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Nanocrystalline (NC) body-centered cubic (bcc) metals behave very differently from how NC metals with other crystal structures
behave. Their strain rate sensitivity decreases with decreasing grain size, which is an observation that has not been well understood.
Here, we report a significant effect of grain size on the deformation mechanism of NC bcc Mo. With decreasing grain size, the
density of mixed and edge dislocations increases, while the density of screw dislocations decreases. When the grains become very
small, the overall dislocation density decreases with decreasing grain size. These observations provide a logical explanation for the

observed effect of grain size on strain rate sensitivity.
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A decade ago, it has been found that nanocrystalline
(NC) body-centered cubic (bcc) metals have a much
lower strain rate sensitivity than their coarse-grained
counterparts [ 1-5]. This finding is significant and surpris-
ing because it is opposite to the findings in NC metals with
face-centered cubic (fcc) and hexagonal close-packed
(hep) crystal structures [2,3,6]. There have been attempts
to explain this unique mechanical behavior of bec metals
based on the slip of screw dislocations via the kink-
pair nucleation mechanism observed in coarse-grained
bce metals. Assuming that the deformation mechanism
remains the same in NC metals, it follows that a higher
flow stress is responsible for the observed lower strain rate
sensitivity with decreasing grain size [3]. This is based
on the following equation:

m = kgT /Tv%, (1

where m is the strain rate sensitivity, kg is the Boltzmann
constant, T is the absolute temperature, t is the applied
shear stress and v* is the activation volume [2,3]. With
decreasing grain size, t increases following the Hall—-
Petch relationship, while v* levels off with increasing
stress, which leads to decreasing strain rate sensitivity.
The above explanation on the effect of grain size
on strain rate sensitivity, while logical, leads to some

unanswered questions. First, the assumption that screw
dislocations control the deformation behavior in NC bcc
metals has not been experimentally verified. In addition,
screw dislocations control the deformation behavior only
in the early stage of deformation [2,6,7], suggesting that
the controlling mechanism could change with the evolu-
tion of the microstructure. Indeed, it was reported that the
strain rate sensitivity leveled off with increasing stress in
bee Fe in the stage IV deformation [8]. Second, it was
observed that when the grain sizes become very small,
the strain rate sensitivity appears to reach a minimum
and then increase slightly when the grain size decreases
further. This behavior has not been understood. These
questions can only be answered by understanding the
effect of grain size on the deformation mechanisms of
NC bcec metals.

In this study, we found a significant effect of grain
size on the densities of dislocations of various types in
NC and ultrafine-grained bcc Mo, suggesting that the
grain size affects the deformation mechanisms of bcc Mo.
We chose Mo as a model bcc metal because it is not
magnetic, which makes it easier to observe the disloca-
tion structures using transmission electron microscopy
(TEM). NC bce Mo samples were produced by high-
pressure torsion (HPT) [9,10] under a pressure of 4 GPa
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Figure 1. (a) The distribution of grain sizes of NC Mo based
on 500 grains examined under TEM. The average grain size is
~85nm. (b) The variation of the density of 2(111) edge and
mixed dislocations with decreasing grain size from a total of 86
grains. (c) The variation of the density of (100) edge and mixed
dislocations with decreasing grain size from a total of 88 grains.
The size of a grain was measured from TEM micrographs by
approximating the two-dimensional grain image as an ellipsis

and the size of the grains was calculated as d = +/ab, where a
and b are the short and long axes of the ellipse, respectively.

for six revolutions. In Figure 1, (a) the distribution of grain
sizes of 500 grains examined under TEM, (b) the statis-
tical variation of the density of edge and mixed % (111)
dislocations with grain size and (c) the statistical varia-
tion of the density of edge and mixed (100) dislocations
with grain size are shown. The dislocation density was
calculated as the number of dislocations per unit area in
high-resolution TEM (HRTEM) micrographs. The best
zone axes in differentiating /2(111) edge and mixed dis-
locations from (100) edge and mixed dislocations are
the (110) zone axes. More detailed TEM image analy-
ses will be published in another publication. The mixed
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Figure 2. The effect of grain size on the density of screw dis-
locations, which was calculated as the total length of screw
dislocation segments per unit volume.

dislocations are those whose Burgers vectors have both
edge and screw components; that is, they are not pure
edge or pure screw dislocations.

