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Abstract Tensile tests were performed on high-purity W
and Mo polycrystals at room temperature for a range of
axial strain-rates 2.1 x 107*-2.1 x 1072 s~'. The critical
resolved shear stress (CRSS) data was analyzed by using
the analytical formulation for the strain-rate dependence of
the CRSS derived in the kink-pair nucleation (KPN) model
of flow stress in crystals with high intrinsic lattice friction.
On evaluation of various microscopic slip-parameters of
the model, the active slip-system in both W and Mo
polycrystals was identified as {110}(111). This is in good
agreement with that deduced from the published data on
the temperature dependence of the CRSS of these crystals
as well as from the observed slip-lines on the deformed
crystals reported in the literature. Moreover, the available
data on the temperature dependence of the CRSS of Mo,
Nb, Fe, V, and K crystals were also analyzed within the
framework of the KPN model of flow stress. Peierls
mechanism was found to be responsible for the CRSS of
these metals; the active slip-systems in refractory metals
Mo, Nb, Fe, and V were {110}(111) and {211}(111)
whereas that in alkali metal K was {321}(111).

Introduction

Deformation behavior of crystalline materials has been
under investigation since the idea of linear defects or dis-
locations in crystals was conceived by Orowan [1], Polanyi
[2], and Taylor [3, 4] independently. The observed initial
flow stress or yield stress of real crystals, which is far less
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than the theoretically predicted one for ideal crystals, was
attributed to the ease with which dislocations can glide in
certain crystallographic planes under the action of applied
force. Experiments show that the yield stress of crystals is
dependent on the imposed deformation-rate as well as on
the temperature at which deformation is carried out, in
addition to the orientation of single crystals and the grain
size of polycrystals. As far as the slip system responsible
for the deformation of single crystals is concerned, slip is
likely to occur on a slip-system when the resolved shear
stress exceeds a critical value given by Schmid law. In
face-centered cubic (fcc) single crystals, there are twelve
such possible slip-systems, namely {111}(110) [5] but the
assortment of active slip-systems in body-centered cubic
(bce) single crystals has been a long-standing problem in
crystal plasticity theory.

Investigations of the active slip-systems involved in the
deformation of bcc metals have been carried out exten-
sively through slip-line observations over the past four
decades (e.g., [6-11]). As a result of extensive experi-
mentation, there is consensus on the most densely packed
(111) directions as the slip directions whereas the observed
slip planes are the crystallographic planes {110}, {211},
and {321}, which belong to the (111) zone. The type and
number of the active slip-planes depend on the crystallo-
graphic orientation of the stress axis, purity of the crystal as
well as on the deformation parameters, like temperature
and imposed strain-rate.

Kaun et al. [6] investigated the slip line patterns and the
active slip-systems of zone-refined W and Mo single
crystals for a range of crystallographic orientations of the
crystal axis. They deformed cylinder-shaped tensile spec-
imens of these metals in tension at a strain-rate <10~* 5!
at room temperature, and used optical as well as electron
microscope to study the slip lines. They found that slip
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occurred preferentially on the {110} planes, but further slip
planes of the (111) zone were also active to some extent. A
valid theory of flow stress in crystals with high intrinsic
lattice friction must therefore be able to account for the
observations referred to above.

The main objective of this study was to perform defor-
mation tests on high-purity W and Mo polycrystals at room
temperature for a range of tensile strain-rates, and to ana-
lyze the data within the framework of the kink-pair
nucleation (KPN) model of flow stress [12, 13], in which
analytical formulation of the strain-rate dependence of the
critical resolved shear stress (CRSS) at a given temperature
facilitates the determination of the slip system responsible
for plastic deformation. The observed temperature depen-
dence of the CRSS of Mo polycrystals deformed by
Galygin [14] at a given tensile strain-rate ~107%s™!
between 200 and 330 K will also be analyzed with the help
of the KPN model formulation for the temperature
dependence of the CRSS at a given strain-rate, and the slip
system identified so will be compared with that found via
strain-rate dependence of the CRSS of Mo polycrystals in
this deformation tests.

Another objective was to analyze the CRSS-T data
available in the literature for a number of refractory and
alkali bcc metals within the framework of the KPN model
of flow stress cited above to identify the deformation
mechanisms responsible for the yielding of both types of
bce metals, and examine its authenticity in the light of the
slip-line observations made on the deformed crystals of
these metals.

