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The size-dependent plasticity of body centered cubic (bcc) metals is different from face centered

cubic (fcc) metals: the size-effect exponent n varies for different bcc metal nanopillars (n¼ 0.8–1.0

for V, Nb; n¼ 0.3–0.5 for Ta, Mo, W). This inconsistency is first explained through a simple

model based on the temperature-dependent Peierls stress. The bcc V nanopillars with a low critical

temperature and Peierls stress showed a fcc-like size effect with n¼ 0.79, and our in-situ TEM

compression study revealed that fcc-like dislocation starvation occurred in bcc V nanopillars,

indicating that a small Peierls stress in V contributes to the fcc-like behavior. VC 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4776658]

As the size of a metal specimen is decreased to sub-

micron dimensions that are comparable to or smaller than

the breeding distance for the dislocations, a strikingly differ-

ent mechanical behavior arises. In the case of the widely

studied single crystalline face centered cubic (fcc) nanopil-

lars,1–3 the yield strength (ry) is known to increase with a

decrease in diameter (d) according to ry / d�n, where the

size-effect exponent n for fcc metals mostly falls in the range

of 0.6 to 1.0.4,5 In addition, discrete plasticity with frequent

strain bursts become more pronounced as the size of the

nanopillar is reduced. Although there is agreement with the

reported size dependent mechanical behavior, there is debate

as to whether the deformation mechanism is due to the dislo-

cation starvation as proposed by Greer and Nix2 or due to the

activation of a single-armed source as proposed by Partha-

sarathy et al.6 In both the dislocation starvation and the

single-armed source theories, understanding the dislocation

multiplication process in the nanopillar can provide insights

to the responsible deformation mechanism. Therefore, study-

ing the size dependent mechanical behavior in other types of

crystalline structures with intrinsically different dislocation

motion is of interest.

Among the common crystal structures found in metals,

body centered cubic (bcc) metals pose different conditions

for plasticity compared with the fcc metals, because of the

higher Peierls stress and easier cross-slip for the slower

screw dislocations. The dislocations in bcc metals are known

to move more sluggishly in the crystalline lattice due to the

Peierls stress (lattice friction), and the addition of the cross-

slip mechanism will increase the probability of forming

dislocation networks, leading to the creation of immobile

dislocation sources inside the nanopillar. In the molecular

dynamics simulation study by Weinberger and Cai,7 a

Mo bcc nanopillar was shown to result in “surface-aided

multiplication,” where the cusp formation occurs in a single

dislocation that starts to glide on two different slip planes of

{110} and {112} that eventually leads to self-multiplication

of the dislocation. Weinberger and Cai7 also noted that the

critical stress needed for self-multiplication is higher for

smaller pillar diameters. Therefore, the governing deforma-

tion mechanism for bcc nanopillars may be different from

that of fcc nanopillars, and a systematic study of bcc nanopil-

lars will give insights to the responsible deformation mecha-

nisms under different dislocation multiplication conditions.

Recently, there have been several experimental studies

on the size dependent properties of bcc metals,8–15 including

our previous report on vanadium ex-situ nanopillar compres-

sion testing.15 The pillar compression studies of different bcc

metals including V, Nb, Ta, Mo, and W have been

reported,8–14 and the results indicate that the degree of size

dependency varies for different bcc metals. For example, Mo

nanopillars showed a size effect exponent n ranging from 0.3

to 0.5,8–10,13 which is significantly lower than the commonly

observed n for fcc metals, which is in the range of 0.6 to

1.0.4,5 On the other hand, the V nanopillars showed

n¼ 0.79,15 which is within the commonly observed value for

fcc metals. Thus, different bcc metals were shown to display

different size effects,8–14 and a postulated cause is the differ-

ence in the ratio of the pillar-testing temperature to a critical

temperature (Tc).
16,17 Generally, for bcc metals, when the

testing temperature is at or above the critical temperature

(Tc) at which the thermal activation occurs over the Peierls

barrier, the screw dislocations would glide much easier or

the Peierls stress for bcc metals becomes effectively very

small.18 The above mentioned pillar compression studies

were all conducted at room temperature,8–14 and different

bcc metals would have different Peierls stresses. Bulk vana-

dium has a relatively low critical temperature which is in the

range of 200 K–380 K based on different studies.19–21 There-

fore, the testing temperature of 298 K in our previous study

on V nanopillars might be very close to the critical tempera-

ture for the V nanopillars,15 so that the Peierls stress in these
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V nanopillars would be small, making them behave like fcc

metals. Thus, our previous report on V size dependent plas-

ticity15 attributed the similarity in size effect exponent n
between V and fcc metals to the potential removal of dislo-

cations that results in dislocation starvation as opposed to

dislocation accumulation through the multiplication process

as observed in Mo, W, and Ta nanopillars.15

The above mentioned critical-temperature dependent

size-effect exponent n can be clearly shown in a plot of n vs.