Figure 1(b) reveals that the density of the /2(111)
edge and mixed dislocations first increases and then
decreases with decreasing grain size. The maximum den-
sityreachedis 2.5 x 10'® m~2 at the grain size of ~75 nm.
This is comparable to the dislocation density in heavily
deformed fcc and hep metals [11—-13]. In the bee crystal
structure, /2(111) are the Burgers vectors of the perfect
dislocations, which are along the close-packed directions
[14,15]. They are responsible for the deformation of most
bce metals and alloys. The observation of a high density
of 12(111) edge and mixed dislocations indicates that the
edge and mixed dislocations contributed significantly to
the deformation of NC Mo and should have affected its
mechanical behavior.

Surprisingly, Figure 1(c) shows a high density of
(100) edge and mixed dislocations, which is comparable
to the density of /2(111) edge and mixed dislocations. The
perfect (100) dislocation is not common in coarse-grained
bce metals and is believed to be formed by the dislocation
reaction: %[111] 4 '4[111] — [100] [14]. This reaction
is energetically favorable, but the magnitude of the (100)
Burgers vector is ~15% larger than that of the '(111)
Burgers vector, which makes the (100) dislocations less
stable than the %4 (111) dislocations. The (100) disloca-
tions are sessile dislocations. Since they are formed by the
reaction of glissile %5 (111) dislocations, they can act to
pin and stabilize /2 (111) dislocation networks in the grain
interior, which explains why their density is comparable
to that of the %(111) dislocations.

Figure 2 shows the effect of grain size on the den-
sity of screw dislocations. It clearly shows that the
density of screw dislocations monotonically decreases
with decreasing grain size from 500 to 100 nm. Sig-
nificantly, the screw dislocations almost disappeared in
grains smaller than 100 nm. Note that the screw dislo-
cations cannot be identified in HRTEM micrographs.
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Figure 3. The range of grain sizes in which each type of
dislocations was observed.
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Figure 4. The variations of dislocation densities with grain
size for %4 (111) screw dislocations and for '(111) edge and
mixed dislocations. Note that the density of screw dislocations

was measured using the & - p criterion, while the density of
edge and mixed dislocations was measured from the HRTEM
micrographs.

N

Instead, they are determined using the & - p criterion

under two-beam conditions, where £ and p are the
diffraction vectors and the dislocation Burgers vector,
respectively. The density of a screw dislocation is calcu-
lated as the total length of the screw dislocation segments
per unit volume. More details on the measurement of
screw dislocation density are given in the Supplementary
Material.

The range of grain sizes in which each type of dislo-
cations was observed is illustrated in Figure 3. As shown
in the figure, screw dislocations were observed in grains
larger than 100 nm, edge dislocations were observed in
grains smaller than 300 nm and mixed dislocations exist
in a broader range of grain sizes.

The density variations of 2(111) screw dislocations
and the density variation of 4(111) edge and mixed
dislocations are summarized in Figure 4. As shown
in the figure, in grains with sizes larger than 300 nm,
dislocations are mostly of screw type. Some mixed dislo-
cations are also observed, but 2(111) edge dislocations
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or (100) dislocations are difficult to find. The density
of %(111) screw dislocations decreases monotonically
with decreasing grain size and approaches zero when
the grain size is below 100 nm. In contrast, the den-
sity of 4(111) mixed and edge dislocations increases
with decreasing grain size, reaches the maximum at
the grain size of ~75nm and then decreases when the
grains become smaller. When the grain sizes are less
than 30 nm, most grains are found to be dislocation
free because of the annihilations of dislocations by grain
boundaries.

