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Abstract

Two of the key parameters that are useful for understanding the deformation kinetics in metals with ultrafine grain (UFG) and/or nanocrys-
talline (nc) microstructure are the strain rate sensitivity (SRS) of the flow stress and the flow stress activation volume. In this paper, we present
experimental results from our in-house tests on UFG Cu, Fe and Ta, along with those available in literature, regarding the behavior of SRS
and activation volume of UFG/nc metals with face-centered cubic (fcc) and body-centered cubic (bcc) structures. The UFG metals were
produced via severe plastic deformation (SPD), and confirmed using transmission electron microscopy. Our own results, as well as those in
the literature, indicate that the SRS of the UFG/nc fcc metals is elevated, whereas that of UFG/nc bcec metals is much reduced compared to
their coarse-grained counterparts. These trends appear to hold independent of the processing routes used to refine the grain size and of th
testing method employed. The activation volumes in UFG fcc and bce metals also exhibit different behavior. We present discussions to explain
the observed trends. The implications of these findings for plastic instability are also discussed for the two lattice structures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction wherekg is the Boltzmann constant, is the absolute tem-
perature, and the pre-exponentiglincludes the number of
The plastic deformation behavior of metals, and the de- possible activation sites, the average shear strain per success-
pendence on grain sizad)(in particular, has long been ful thermal fluctuation and the frequency of the vibration of
a subject of extensive research. There has been a resurthe elemental unit involved in the thermal activatidtG is
gence of interest in this topic recently, due to the advent of the activation energy and is usually a strong function of the
ultrafine-grained (UFGd < ~500 nm) and nanocrystalline  shear stress®, which is itself defined by* = 7, —t,, where
(nc,d < 100 nm) material$l,2]. New deformation mecha- 1z, is the applied shear stress angdis the athermal internal
nisms have been predicted in the nc grain size rean8), stress stemming from long-range obstacles. For more general
especially those associated with grain boundary processesstress states, the shear stresss replaced by the effective
The processes controlling plastic deformation in nc/UFG stresste = ,/(1/2)Si;Sij, with §; being the components of
metals are therefore under intense investigation worldwide. the deviatoric stress tensor, and the shearyéagereplaced
It is generally accepted that plastic deformation of metals by the work-conjugate effective plastic strain rate
is athermally activated process, such that the shear strainrate Although experiments employing strain rate changes are
y can be described by an Arrhenius-type equafifi5] very useful in revealing deformation mechanisms, there is
_AG(T) very Iim?ted experimental data on the strain rate sensitive
—> , (1) mechanical properties of nc/UFG metHl§—26] A system-
keT atic study from coarse-grained conventional microstructures
down to UFG/nc grain sizes would therefore be particularly
mspondmg author. Tels 1-410-516-5162: useful. The prinjgr.y material parameters of interest are the
fax: +1-410-516-4316. strain rate sensitivity and the activation volume for the flow
E-mail address: gwei@pegasus.me.jhu.edu (Q. Wei). stress.
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There are two closely inter-related definitions of strain rate the ECAP procedure is-4.46 for each materidl32]. As

sensitivity (SRS) in the literature. The first is the so-called
physically based strain rate sensitiviywritten as[29]

keT
§=-2

U*

)

Herev* is the activation volume, which is defined in terms
of the derivative of the activation enthalpy with respect to
stresq13], i.e.,
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In Eq. (3) AH(7) is the activation enthalpy. A second def-

inition of SRS (common in engineering) has the form of a
rate sensitivity parameten defined as
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This measure of rate sensitivity is valid for any constitu-
tive function (e.g., it is directly the strain rate exponent
in the power law function: 4/t0] = [y/y0]™), and the

usual, route C produces UFG grains with elongated geome-
try and a large fraction of small-angle GE&2]. To further
refine the grain size, all three materials were rolled with a
laboratory rolling miller. For Cu, the sample was immersed
in liquid nitrogen before each rolling pass, and a total ad-
ditional strain of~1.18-1.75 was achieved. For Fe and Ta,
rolling was conducted at room temperature, with a total
additional strain of~3.2 for Fe and~2.92 for Ta, respec-
tively. The materials that have been further cold rolled from
the ECAP state will be referred to as ECAPCR hereafter

in this paper. Also, a Cu billet cut from an OFHC Cu block
was rolled at liquid nitrogen temperature to a total strain of
~2.0 (this material is referred to as cold-def henceforth).
TEM samples of the processed materials were prepared
using standard double jet techniques for microstructure
observations.