Materials and deformation tests

Wires of 99.99 wt% tungsten polycrystal were obtained
from Johnson and Mathey Chemical Limited London. The
main metallic impurities (in wt.ppm) were Mo(32), Ni(28),
Cr(18), Al(13), and Pb(9). Specimens, 80 mm long and

2 mm in diameter, were cut from the as-received wires, and
then sealed in Pyrex glass tube evacuated to 1.3 mPa
(107 Torr). These were annealed for 2 h in a muffle fur-
nace maintained at 700 °C to reduce internal stresses. The
tube was allowed to cool at room temperature before taking
out the specimens. Using the linear-intercept technique, the
mean grain-diameter of the annealed specimens was found
to be 20 um.

The 99.972 wt% molybdenum polycrystals used were in
the form of rolled sheet of 0.13 mm thickness. The main
metallic impurities (in wt ppm) were Fe(200), Mn(30),
Ni(30), and Cr(20). Specimens, 80 mm long and 10 mm
wide, were cut from the as-received sheet, and were sealed
in a Pyrex glass tube evacuated to 1.3 mPa (10~> Torr).
These were then annealed at 700 °C for 2 h. The tube was
allowed to cool at room temperature before taking out the
specimens. Using the linear-intercept technique, the mean
grain-diameter of the annealed specimens was found to be
37 pm.

The annealed specimens were then deformed in tension
at room temperature in a Universal Materials Testing
Machine (Model 1195, Instron Ltd., UK). Tensile strain-
rates used were in the range 2.1 x 107-2.1 x 1072 5!
corresponding to cross-head speeds 0.5-50 mm/min. The
chart of load-time recorder was driven at speeds so as to
keep the chart speed to cross-head speed ratio constant.
The full scale load ranges used were 2 and 5 kN. The 0.2%
proof stress data corresponding to various strain-rates have
been given in Table 1. Each value denotes an average of
four independent measurements. The specimens deformed
at the highest tensile strain-rate 2.1 x 1072 s~ corre-
sponding to 50 mm/min cross-head speed fractured without
undergoing plastic deformation, and were therefore
ignored. The data given in Table 1, together with that on
the temperature dependence of the CRSS of some bcc
metals available in the literature, will be analyzed within
the framework of the KPN model [12, 13] of flow stress in
crystals with high intrinsic lattice friction.

Table 1 Values of 0.2% proof stress of W and Mo polycrystals corresponding to different strain-rates

Metal Cross head speed (mm/min)  j(s71) 602 (MPa) o3 (MPa'?) (571 Too (MPa) 3 (MPa'?)

W (A) 0.5 21 x107* 539 23.22 630 x 107* 180 13.40
1.0 42 x 107 563 23.73 1.26 x 1073 188 13.70
2.0 84 x 107* 584 24.17 252 x 1073 195 13.95
5.0 21 x 1072 618 24.86 630 x 107> 206 14.35
10 42 x 107 648 25.46 126 x 1072 216 14.70

Mo (H) 05 21 x 107% 423 20.57 6.30 x 107 141 11.87
1.0 42 x 107% 450 21.21 1.26 x 1073 150 12.25
2.0 84 x 107* 506 22.49 252 x 1073 169 12.99
5.0 21 x 1072 577 24.02 6.30 x 1073 192 13.87
10 42 x 107 608 24.66 126 x 1072 203 14.24
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Theoretical considerations

In the KPN model of flow stress in crystals with high
intrinsic lattice friction [12], the unit activation process of
yielding comprises stress-assisted, thermally activated,
nucleation of a kink-pair in the (a/2)(111) screw dislo-
cation trapped in a Peierls valley, leading to its forward
movement over the Peierls hill to the next Peierls valley,
after attainment of the saddle-point configuration. At
temperatures below 0.1-0.2 Ty, Where diffusional pro-
cesses are dormant in the crystal, the activation energy
(free enthalpy), W(t), for the formation of a kink-pair of
critical maximum height, nb, for saddle-point configuration
is given by [12]:

W = 2W, — 2ut'/?, (1)

with the yield criterion

W = mkT, (2)
where
m = In(},/7) =25+ 2.3. (3)

Here Wy = n(UGb*)'?, ag = (1/2)(nb)** (GH*)'"?, G is the
shear modulus, U is the Peierls energy per interatomic
spacing along the screw dislocation, 2W, is the kink-pair
formation energy Wy, at © = 0, k is the Boltzmann con-
stant, } is the shear rate of the crystal with typical values in
the range 107°-107> s, and the pre-exponential factor Yo
is of the order of 107 s .