Typical morphologies of various types of disloca-
tions can be best observed using two-beam conditions to
enhance their contrast. In Figure 5(a—c), the bright-field
TEM micrographs taken from the [110] zone axis are
shown, and in Figure 5(d—f), their corresponding micro-
graphs taken under two-beam conditions using special
diffraction vectors to image are shown. The two-beam
condition images provide clearer images of dislocations.
Figure 5(a) and (d) shows the segments of both edge and
mixed dislocations in a 75-nm grain. Figure 5(b) and (e)
shows the segments ofa /5[ 111] edge dislocation (marked
as Eq11), a [100] edge dislocation (marked as E ;) and a
1%[111] screw dislocation (marked as S;;;) in a 140-nm
grain. Figure 5(c) and (f) shows that the dislocations are
mostly of screw type in a 300-nm grain. It appears that the
dislocation segments become shorter in smaller grains.
The procedure for the identification of the dislocation
types is described in the Supplemental Material.

To understand the effect of grain size on the strain
rate sensitivity in bec metals and alloys, we need to first
understand the deformation mechanism that controls the
strain rate sensitivity. It is noted that the strain rate sen-
sitivities of coarse-grained bcc metals are about an order
of magnitude higher than that of the coarse-grained fcc
metals [2,3,6,16-22]. This is caused by the difference in
the dislocation core structures in fcc and bee metals. A
full dislocation may dissociate into partial dislocations to
form a low-energy state. In fcc metals, both screw and
edge dislocations may dissociate into two partials on a
slip plane with a stacking fault between them [23,24].
These dislocations can easily glide on the slip plane with
a relatively low strain rate sensitivity.

In contrast, in coarse-grained bcc metals, the
mechanical behavior is controlled by the slip of the screw
dislocations, especially in the early stage of deformation
[2,6]. This is because a perfect screw dislocation }2[111]
is believed to dissociate onto three different {110} slip
planes or three different {112} slip planes [14,25]. Since
the core of the %[111] screw dislocation is spread onto
three different slip planes, this makes it three dimensional
(3D) and very hard to slip on any of the slip planes. Con-
sequently, the slip of the screw dislocations in bcc metals
is believed to proceed via side movements of edge dislo-
cation kinks [26-29], which leads to a higher strain rate
sensitivity in bce metals. On the other hand, molecular
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Figure 5.

The variation of dislocation types in the grains with different sizes in HPT-processed Mo. (a—c) Bright-field TEM

micrographs taken from the [110] zone axis and (d—f) their corresponding two-beam condition micrographs in which (d) and (e)

are dark-field images using §[ 1i0] to image, while (f) is a bright-field image using §m2] to image. S111, E111 and Ejgp denote the
Y% (111) screw, ¥2(111) and (100) edge dislocations, respectively.

dynamics simulations [30—33] revealed that the 2(111)
edge dislocations are very easy to glide, making it hard
to retain them after deformation, which is why they
are rarely observed experimentally in the postmortem
observations under TEM. Therefore, the high strain rate
sensitivity of the coarse-grained metals is caused by the
movement of screw dislocations, which results in a very
high strain rate sensitivity.

To understand how the dislocation types and their
density affect the strain rate sensitivity, let us first invoke
the relationship between strain rate and dislocation den-
sity and movement speed [34]:

2

where y is the shear strain rate and b is the magnitude
of the Burgers vector of dislocations, which moves at the
speed of v. The strain rate sensitivity m is defined as [2]

y = bpv,

1 dlny dlnbpv
dlnt

d1In pv

A3)

m  dlnt dlnt’
where 7 is the shear stress.