Tensile samples were cut out from the processed materi-
als using wire electric discharge machining (EDM). All of
the samples were polished to a mirror finish. Mechanical
tests were conducted using an Instron 5582 machine in

value ofmis an indicator of the strain rate response that is the displacement control mode. During the test, strain rate
useful for technological evaluations and comparisons. The changes were carried out by changing the cross-head speed.

physically based strain rate sensitiviyy its “engineering”
counterpartm and the activation volume* are related as
follows:

S _ ksT

m—= — =
T ¥
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An analysis of the thermal activation parameteisandm,

Only those data points in the steady-state plastic flow regime
(after yielding but before necking of the specimen) are
used.

3. Results

can shed light on the rate controlling mechanisms in the 3.1. Microstructure of the SPD processed materials

plastic deformation of metafd0-13] In the following, we

present such an analysis for metals with nc/UFG microstruc-

TEM investigations of pure Cu after ECAP are well doc-

ture, in comparison with the behavior of coarse-grained met- umented in the literaturi83,36] At room temperature, both
als. The differences in behavior observed between the latticethe strength and microstructure are saturated when the num-

structures, fcc versus bcc, will be highlighted.

ber of ECAP passes exceed? [33], and when an aver-

The data reported below from our own experiments are age grain size 0f~300 nm is reached. To further refine the
for an fcc metal (Cu) and two bcc metals (Fe and Ta) with grain size, dynamic recrystallization has to be suppressed
UFG microstructure. The UFG grain size of the metals was by means of processing at a lower temperature, such as the

achieved through severe plastic deformation (SRD), i.e.,
equal channel angular pressing (ECAB]] and low tem-

cold rolling at cryogenic temperatures described above. The
resulting grain size is approximately 200 nm, as discussed

perature rolling. Tensile tests were performed with strain rate before in Ref[37].

jumps to extract the* andm parameters. These experimen-

TEM observations of Fe and Ta processed by four passes

tal results are discussed in conjunction with those reportedof route C have also been published elsewhi@435]
in the literature for UFG as well as nc metals to demonstrate Briefly, in both materials, grain refinement is significant,
general trends for fcc and bce metals with grain sizes in the but grain boundaries are mainly of the small-angle varieties.

UFG/nc regime.

2. Experimental details

The grain boundaries in the as-ECAPed state are easily dis-
cernible in bright field TEM images. However, further cold
rolling to a large strain resulted in a heavily cold-worked
microstructure for which the grain size is difficult to resolve
without ambiguity in TEM. As an exampl&jg. 1 displays

The grain sizes of the Cu, Fe and Ta samples were re-the TEM bright field (a), center dark field (b) and selected

fined through four passes of ECAP via routd32], which

area diffraction pattern (c) of Ta that was ECAP processed

resulted in a UFG microstructure of an average grain size of followed by rolling at room temperature. Again, even though

~300 nm for Cu[33], ~300nm for Fe[34] and ~250 nm
for Ta [35], respectively. The total equivalent strain from

some grains can be resolved using dark field imaging, it is
difficult to determine an average grain/subgrain size. Our
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Fig. 1. TEM bright field (a), center dark field (b) and selected area diffraction pattern (c) of EERP rolled Ta. Texturing is evident from the
concentrated 110} diffraction spots exhibiting a six-fold symmetry.

estimates ofl for Fe and Ta are 200 nm and 150 nm respec- data becomes more involvdd3]. In our experiments the
tively [34,35] strain rate is increased by a factor of 2 between consecutive
rates.