Since the discrete atomic processes involved in the
passage of a dislocation over the Peierls barrier are not
known exactly, therefore precise calculation of the critical
maximum height, nb, of the kink-pair for saddle-point
configuration (n is a numerical constant and b is the length
of the Burgers vector) is rather difficult. However, one can
visualize that nb can be at the most equal to the distance
a between two consecutive Peierls valleys (Fig. 1), as the
formation of the kinks having a height larger than the inter-
valley distance is hardly probable. Thus, for two consec-
utive Peierls valleys along (111) direction in bce crystals,
one finds that when nb = a, the value of n = (a/b) will be
0.9428, 1.6329, and 2.4945 for {110}, {211}, and {321}
slip planes, respectively. On the other hand, the screw-
dislocation segment escaped from the Peierls valley PV,

_Z{___J___&

—>

Fig. 1 Transition of a screw dislocation segment between two
consecutive Peierls valleys PV, and PV, over the Peierls hill PH [12]
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will not be able to cross the Peierls hill PH if maximum
height, nb, of the kink-pair is less than a/2, i.e., n < (a/2b),
and hence slip will not occur. At the CRSS, one would
therefore expect the critical maximum activation dis-
tance nb for saddle-point configuration to lie in the range
(al2) < nb < a. In case nb is less than a but greater than
a/2, further “unpinning” at the corners of the bulge, accom-
panied by “repinning” at the leading edge, completes the
advance of the dislocation segment to the next Peierls valley
PV,. According to Feltham and Kauser [15], the unpinning
at the corners of the bulge, in the post-nucleation growth
stage of the area of slip, would require an activation energy
low compared with that for saddle-point configuration, and
would not be rate determining in the glide process.

One can also re-write Eq. 1 in terms of deformation
temperature T as follows:

12 = A — BT, (4)
where

A= (Wy/op) = 1(1)/2, B = (mk/209) and 19 = (4U/nb?).

Equation 4 shows that for a given strain-rate (i.e., if m is
constant), V2 of crystals with high intrinsic lattice friction
decreases linearly with the increase in temperature 7. The
value of A is in fact the intercept made on the stress axis at
T — 0 K on extrapolation of the t'/>~T straight line fitted
to the data, and helps to determine 7,, i.e., the CRSS at
T — 0 K. Similarly B, the magnitude of the slope of the
2T line, helps to evaluate the parameter o, and this
together with A then yields the value of W, i.e., formation
energy of a solitary kink. Moreover, the intercept made by
the 7'°~T line on the temperature axis for T = 0 provides
the so-called knee temperature Ty = (A/B) = 2Wy/mk),
which also facilitates the determination of Wj,.

As far as the dependence of the CRSS 7 on the shear rate
7 at a constant temperature T is concerned, Butt et al. [13],
on re-writing Eq. 4 in conjunction with Eqs. 2-3, derived
an analytical expression:

/2 = 1> — (KT /200)In(39/7) ©)
or
712 = C + DIny, (6)

where C and D are positive constants such that

C =1)/> - Dnj, (7)

and
= (kT /200) (8)

Equation 6 shows that 7% increases linearly with the

increase in Inj such that the slope [d7'/2/d(Inj)] of the
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72 — Inj line fitted to the data at a given temperature T is

equal to D. Since D is directly proportional to T (Eq. 8), the
slope [dt'/?/d(In})] = D (Eq. 6) decreases linearly as T is
lowered such that D = 0 at T — 0 K. So, the value of the
constant C(= r(l)/ * _ DInj,)) should decrease linearly with
the rise in temperature 7 at which deformation is carried
out.

The slip system responsible for the flow stress in the
crystals with high intrinsic lattice friction can be identified
on evaluating (i) the parameter n related to the critical
maximum height, nb, of the kink-pair for saddle-point
configuration, (ii) the Peierls energy per interatomic spac-
ing along the screw dislocation U, (iii) the initial length Ly
of the screw-dislocation segment taking part in the unit
activation process of yielding at 7 — 0 K under the action
of applied shear stress 7, and (iv) the activation volume, v,
associated with 7y. This can be achieved on using the
model expressions [12]:

n* = (Wo/Gb*)* (4G /70 9
U= (Wo/n)*(1/Gb?) (10
Lo = b(4Gn/z)"? (11
vo = (1/4)nLob>. (12
Analysis of experimental data

Strain-rate dependence of the CRSS

The dependence of 0.2% proof stress gy, on the tensile
strain-rate ¢ has been illustrated in semi-logarithmic coor-

dinates in Fig. 2. The triangles (A) and squares (H) denote
the values of g, for W and Mo polycrystals, respectively,

700 . ey

600 -

Co2 (MPa)

500 -

400 -

" | " "
10* 10° 10®
Tensile Strain Rate (s")

Fig. 2 The 0.2% proof stress (cp,) of W and Mo polycrystals as a
function of tensile strain-rate () in semi-logarithmic coordinates

deformed at & in the range 2.1 x 107*4.2 x 1073 s7".
Each point denotes an average value of four independent
measurements and error bars show the range of measured
0.2 values. The straight lines drawn through the data points
by least-squares fit are encompassed by the relations:

W (&) : gp2 = 842 +36.0Iné (13)
Mo (W) : g9, = 972 4+ 65.7 Iné (14)

with the linear correlation coefficient r = 0.994 and 0.998,
respectively. The values of r close to 1 indicate an excel-
lent linear relationship between ¢, and Iné for both the
metals.