In fcec metals and alloys, edge and screw dislocations
glide at about the same speed and p is the total disloca-
tion density. However, in bce metals, edge dislocations
move much faster than screw dislocations. For simplicity,
we can qualitatively assume that the mixed dislocations
behave like edge dislocations since the edge components
of their Burgers vectors cannot dissociate into a 3D con-
figuration like a screw dislocation. As will be discussed
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later, this assumption is reasonable for NC bcc metals.
Following the above discussion, the strain rate of a bcc
metal can be written as

Y = bpsvs + bpeve, 4)
where ps and v; are the density and speed of screw disloca-
tions, respectively, and p. and v, are the density and speed
of dislocations with edge components (edge and mixed

dislocations), respectively. From Equations (3) and (4),
we can write

1 _dlny  3In(pss + peve)
dlnt '

= = 5

m dlnt )
In coarse-grained bec metals where the deformation is
primarily controlled by screw dislocations, psvs >> pe Ve,
Equation (5) can be approximated as

1 dln(psvs) 1

m dlnt

— (6)

b
mg

where m; is the strain rate sensitivity caused by the screw
dislocations, which is usually large as reported in coarse-
grained bce metals.

As illustrated in Figures 3 and 4, in NC bce Mo, the
density of screw dislocations py is close to zero. In addi-
tion, the screw dislocation moves much slower than the
edge dislocations. Therefore, the deformation behavior of
NC Mo is controlled by the gliding of edge dislocations.
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Thus, Equation (5) can be approximated as

1 al 1
x ddnGeeve) 1 )
dlnt

me

m

where m, is the strain rate sensitivity caused by dislo-
cations with edge components and is much lower than
ms. This explains why the NC bce metals have a much
lower strain rate sensitivity than their coarse-grained
counterparts. It is interesting to note that the strain rate
sensitivities of NC bce metals are comparable to those of
the coarse-grained fcc metals [6]. This is possibly because
edge dislocations, which control the deformation behav-
ior of NC bce metals, move similar to how dislocations
move in fcc metals, that is, gliding on slip planes easily.
This observation also suggests that mixed dislocations,
which have a high density in the NC bee metals, produce
a strain rate sensitivity similar to that produced by edge
dislocations.

Therefore, the effect of grain size on the strain
rate sensitivity in NC bcc metals is primarily caused
by the change in deformation mechanisms. Coarse-
grained bee metals have a very high strain rate sensitivity
because their deformations are controlled by the kink-
pair-assisted movement of screw dislocations. NC bcc
metals have a very low strain rate sensitivity because their
deformation behavior is controlled by edge and mixed
dislocations. The decrease in the strain rate sensitivity
with decreasing grain size is caused by the decreasing
density of screw dislocations and the increasing density
of edge and mixed dislocations.

Our data also demonstrate that the dislocation den-
sity decreases with decreasing grain size when the grain
sizes are smaller than 75 nm and few dislocations can be
found in grains smaller than 30 nm. This suggests that
grain boundary-mediated deformation processes such as
grain boundary sliding, rotation and diffusion will play
a more significant role with decreasing grain size in this
range of grain sizes. Since a grain boundary-mediated
process has a higher strain rate sensitivity, it may eventu-
ally lead to a higher strain rate sensitivity with decreasing
grain size. Such a phenomenon is indeed observed in NC
bce metals [2,5,6].

In summary, we have observed a systematic change
in the deformation mechanisms of NC bcc metals with
grain size. As the grain size decreases, the density of
screw dislocations approaches zero, while the density of
dislocations with edge components increases, leading to
a decrease in the strain rate sensitivity. The deformation
behavior is eventually controlled by dislocations with
edge components, and this produces the lowest strain rate
sensitivity. Further decreasing grain sizes resulted in the
decrease in all dislocations, and grain boundary-mediated
processes start to play a more significant role, leading to
a slight increase in the strain rate sensitivity.
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Supplementary online material. A more detailed
information on experiments is available at http://dx.doi.
org/10.1080/21663831.2012.739580.
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