. 2B.

Fig. 1. Nanoindentation behavior of Cr. (A) Loading curves of Cr grain with [124] orientation. (B) Enlarged image of the area marked in A. (C) Depth versus
time curves during the load holding stage. (D) Pop-in shear stress as a function of temperature. (E) Variation in hardness with testing temperature.
(F) Temperature-dependent creep strain rate.
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Discussion
In this work, the transition temperature (70 °C) observed in nano-
indentation tests (datasets of nanoindentation hardness, load–depth
curves, and the creep rate) is in the neighborhood of the experi-
mental DBTT of Cr, measured using Charpy test in the literature
(34): for example, fine-grained Cr has a DBTT at 90 °C, whereas
coarse-grained Cr shows a DBTT of 30 °C. Therefore, the transition
observed in our tests is very likely to be responsible for the change in
dislocation mechanism underlying the DBT. This proposition is
supported by the observation that the features of the dislocations
under the indent are indeed different below and above 70 °C, an
indication that around this temperature, the dislocation mechanism
is indeed different, which is expected to be an origin of the DBT
observed under fracture load/mode. To gain physical insight, as
shown above, we have monitored quantitatively the velocity of edge
versus screw dislocations at different temperatures, which reveals a
specific mechanism underlying the DBT.
During the pop-in loadings in Figs. 2 and 3, dislocations nu-

cleate and emit underneath the indenter within 0.01 s. We es-
timate the average dislocation velocity (ν) using the Orowan
equation (37):

ν = _«

ρb
, [1]

where b is the magnitude of the Burgers vector, ρ is the disloca-
tion density, and _« can be obtained via _«H = 1

h
dh
dt (35, 36). Fig. 3B

shows the dislocation velocity as a function of temperature. The
average dislocation velocity increases rapidly from 30 °C to
70 °C and then slowly increases at temperatures above DBTT.
As a comparison, for the test with a SAGB at 70 °C, the average
velocity of dislocations (0.012 m/s) is half of the disloca-
tion velocity (0.027m/s) without the influence of SAGB at the
same temperature. Hence a high fraction of GBs enhances the
DBTT (28).
The change in the dislocation mobility is also reflected by the

evolving relative fraction of edge and screw dislocations, as shown
in Fig. 3C. A mixed dislocation can be divided into an edge seg-
ment and a screw segment according to the angle between the
Burgers vector and dislocation line. Below the DBTT, since the
velocity of screw dislocation is much smaller than that of edge
dislocation, the remaining screw part in the dislocation decreases,
and eventually, only pure-edge dislocations survive (Fig. 2). For
tests above the DBTT, the mobility of screw segments is compa-
rable with that of the edge dislocations; hence, the screw segments
can slip forward as far as the edge dislocations (Fig. 2C and SI
Appendix, Fig. S5). As a result, the dislocation structures include
∼50% edge segments and 50% screw segments.
For Cr, its critical temperature Tc is 170 °C, at which screw and

edge dislocations have equal mobility (38), such as vs = ve=
0.0316 m/s according to Fig. 3B. Based on the fraction of screw
and edge segments, we can also estimate their mobility at lower
testing temperatures, as plotted in Fig. 3B. The edge dislocation
velocity remains constant, while the screw dislocation mobility

Fig. 2. Dislocation structures underneath indentation in [455] grain. Dislocation structures after indentation at (A) 30 °C, (B) 70 °C, and (C) 170 °C. (Scale bars,
1 μm.) D, F, and H highlight dislocation structures in white squares. (Scale bars, 200 nm.) E, G, and I are pop-in curves.
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increases with increasing temperature. At 30 °C, the mobility of
edge dislocations is at least one order of magnitude higher than
that for screw dislocations. Notably, the relative dislocation
mobility (α = vs=ve) is also a strong function of the testing tem-
perature, and at a critical value, α = 0.7, Cr shows the DBT, as
shown in Fig. 3C. Note that the mobility ratio of screw to edge
dislocations correlates with the dislocation configuration in
Fig. 2 and the screw component fraction in Fig. 3C.
Below DBTT, screw dislocations have much lower mobility