The SRS and activation volume of the tested specimens
were extracted from the jump test resufsg. 2(c) shows

Fig. 2(a) shows the stress—strain curves of the ECAP a log—log plot of stress versus strain rate. The slopes of the
+ CR Cu and the cold-def Cu. The rate-jump part (over the linear fits givem = 0.015 for the cold deformed Cu and
first 3% of plastic strains) of the stress—strain curves was m = 0.019 for the ECAR+ CR Cu, respectively. These val-
re-plotted inFig. 2(b)for clarity. We adopted up-jump (jump  ues form are in good agreement with those having similar
from a lower strain rate to a higher strain rate) in our experi- microstructures reported in the literatuf2l,22] Com-
ments since a down-jump will exacerbate the effect from the pared to large-grained Cu, timgs of SPD processed UFG
machine compliance, and the interpretation of experimental Cu have been substantially elevated 6f large-grained

3.2. Mechanical testing results

500 490 ‘ =
b ;
se0| © ot
400 -
= 470
a ©
S 300 1 < 460 -
2]
$ 200 . g 450 -
& Cold Deformed Cu =
wn-- ECAP+Cold Deformed Cu D 440 |-
100 -
430 - Cold Deformed Cu
------ ECAP+Cold Deformed Cu
0 Il Il Il Il Il Il Il 420 |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.02 0.024 0.028 0.032 0.036
Strain Strain
6.2 T ]
(©) o
618 e
2 6.16 -
ot
@
£ 6.14
6.12 | E —o—Cold Rolled Cu i
’ ° ------- ECAP+Rolled Cu
61 | | | | | |

-12

-11.5 -11 -105 -10

-9.5

-9

-8.5

In strain rate

Fig. 2. Stress—strain curves (a) and the rate jump curves of SPD Cu (b). See text for details on determination of strain rate sensitivity and activation
volume from the rate jump tests. A double logarithmic plot of stress vs. strain rate is displayed in (c), from which the strain rate sensitivitiastatk ex
with m = 0.015 for the cold-deformed Cu amd = 0.019 for the ECAP and cold rolled Cu, respectively.
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Fig. 3. Stress—strain curves (a) and the rate jump parts of the stress—strain curves (b) of SPD Fe and Ta. See text for determination of the strain rat
sensitivity and activation volume from the rate jump tests.