the respective critical temperatures Tc for different bcc met-

als as in Fig. 1(a), and this is plotted based on the studies by

Kim et al.,12 Schneider et al.,14 and Han et al.15 W, Mo, and

Ta have Tc> 450 K, and therefore, the thermal energy at the

testing temperature (�300 K) is not enough for thermal acti-

vation over the Peierls barrier, which results in a higher lat-

tice friction for dislocation motion and a correspondingly

small size effect exponent of n< 0.5. However, Fig. 1(a)

indicates a steep rise in n for V and Nb nanopillars, where

the critical temperatures are close to the room temperature

testing conditions: V has Tc of 200 K–380 K (Refs. 19–21)

and Nb has Tc of 350 K.14 Therefore, the thermal energy at

the testing temperature (�300 K) may be enough to provide

thermal activation over the Peierls barrier for V and Nb that

results in a fcc-like size effect behavior (dislocation starva-

tion and n¼ 0.8–1.0) due to a very small effective Peierls

stress.

This critical-temperature dependency of the size-effect

exponent n as shown in Fig. 1(a) may be further qualitatively

understood by the following simple model. The yielding

stress ry of pillar compression testing has been commonly

fitted in a power law form as

ry ¼ Ad�n; (1a)

where A is a constant and n is the size-effect exponent as dis-

cussed above. It is known that the strengthening factors that

contribute to the prediction in yield stress including lattice

friction and dislocation elastic interaction, are generally

additive.22 Consequently, the yielding stress of a nanopillar

can be expressed by

ry ¼
sp

m
þ ro; (1b)

where sp is the Peierls stress, which is generally not depend-

ent on the pillar size d, m is the Schmid factor, and ro is the

yielding strength due to all other strengthening factors except

the Peierls lattice friction, such as the activation stress for

dislocation sources, and the stress associated with dislocation

interactions.22 As discussed above, the Peierls stress sp for

Nb and V nanopillars may be very small, so that we may

expect a size effect behavior similar to that of fcc metals,

i.e., ro � ry ¼ Ad�n, with an n in the range of 0.6–1.0. On

FIG. 1. (a) Size exponent n vs. the respective critical temperatures for V taken from the work by Han et al. (see Ref. 15) and Nb, Ta, Mo, W taken from the

work of Kim et al. (see Ref. 12) and Schneider et al. (see Ref. 14). (b) Pillar flow stress vs. pillar size for W, Mo, and V, where, the V data (solid circles) are

taken from the work by Han et al. (see Ref. 15), and the W and Mo data are taken from Schneider et al. (see Ref. 14). Moreover, two data sets for V are also

shown and calculated through Eq. (1d) based on the V data (solid circles) and the corresponding sp input. (c) The experimental size-effect exponent vs. the

Peierls stress which is taken from the work of Lee and Nix (see Ref. 22). The black solid line represents the prediction by fitting the data calculated through

Eq. (1d) based on the V data (solid red circles in (b)) and the corresponding sp input. (d) The calculated size effect exponent vs. the testing temperature for W

pillars. Here, the blue hollow circle represents the data extracted from the work of Lee and Nix (see Ref. 22), while the red solid triangle data are calculated by

the following steps: (i) extract the flow stress vs. pillar size data at 28 �C from the Fig. 8 in the work of Lee and Nix (see Refs. 5, 22, and 24); (ii) calculate ro

vs. the pillar size (d) through Eq. (1d) based on the data extracted in step (i) and the corresponding sp¼ 294 MPa; (iii) for each of the other testing tempera-

tures, calculate ry vs. d through Eq. (1d) based on the ro obtained in step (ii) and the corresponding sp, and then the plot of ry vs. d can be fitted to determine

the corresponding size-effect exponent.