than edge dislocations, which appears to be the origin of
brittleness. At DBTT, the dislocation mobility swings between
brittle and ductile behavior; thus, two distinct characteristics
of dislocations are observed at 70 °C in two separate tests
(Fig. 2B and SI Appendix, Fig. S5), but the average dislocation
velocity for both cases increases. Above DBTT, the glide
speed of the screw dislocations becomes comparable with that
of the edge dislocations (38); thus, the plasticity can be well
coordinated.
The screw dislocation velocity also influences the cross-slip

rate. Below 70 °C, the dislocation structures are relatively sim-
ple (Fig. 2A), resulting from prismatic punching of dislocation
loops (39–41). However, the dislocation structure above 70 °C
(Fig. 2C) is more complex and involves dislocation reactions,
indicating the occurrence of cross-slip. The temperature effect
on cross-slip efficacy is also a factor influencing the temperature-
dependence of hardness observed in nanoindentation.
We next propose a model, as shown in Fig. 4A, to explain the

relationships among relative dislocation mobility, Frank–Read
source, and the abrupt DBT. Specifically, the sharp DBT is
controlled by the availability of effective dislocation sources
(11–13, 42), which was affected by the relative dislocation mobility.

The velocity ratio α = vs=ve determines the efficiency of dislocation
sources, holding the key to produce a sufficiently large number of
dislocations to carry the plasticity.
To see this, we begin with the bowing-out of an edge dislo-

cation shown in Fig. 4A below DBTT, where ve ≫ vs. In this case,
the bowing part of the dislocation can be a dislocation source
(mainly edge part glide); however, this is a disposable source
with very low efficiency. Fig. 4 B–D show different scenarios to
illustrate how α = vs=ve affects the efficiency of Frank–Read
source. Again, as seen in Fig. 4B, an edge dislocation bowing out
into a half loop with only edge dislocation glide would make a
highly efficient Frank–Read source if ve = vs. However, ve > vs
for most metals because of their distinct core structures (17). In
an extreme case of vs = 0, for the ensuing further bow-out as
shown in Fig. 4C, the half loop expands forward with distance of
x, forming a half ellipse, but there is no glide of a screw dislo-
cation segment. The absence of side glide suppresses the re-
peated operation of the Frank–Read source (19, 43). In general,
the pink region is the area (Aedge) swept by the edge dislocation
in this process. With some vs, the bowing-out of half loop would
form a green half ellipse in Fig. 4D, with both a forward glide
distance of x and a side glide distance of y. The marked green
area is the region (Ascrew) swept by the screw dislocation. Only
when the area swept by the screw dislocation is larger than the
area swept by the edge dislocation can the bowing part imme-
diately evolve into a Frank–Read source.
This efficient operation of the Frank–Read source requires

0< x< r, where r is the dislocation source radius. Otherwise, for
x> r, the dislocation source is a low-efficiency disposable one.
Since

Fig. 3. Characteristics and mobility of dislocations. (A) Dislocation structures after pop-in load at 70 °C in a [455] grain with a SAGB. (Scale bar, 1 μm.)
Temperature-dependent dislocation velocity (B) and screw segment fraction and α (C).
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α = vs
ve

= y
x
= r
r + x

, [2]

this x< r criterion translates to αDBT ≥ 0.5 as the critical re-
quirement for an effective Frank–Read source to operate. In
current experiments, we find that the required relative mobility
of dislocations is around 0.7 for dislocation free Cr. This value
falls in the predicted range of αDBT > 0.5. In other words, ample
plasticity requires at least α> 0.5. We compare the αmodel with
data of Cr, Al, Fe, and W collected from Fig. 3C and SI Appen-
dix, Fig. S8, as plotted in Fig. 4E. All these metals are brittle
when α< 0.5, but they transition into a ductile regime at a
αDBT > 0.5. Above DBTT, α increases toward 1, guaranteeing
the ductile behavior.
For BCC metals, the faster the glide speed of screw disloca-