fcc metals, including Cu, is around 0.0038]). The acti- 4.1. Summary of literature experimental data
vation volume is obtained usingq. (3) In keeping with
common practice, the activation volume is expressed in Carreker and Hibbard41] first reported thed depen-
terms of b®, whereb is the Burgers vector. Our results dence ofm for tensile deformation of high-purity Cu. They
are ~48b°® for the cold-def Cu and-41b® for the ECAP observed tham increased slightly from 0.004 (larg® to
+ CR Cu, respectively. This is to be compared with the 0.0072 (smalld), but thed range studied was very small
large activation volume, around 108 for large-grained, (12-90pm). Early work on Ag and Cu also showed that
un-deformed Cu. We will discuss the significance and pos- polycrystalline samples had larger valuesnothan single
sible implications of the much-increasedand drastically ~ crystals[38]. Coarse-grained Cud(= 40pum) has amm of
decreased activation volume in the SPD Cu in a subsequenthe order of 0.006 according to Follansbee et[42,43]
section. An m approaching 0.01 was reported for coarse-grained Cu
Fig. 3displays the stress—strain curves of SPD Fe and Ta,deformed to large strains (high dislocation densiy4].
with Fig. 3(b)focusing on the strain rate jump parts of the More recent studies of ultrafine-grained Cu showed elevated
curves. The values ofi derived are~0.009 for ECAP Fe, = m[21,22,25,45] A very largem (0.14) for Cu was quoted
0.007 for ECAP+ CR Fe and 0.007 for ECAR- CR Ta, recently by Valiev et al[25] for d ~ 100 nm obtained us-
respectively, which are all considerably smaller thanrthe ing 16 passes of ECAP, though no test data were shown
of large-grained Fe and Ta-(.045 for Fe and 0.046 for Ta  in their paper. We have measured before ntiéor a UFG
[34,35,38). The activation volumes derived usirigy. (3) Cu processed by ECAR CR using load-reload compres-
are ~26b3 for ECAP Fe,~17b° for ECAP + CR Fe and sion tests so as to reach large plastic strg6)45]. The
~120° for ECAP + CR Ta. tests yielded am of 0.04, while a similarm (0.03) was
In summary, rate jump tests in tension indicate that UFG obtained using the compressive flow stress data at a fixed
Cu, a model fcc metal, exhibits substantially elevated strain strain of 15% but at different strain rates. The tensile jump
rate sensitivity, about four times that of the large-grain struc- tests shown in the preceding section gave= 0.02 for a
ture; this is accompanied by a drastically reduced activation similar ECAP + Cu (although processed separately). We
volume. On the other hand, for the two bcc metals, Fe and therefore conclude that at ~ 200 nm,m is at least 0.02
Ta, UFG microstructure leads to obviously reduced rate sen-for Cu.
sitivity. The experimentally derived activation volumes for ~ All of the data available for Cu are summarized in
UFG Fe and Ta are of the same order as that observed inFig. 4(a) including those from the literature. It is to be
large-grained bcc metals at very high stresses, i.e., aroundnoted that the data point of Refggl7,48]is from this lab,
1003 [13,29,38-40] and that of/49] is from a conference paper. Although some
inconsistency exists in the absolute values obtained by the
different research groups, the data indicate a substantial in-
4. Discussion crease ilmwhend is reduced into the UFG and nc regime,
regardless of the technique used to process the material.
In this section, our experimental results will be discussed The m has reached a level typical of the rate-sensitive bcc
along with those reported in the literature. The focus is on metals[38]. Also included inFig. 4(b) are literature data
a comparison of the effects of UFG/nc grain sizes on the for UFG/nc Ni, including ECAP Ni { ~ 300nm)[21]
SRS and activation volume in fcc and bcc metals. Finally, and electroplated nc Nid(= 20-200 nm)[23,24]. For the
the implications of the SRS behavior for the onset of plastic yield strength of nc Ni, then values reached 0.01-0.03
instability under tension and compression will be briefly [23], again many times higher than for the coarse-grained
discussed. counterparts <~ 0.004[23,38).
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Fig. 4. Experimental results oh vs. d for Cu (a), and Ni (b). All the data show increasedwith decreasingl. An unusually highm (0.14) quoted for

a Cu @ = 100nm) in Ref.[25] is included with an arrow indicating that it is off scale in this plot. In (a), the data point corresponding to the hollow
diamond is from the cold deformed Cu of this work, that to the black square is from the BECéd deformed Cu of this work, and the hollow right
triangle represents data from our in-house test of Cu particles in situ consolidated via ball milling. The dashed curves in the plots are for gside of ey

All the data above are obtained for deformation in the der compression. The results are showrFig. 5(b) The
quasi-static and dynamic strain rate range. At creep rates,m value found for these ECAP Fe samples under compres-
nc fcc metals N{20], Au [26] and Cu[46] all showed large  sion with strain rate spanning a wide range (quasi-static to
m values greater tharv0.5, as obtained from the reciprocal dynamic) is consistent with that found for the consolidated
of the stress exponent for steady-state creep. This is perhapsaterial at a similad, and again obviously smaller than that
expected because, for the very slow strain rates observed unef the coarse-grained Fe. These compression test results on
der the applied stress, deformation can be entirely controlledFe are consistent with the tensile test results reported in this
by diffusional mechanisms such as Coble creep1) and paper.
grain boundary sliding#% = 0.5). The decreaserh has also been observed under compres-