041910-2 Han et al. Appl. Phys. Lett. 102, 041910 (2013)
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the other hand, the Peierls stress sp for Mo, Ta, and W nano-

pillars at room temperature may be quite large, and at the

same time, as a first order estimation, we can assume that all

other strengthening factors for bcc nanopillars operate simi-

larly, i.e., ro � Ad�n with n in the range of 0.6–1.0 as for V

and Nb nanopillars. Thus, based on Eq. (1b), for Mo, Ta, and

W nanopillars, we have

ry ¼
sp

m
þ Ad�n with 0:6 < n < 1:0: (1c)

However, for pillar compression testing of Mo, Ta, and W,

as is common practice, we would force the results to be fitted

in the form of Eq. (1a), i.e.,

ry ¼
sp

m
þ Ad�n ¼ Bd�b with 0:6 < n < 1:0; (1d)

where B is a fitting constant, and b is the fictitious size-effect

exponent from curve fitting. Mathematically, b is always

smaller than n as shown in Fig. 1(b). If we perform pillar

compression testing at a temperature much lower than Tc, the

Peierls stress sp may not be negligible and could be as high

as 800 MPa for bcc metals.18,23 Therefore, based on Eq. (1d),

we will expect a smaller size-effect exponent b for Mo, Ta,

and W.

To have a quantitative demonstration, the experimental

pillar compression data for [001] V nanopillars15 in Fig. 1(b)

can be analyzed. The original data show n¼ 0.79 for which

we can assume sp � 0. If sp¼ 72 MPa, and noticing that the

Schmid factor is m¼ 1/�6, then the effective yielding stress

can be estimated by adding 72�6 MPa to each data point;

thus, the fictitious size-effect exponent b¼ 0.57 as in

Fig. 1(b). If sp¼ 293 MPa, b¼ 0.34 as in Fig. 1(b) after a

similar analysis. It is interesting to see that the resulting data

by choosing sp¼ 293 MPa for V nanopillars match the ex-

perimental results of the Mo nanopillars. Similarly, based on

the same data for V nanopillars, we can get a plot of b vs. sp

(see Fig. 1(c)) which matches the experimentally determined

n vs. sp relation surprisingly well.

Furthermore, if we know the temperature dependence of

sp as well as the relation between ry and d at one tempera-

ture, then, based on Eq. (1d), we can easily estimate the rela-

tion of the size-effect exponent vs. the testing temperature.

For example, for W,sp¼ 447 MPa, 294 MPa, 119 MPa, and

66 MPa at T¼�77 �C, 28 �C, 200 �C, and 320 �C, respec-

tively;22 at the critical temperature (527 �C) of W, sp can be

assumed to be 0 MPa. Fig. 1(d) compares the prediction by

Eq. (1d) for W nanopillars and the prediction based on a

much more elaborate model by Lee and Nix22 in which the

Peierls stress effect is also considered, indicating a very

good match between our simple model (Eq. (1d)) and the

Lee-Nix model.22

In order to confirm that the difference in experimental n
for bcc metals at room temperature is due to different dislo-

cation behavior arising from different Tc and thus different

sp, we used in-situ TEM nanopillar compression to investi-

gate the V single crystal nanopillars, and we confirmed that

the dislocation behavior in V nanopillars at room tempera-

ture is indeed fcc-like, i.e., running out the nanopillars

quickly and reaching a dislocation starvation state. Among

different choices of bcc metals previous studied for size

effects,10–13 V has a small atomic number, making V well-

suited for in-situ TEM observation to provide evidence for

the deformation mechanism.

An in-situ TEM nanopillar compression study of V,

however, requires careful design of the specimen to synthe-

size electron transparent single crystalline V nanopillars with

non-obstructed views for imaging. We have deposited an

epitaxial V film on top of a (001) Si wafer with a thin wedge

structure that is 1 lm in width by utilizing a textured MgO

seed layer. First, the (001) Si wedge structure, commercially

available from Hysitron, is created by lithographically etch-

ing (001) Si to leave a 1 lm width wedge for non-obstructed

viewing inside the TEM. In order to grow epitaxial V on top

of this Si wedge structure, a textured MgO seed layer was

deposited using the ion beam assisted deposition (IBAD)

process.25 The resulting MgO layer is a polycrystalline layer

with (001) texture that is 17 nm in thickness. Following the

IBAD MgO layer deposition, the V could then be grown epi-

taxially by e-beam evaporation at 600 �C. The thin V wedge

with a total of 1 lm in width is then etched into nanopillars

with diameter of �200 nm using the focused ion beam (FIB).

The schematic of our V nanopillar TEM specimen design

and the TEM micrograph of a representative V nanopillar

are shown in Fig. 2. Selected area diffraction (SAD) of the

nanopillar confirmed that the V is single crystal within the

pillar that has (001) out-of-plane orientation as we had

intended.