tions, the higher the efficiency of Frank–Read source and cross-
slip and hence the better the ability to coordinate plasticity.
Below the DBTT, the screw dislocation mobility increases with
increasing temperature, making the hardness strongly temperature-
dependent (refer to Fig. 1E below 70 °C). However, in this regime,
the relative mobility of dislocation is always low; thus, the samples
show brittleness. Once above the DBTT, screw dislocations glide
much more easily, and numerous high-efficiency Frank–Read
sources and easy cross-slips boost ductile deformation, hence the
hardness displays a weak temperature-dependence. Similarly, the
change in dislocation relative mobility can also explain the tran-
sition from smooth to fluctuating load-displacement curves in
Fig. 1B. Above the DBTT, the mobility of screw and edge dislo-
cations are comparable, high-efficiency Frank–Read sources, and
easy cross-slips produce a high density of dislocations; therefore,
the plastic deformation can be well coordinated. Local dislocation

avalanche events occur, which induce serrations in the loading
curves. Below the DBTT, existing Frank–Read sources are of low
efficiency; thus, dislocations are insufficient to carry plasticity
when the load reaches the maximum. The dislocations slowly slip
forward during load holding, which is the origin of the sustained
creep strain rate for tests below the DBTT in Fig. 1F. A sudden
change in dislocation multiplication mechanism can well explain
the abrupt transition characteristics of DBT
In summary, nanoindentation hardness as a function of test

temperature can be used to gauge the DBT and DBTT in metals.
Adequate plasticity to avoid brittleness requires profuse dislo-
cation generation/activities. The latter then demands effective
Frank–Read sources and easy cross-slip, which in turn relies on a
sufficiently high screw-to-edge velocity ratio to operate efficiently.

Materials and Methods
Materials. A bulk polycrystalline piece of Cr (purity > 99.99%) was prepared
via 1,250 °C annealing for 12 h inside an argon atmosphere. Polycrystalline
Cr sample with an average grain size of 200 μm was first mechanically
ground and polished with silicon carbide paper and diamond suspensions.
To reduce the initial dislocation density and minimize tiny surface damage
resulting from mechanical polishing, the samples were further electrolyti-
cally etched with a mixture of 10 wt% sodium hydroxide and 90 wt% water
at 15 V for 2 min and then electrolytically polished with a mixture of 10 vol%
perchloric acid and 90 vol% alcohol at 50 V for 5 min at approximately
−40 °C. The orientation of the grains was determined using electron
backscattered diffraction (EBSD) method.

High-Temperatrue Nanoindentation. Nanoindentation was performed using a
Hysitron TI950 Triboindenter with a Berkovich indenter. Two types of nano-
indentation tests were conducted to study the effect of temperature on the
plastic deformation behavior of Cr. First, load-controlled indentation tests at a

Fig. 4. Dislocation relative mobility and efficiency of Frank–Read source. (A) Dislocation relative mobility determines the efficiency of dislocation source. (B)
Bowing out an edge dislocation to form a half loop. (C) Bowing out the half loop if vs = 0. (D) Bowing out the half loop with side glide (vs > 0). (E) Variation of
α with temperature for Cr, Al, W, and Fe according to in SI Appendix, Figs. S3 and S8.
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constant loading rate of 2 mN/s with a 2-s holding segment at a peak of 10 mN
were conducted at various temperatures in a single grain. The orientation of
the grains was determined using EBSD. The indent morphology was charac-
terized using scanning electron microscope (SEM) (SI Appendix, Fig. S1). Sec-
ond, the indentation test was performed with a constant loading rate of
150 μN/s at 30 °C, 70 °C, and 170 °C. When a pop-in event appears, the loading
is stopped immediately. In this case, the dislocation structures formed during
pop-in loading would remain. All tests were conducted from high temperature
to low temperature. Before indentation, the sample was heated to the target
temperature and held for at least 30 mins, then the indenter was shifted to
touch the sample surface and equilibrated for another 30 min.

Microstructure Characterization. The microstructures after indentation were
characterized using a Hitachi SU6600 SEM, while typical deformation mi-
crostructures beneath the indentation were examined by cutting thin foils
using a focused ion beam. To minimize Ga+ damage, flashing electrolytic

polishing of the lift-out sample was performed in a solution of 10 vol%
perchloric acid at a voltage of 40 V and at −40 °C for 70 ms. The charac-
teristics of dislocations were investigated using a JEOL 2100F transmission
electron microscope (200 kV) under different two-beam conditions. The
average dislocation density is obtained by counting the local dislocation
density in three regions, each with dimensions of 1.5 μm × 1.5 μm, at dif-
ferent distances from the indentation.

Data Availability.All study data are included in the article and/or SI Appendix.
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