For bcc metals, we have reported before on UFG/nc Fe sive loading for UFG-ECAP Tad(of ~250 nm[35]); the
with d from 80 nm to 2Qum [16]. There the samples were results are also included Fig. 5(b) Again, this is consis-
prepared by ball milling followed by a two-step consolida- tent with the new tensile jump test data. Other bcc metals
tion process. The tests were performed under uniaxial com-behave in a similar way. For example, an nc V was consoli-
pression. High-rate dynamic testing was conducted using thedated from ball-milled powders, using the same procedure as
Kolsky bar techniqué¢l6]. By monitoring the flow stress at  that for consolidated nc H&6]. The material has equiaxed
a fixed compressive strain for samples loaded at different grains and high-angle grain boundaries= 100 nm)[52].
strain ratesKig. 59, it was found thatn decreases continu- The compression test data have been includeeign 5(b)
ously with decreasind, dropping by one order of magnitude Summarizing all these results for bcc metals, we conclude

atd = 80 nm fromm ~ 0.04 for conventional F¢38,51] from Fig. 5that them in UFG/nc bcc metals all decreased
Such results are not unigue to consolidated Fe. We havesignificantly from that of the annealed reference samples, in-
also measured the behavior of ECAP He~{ 300 nm) un- dependent of processing route and material. The values for
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Fig. 5. Double logarithmic plot of normalized stress vs. strain rate to detemmifte consolidated Fe with different grain sizes (80 nmu20) [16] (a).
Double logarithmic plot of normalized flow stress vs. strain rate to determifer ECAP Fe, ECAP Ta, and consolidated nc-V, in comparison with
their annealed, coarse-grained counterparts (b).
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fore, the variation ofn has to be understood from the com-

bined variation ofr x I*. We expect that the flow stress has

Fig. 6. Strain rate sensitivityn as a function of grain size for some bcc  contributions arising from both grain boundaries and dislo-
metals. Also included is the calculated curve (dashed line) using the JRM cations, and it can be written as

[16] model for bcc metals. The good agreement between the calculated

curve and the experimental data is apparent. For those data points from B

literature, the references are given in the inset. A single letter C is used T=7+ <“\//—O + ﬁ) ’ (8)

for “compression”, and T for “tension”.

d (nm)

where the first term accounts for the lattice friction, the
second arises from the Taylor contribution, and the third
arises from the Hall-Petch relatiom.and 8 are retained as
proportionality factors. The obstacle spacing or “sampling
length” I* can be viewed as having two possible limits,

m of these bcc metals have dropped to approximate levels
typical of conventional grain size fcc metals.

Fig. 6 summarizes then as a function ofd as extracted
from Fig. 5 for these bcc metals in comparison with the

values of their coarse-grained reference. Also included in andly:

Fig. 6 are the data of Malow et a[51] for nc Fe also w_ 4

prepgred usi.ng ball milling and consolidation. Their dataare 1 — N/ (9)
consistent with ours, e.gn ~ 0.006 atd ~ 20 nm. A recent Iy = xd

nanoindentation experimef&3] on ball-milled Fe powder

particles without consolidation, however, showed an unusual where!/; is likely to be the controlling length scale when
enhancedn for d < ~10nm (seeFig. 6). However, some  the grain sizes and dislocation densities are large, /&nd
uncertainties have to be resolved, with regard to the testingis likely to be the controlling length scale at very small
method on powder samples and the unusuallyrio(®.006) grain sizes (and small dislocation densitieg)and x are
they obtained for their as-received, coarse-grained Fe. proportionality factors. Thus, one anticipates that as the grain
size is decreased there is a transition grain size when the
controlling sampling length changes frdinto /5. A crude
estimate of the transition size can be obtained by asking

We begin our discussion with the fcc metals. The sur- when/; and/; are of the same order of magnitude, and
vey above clearly indicates that for fcc metals, refined grain assuming that and x are of the same ordetiransition ~
size down into UFG/nc regimes results in elevated SRS. For1//p. Using typical dislocation densities in metals, one
coarse-grained fcc metals, the primary obstacles to the mo-estimates that/ransition is Of the order of 10-500 nm. At
tion of glissile dislocations is known to arise from forest conventional grain sizes we know that the forest cutting is
dislocations, leading to the rate dependence of flow stressdominant, so that we have

through thermal activation. According to the work of Becker B 4 ap

10,11,54] the activation volume can be written as xI*=Erx = (‘L’ +a/p+ —) (—) =Zaa+ —
[ ] otV I\ Vol
vV =b x £ x I, (6) (10)