The V nanopillars were tested in-situ in compression

using a Hysitron Picoindenter (PI-95) in a FEI Tecnai G2

F20. The nanopillars were compressed at a nominal constant

displacement rate of 2 nm/s, and the resulting true stress vs.

true strain plot calculated using the constant volume, homo-

geneous deformation model is shown in Fig. 3(e). The aver-

age flow stresses at 2% plastic strain were determined to

be 1.13 GPa and 1.17 GPa for the two pillars shown in

Figs. 3(a) and 3(b) with diameters of 147 nm and 169 nm,

and this is comparable to the previous ex-situ values of

1.1 GPa for V nanopillars of �200 nm in diameter.15 After

confirming that the in-situ testing of V nanopillars was dis-

playing similar stress vs. strain behavior as in the ex-situ
testing,15 the TEM images were analyzed to check disloca-

tion activities. The TEM micrographs before and after defor-

mation are shown in Figs. 3(a)–3(d), and the in-situ TEM

compression is shown in the movie linked in Fig. 3. A signif-

icant reduction in the dislocation density within the

deformed volume at the top of the nanopillar is apparent

when comparing the before and the after deformation micro-

graphs. In the case of in-situ TEM testing of Ni nanopillars

by Shan et al.,26 the dislocations were quickly removed from

the body of the pillar during deformation, leaving the pillar

essentially defect free. However, in the case of vanadium,

some dislocations were still present within the nanopillar

although there is a significant reduction in the density after

compression. Therefore, we observe that the dislocations do

not result in multiplications but leave the V nanopillar during

deformation, but at a slower reduction rate than that

observed for Ni nanopillars. This slower dislocation-removal

rate is as expected for V since the glide motion in bcc metals

is intrinsically more difficult where slip occurs on {110} or

041910-3 Han et al. Appl. Phys. Lett. 102, 041910 (2013)
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{112} planes instead of the close packed {111} planes in

fcc. Therefore, although the critical temperature is close to

the testing room temperature condition, V is retaining

slightly more dislocations within the lattice compared to the

case of fcc metals. Thus, at room temperature, sp for V is not

negligible as for fcc metals but still very small.

The deformed nanopillars were analyzed further using

SAD as in Figs. 4(a) and 4(b) that revealed a grain rotation

in the deformed region from the original [001] to [-1-12]

along the compression axis. If a [001] perfectly oriented

nanopillar is uniformly deformed under uniaxial compres-

sion, we may expect a homogeneous deformation with multi-

ple slip systems activated (equal slip operations on (101),

(011), (0-11), and (-101) planes), and hence grain rotation

should not occur. However, it is common that the compres-

sion axis may be slightly misoriented compared to the [001]

orientation of the single crystal nanopillars, and also that one

slip system may dominate due to the stochastic nature of

plastic flow, and that can result in grain rotation.

The evolution of the aforementioned grain rotation from

[001] to [-1-12] can be understood as follows. For uniaxial

testing of V single crystals, the slip direction is h111i, but

the slip plane is less certain and could be {110},27,28

{112}20,29 or mixture of these depending on the testing tem-

perature,20,21,27,29 loading direction,20,30 and impurity con-

centration.29 The slip involving both {110} and {112} is

called h111i-pencil glide,31 and [001] is a stable end-

orientation under h111i-pencil glide if the compression axis

is within �10� of [001].31,32 Also, if {112} is the sole active

slip plane, the [001] is also a stable end-orientation under

compression.30,33 Thus, for compression along [001], the slip

involving both {110} and {112} and that involving solely
{112} would result in no crystal rotation, which is not con-

sistent with our result of [112] along the loading axis after

compression.

Therefore, the slip plane for our V nanopillars should be

{110}, which turns out to be consistent with the crystal rota-

tion from [001] to [-1-12] as follows (see Fig. 4(c)). It is

known that the slip plane normal will rotate towards the

compression axis under compression.30,31 Suppose that, due

to a small misorientation as discussed before, the original

compression axis is along a direction shown in Fig. 4(c), and

the primary slip system according to the Diehl rule30 would

be (011)[1-11]. Thus, during compression, the compression

axis will rotate along a great circle towards the (011) pole,

and the rotation will normally “overshoot”30 into the neigh-

boring 001-011-111 unit triangle in which the slip system

becomes (101)[-111]. Then, the compression axis will rotate

along a great circle towards the (101) pole and then

FIG. 3. TEM images of (a), (c) before and (b), (d) after compression test-

ing of two V nanopillars (e) the resulting true stress vs. true strain plots.

Flow stresses at 2% plastic strain were determined to be 1.13 GPa for

d¼ 147 nm and 1.17 GPa for d¼ 169 nm pillars (enhanced online) [URL:

http://dx.doi.org/10.1063/1.4776658.1].