whereb is the Burgers vector of the dislocatiorisjs the It follows that
distance swept out by the mobile dislocation during one ac- ke T 1
tivation event, and* is the length of dislocation segment m = ———————
involved in the thermal activation (or the Friedel sampling & aa+ap//pd
length that scales with the average contact distance betweenn writing (10), the lattice friction term has been dropped
two obstacles). For large-grain fcc metals with forest cutting since it is usually very small for fcc metdls7]. Eq. (11)in-

as the dominant mechanism for plastic deformatidnis dicates that when the dislocation density is increased (e.g.,
roughly the average forest spacing which scales with the for- by large deformations) in a metal with a giventhe SRS

4.2. Explanations of the observed trends

(11)
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should increase (this change is not expected to be very largegrain boundarieg63]. The predictedv* of 1b® is again

because at large grain sizes the second term in the denominconsistent with our experimental findings.

inator inEq. (11)is relatively small). This explains the ob- For small ncd, for example, in electroplated nc Nil ¢

servations reported by Zehetbauer and SeUdwr 30 nm)[50], dislocations may not be available unless gener-
On the other hand, as the grain size is refined into the ated from the grain boundari¢®4,65] This defect-assisted

UFG/nc regime, the controlling sampling length may be- heterogeneous process may become the rate-limiting step,

comel;, and we have rather than the gliding of mobile dislocations cutting through
obstacles. However, the obstacle spacitiy @iscussed
X T [ = <fo Fayp+ ﬁ) xd above in our model can in this case again be viewed as the
vd source length for a dislocation generated into the lattice
= ya/pd + BxVd, (12) from the grain boundarie; (th& may bef:omg very small,
of the order of 102, in this casg50]). With this substitu-
and now tion, the general trend predicted By. (13)remains valid.
ksT 1 The grain size dependence of the rate sensitivity of bcc

(13) metals, with a trend opposite to the fcc metals, is discussed

m—=8t - @
b
b xe/pd+ PV next. In normal bcc metals, the peculiar non-planar dislo-
Eq. (13)indicates that when the grain size is refined into cation core results in a very large Peierls-Nabarro stress at
the UFG/nc regimem should increase with reduced grain  Jow homologous temperatures, which renders the yield and
size. This explains the data from our in-house experimentsflow stress of single crystal or large-grain polycrystalline
as well as those from the literature, as displayelligm 4. In bce metals rate and temperature sens{®@. The physical
this case, ad is reduced to below the transition size, forest picture ofEq. (6)in bcc metals is closely associated with the
dislocation density in the grain interior is expected to be- kink-pair nucleation mechanism at the early stage of plastic
come very low[58], whereas the obstacle density associated deformation where contribution from edge dislocation can
with grain boundaries becomes very high. It is thus possi- be neglected. This thermally activated process in the lattice
ble that the controlling intersection obstacles are the grain js expected to remain the rate-limiting step for a wide range
or subgrain boundaries, which predicates the derivation of of grain sizes (atomistic simulation of energetics of motion
Eq. (13) of screw dislocations in Fe at finite temperat{6] indi-
For nc fcc metals, for low stresses an increased also  cated at a stress of 720 MPa, the critical kink-span is about
expected from a constitutive response funcfa®-62]such  4b, implying that the critical process is still kink nucleation

as controlled.). Here the terrti can be understood to be the

o U _ ov* critical span between the two kinks in a kink pgg6], and

€= EeXp<_kB_T) sin h<k5T> ) (14) & related to a critical unzipping distance for a screw dislo-
cation which is a function of the junction strendg@v]. The

whereU is the activation energy. As pointed out[69,61], critical span is a decreasing function of the applied stress,

in the case of high temperature and low stress (creep), thefollowing an inverse square root dependence and leveling

stress and strain rate have a linear relations(thus unity). off at very large applied stress, while the valuetafhould

For high stresses, the Arrhennius relatioreof (1)applies. be roughly constant at a given temperat{&€].