FIG. 2. (a) Epitaxial V film was grown on top of (001) MgO on Si wedge that is 1 lm in width and nanopillars were then etched using focused ion beam.

(b) TEM image and (c) SAD confirming that the V pillar is single crystal with [001] orientation.

041910-4 Han et al. Appl. Phys. Lett. 102, 041910 (2013)
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“overshoot.” After the multiple transitions of the compres-

sion axis between the two 001-011-111 unit triangles as

shown in Fig. 4(c), the stable end orientation would be

[-1-12], as [011], [112], and [101] are along a great circle.

These multiple transitions could be also achieved as the si-

multaneous activation of the two slip systems: (011)[1-11]

and (101)[-111]. Thus: (1) the slip plane for V-nanopillar is

solely {110}, and (2) the stochastic flow behavior in single

crystalline metals may cause grain rotations from unstable

end-orientation that may be otherwise kept with uniform

activation of multiple slip systems.

In summary, it is argued that the size effects on the

strength of bcc nanopillars are dependent on the critical tem-

perature (Tc) and, equivalently, the Peierls stress (sp). When

the testing temperature (T) is higher than the Tc for a bcc

metal, sp can be neglected, and the strengthening mechanism

is similar to that for fcc metals with the size-effect exponent

n in the range of 0.8–1.0. When T < Tc, the effect of sp can-

not be neglected, and based on a simple model (Eq. (1d)), n
would decrease with increasing sp. Thus, when tested at

room temperature, Nb and V nanopillars with Tc close to

300 K show a high n (similar to fcc metals), and Mo, Ta, and

W nanopillars with Tc � 300 K show much lower n. The

in-situ TEM compression on V nanopillars showed a clear

reduction in the dislocation density after deformation, sug-

gesting a low sp for V at room temperature, as expected.

Thus, even though V is a bcc metal, it displayed a loss of dis-

location content due to its low Tc and low sp that facilitated

dislocation motion and easier removal from the body of the

nanopillar, although the rate of removal is slightly slower

than that for fcc nanopillars. The in-situ TEM also indicated

that the slip plane for the V-nanopillar is solely {110} (not

{112}), and that the stochastic flow behavior in single crys-

talline metals may cause grain rotations from unstable

end-orientation that may be otherwise avoided with uniform

activation of multiple slip systems.
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FIG. 4. The SADs (a) at the bottom of the pillar and (b) in the deformed area, indicating grain rotation in the deformed region from [001] to [-1-12] along the

compression axis. (c) Stereogram indicating the pathway for grain rotation, where the red dash lines indicate the great circles.

041910-5 Han et al. Appl. Phys. Lett. 102, 041910 (2013)

Downloaded 23 Sep 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1126/science.1098993
http://dx.doi.org/10.1016/j.actamat.2004.12.031
http://dx.doi.org/10.1080/14786430600567739
http://dx.doi.org/10.1146/annurev-matsci-082908-145422
http://dx.doi.org/10.1016/j.pmatsci.2011.01.005
http://dx.doi.org/10.1016/j.scriptamat.2006.09.016
http://dx.doi.org/10.1073/pnas.0806118105
http://dx.doi.org/10.1016/j.msea.2007.08.093
http://dx.doi.org/10.1063/1.2979684
http://dx.doi.org/10.1016/j.actamat.2009.07.027
http://dx.doi.org/10.1016/j.scriptamat.2009.04.012
http://dx.doi.org/10.1016/j.actamat.2009.12.022
http://dx.doi.org/10.1016/j.msea.2009.01.011
http://dx.doi.org/10.1016/j.msea.2009.01.011
http://dx.doi.org/10.1103/PhysRevLett.103.105501
http://dx.doi.org/10.1016/j.scriptamat.2010.08.011
http://dx.doi.org/10.1016/0956-7151(94)00451-X
http://dx.doi.org/10.1080/14786430500531769
http://dx.doi.org/10.1103/PhysRevB.68.014104
http://dx.doi.org/10.1098/rspa.1964.0180
http://dx.doi.org/10.1007/BF02661327
http://dx.doi.org/10.1080/14786435.2011.643250
http://dx.doi.org/10.1007/BF00542818
http://dx.doi.org/10.1080/14786435.2010.502141
http://dx.doi.org/10.1143/JJAP.47.8925
http://dx.doi.org/10.1038/nmat2085
http://dx.doi.org/10.1016/0022-5088(70)90104-9
http://dx.doi.org/10.1016/0022-5088(82)90123-0
http://dx.doi.org/10.1007/BF02662666