In either case, the SRS derived from this equation should be FromEq. (7), = v* would again be the decisive factors for
much larger than that of the large-grain fcc metals, and the the SRS of bcc metals. The behaviorwdfdiscussed in the
activation volume should be that corresponding to atomic preceding paragraph thus predicts an increasing SRS with
diffusion in the boundary, i.e., of the order of an atomic vol- stress. In factp* levels off quickly with the applied stress
ume,~1b%, much smaller than observed in the experimental and SRS should then scale inversely withwhich should
results presented earli€tg. (14)is based on the assumption follow the Hall-Petch relation for the effect of grain side
of shear in grain boundary with no contribution to plasticity As a consequence, one should expect a reduceadth re-
from the grain interior, and is thus applicable only to grain fined grain size, as observed in experimefigg. 5 and &
size below a certain value, usually below 20 nm for Cu, Ni Thev* derived in our tests are of the same order of magnitude
and Au[60-62] Our grain sizes are much larger and our as that typical for bcc metals at very large stresses, consistent
measuredn and v* values suggest that this mechanism is with the notion that the same activation process persists in
unlikely. UFG bcc metals. This conclusion is also supported by cal-
Conrad[63] also proposed a model for Cu with UFG culations using a constitutive equations established for bcc
(10 nm-1000 nm) microstructure. Although the model metals, Ref[16]. The result (dashed line Fig. 6) compares
would show the correct trends as weth {ncreasing with favorably with experimental results in terms of the grain size
decreasingl), his response function is derived again based effect on strain rate sensitivity. It becomes evident that, with
on thermally activated shear of individual atoms inside the same Peierls barrier unchanged, the additive athermal
the grain boundary, but in this case promoted by stresscontribution to the yield and flow stress due to Hall-Petch
concentration due to the “pile-up” of dislocations at the strengthening will become larger and larger as the grain size
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is reduced, rendering UFG bcc metals less rate sensitive.rate hardening in UFG bcc microstructures, together with
The behavior of nc bcc metals witthmuch smaller than  the much elevated strength and diminished work hardening

100 nm is uncertain at present, due to limited dag&j. ability, makes the material more prone to plastic instability
[16,28,34,35,51,52,68-71t may have beneficial effects on
4.3. Implications for plastic instability materials whose application requires enhanced plastic insta-

bility (e.g., kinetic energy penetrators).

For UFG/nc bcec metals, the reducedshould aggravate
plastic instability. This has been demonstrated by shear
localization in several UFG/nc bcc metals under either Acknowledgements
guasi-static or dynamic compressifi6,28,34,35,51,52,68
—71], including the Fe, V, Ta discussed in this paper. The authors thank Dr. TW. Wright for helpful dis-
Such an instability may be less likely for fcc UFG/nc cussions. This work was performed under the auspices
metals. Common to both fcc and bcc metals whikis of the Center for Advanced Metallic and Ceramic Sys-
reduced to the UFG/nc regime are the dramatic elevationtems (CAMCS) at the Johns Hopkins University. This
in strength and the diminishing strain hardening capacity research was sponsored by the U.S. Army Research Lab-
[7,16,17,28,58,68—72both of which serve as destabilizing oratory under (ARMAC-RTP) and was accomplished
factors that may render the material susceptible to localizedunder the ARMAC-RTP Cooperative Agreement No.
deformation[27,34] But the opposite rate sensitivity be- DAAD19-01-2-0003. The views and conclusions contained
havior may also play a role. Another difference lies in the in this document are those of the authors and should not be
temperature dependencerof[38,73] The m of fcc metals interpreted as representing the official policies, either ex-
usually increases monotonically with as the flow stress  pressed or implied, of the Army Research Laboratory or the
decreases with temperature (Efgs. (7) and (8) whereas U.S. Government. The U.S. Government is authorized to
the m of bcc metals decreases with increasihgear RT. reproduce and distribute reprints for Government purposes
This phenomenon can be understood in light of the dis- not withstanding any copyright notation hereon.
cussions inSection 4.2(and Ref.[57]). Below a critical
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