In order to analyze the data within the framework of the
KPN model, we shall first obtain shear values of the 0.2%
proof stress (tp,) and the strain rate (7) from the tensile
ones (oppandé) by using a Taylor factor 1/3, i.e.,
Too = 002/3 and y = 3¢é. Furthermore, the shear value of
0.2% proof stress (1p,) will be taken as the CRSS (1), and
subscript 0.2 will be dropped hereafter. Thus the triangles
(A) and squares (M) in Fig. 3 denote the values of the
square-root of CRSS (/%) of W and Mo polycrystals,
respectively, as a function of the shear strain-rate 7 in semi-
logarithmic coordinates. The straight lines drawn through
the data points by least-squares fit are represented by the
mathematical expressions:

W () :7'/2 = 16.54 + 0.428 Inj (15)
Mo (W) : 7'/ = 18.0 + 0.843 Inj (16)
with the linear correlation coefficient r = 0.999 and 0.993,
respectively.

Comparison of Egs. 6 and 15 shows that for W poly-
crystal, C = 16.54 MPa'? and D = 0.428 MPa'>. On

CRSS" (MPa'?)

Shear Strain Rate (s™)

Fig. 3 The square-root of CRSS (¢'/?) of W and Mo polycrystals as a

function of shear strain-rate () in semi-logarithmic coordinates
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Table 2 Numerical values of the activation parameters of slip in W and Mo polycrystals via strain-rate dependence of the CRSS at room

temperature

Metal G b Gb® 1 a0 (1072 eV W, Wip 1 U Ly vo Injy 7 &
(10*MPa) (nm) (eV) (MPa) MPa~'? V) (eV) meV) (b)) %) s™hH s™hH

W (A) 16.0 02741 206 617  3.00 0.742 1484 1.10 21.7 339 94 19.11 1.99 x 10° 6.64 x 10’

Mo (W) 128 02725 167 1164 152 0.520 1.040 0.75 28.8 182 34 19.10 1.97 x 10° 6.58 x 10’

substituting the value of D in Eq. 8, one gets oy = 3.0 X
1072 eV MPa™ 2. On taking 7% = 14.02 MPa'?, i.e., the
average of five measured values of the square-root of
CRSS denoted by triangles (A) in Fig. 3, and putting it
along with m = In(y,/79) = 25, T =298 K and oy = 3.0 x
1072 eV MPa~ "% in Eq. 5, one gets 14> = 24.7 MPa'? or
7o = 617 MPa. On using the expression Wy = o r(l)/ 2, one
finds Wy = 0.742 eV or W, = 1.484 eV. Also, on putting
the values of C, D, and 1(1)/2 referred to above in Eq.7, the
value of Inj, is found to be 19.11, and hence 7y, =
1.99 x 1085~ oréy = 6.64 x 107s~!, which is of the right
order of magnitude, as envisaged in the KPN model.

Now, on using the appropriate values of G, Gb>, 7o, and
W, (Table 2), various microscopic parameters of slip, i.e.,
n, U, Ly and vy, in W polycrystal can be readily obtained
from Eqgs. 9-12, and are given in Table 2. The value of the
screw dislocation length Ly = 33.9b and that of the acti-
vation volume vy = 9.4b° involved in the unit activation
process of yielding at 7T — 0 K, are in good agreement
with those specific to the Peierls mechanism, i.e., Ly =
20 — 506 [16, 17] and vy = 1 — 100b> [18-20]. The value
of n = 1.10 being slightly greater than [a; /D] = 0.9428
(Fig. 2) and substantially less than [ap;1)/b] = 1.6329
(Fig. 3) indicates that slip occurs preferentially on {110}
planes. This is in accord with the observations of Kaun
et al. [6] during the optical and electron microscopy of the
slip lines on the surface of cylinder-shape specimens of W
single crystals deformed at room temperature. This is fur-
ther substantiated on comparing the kink-pair formation
energy Wy, = 1.48 eV (Table 2) with that (1.3 eV) found
by Brunner [21] for the formation of a pair of kinks on the
(ag/2)(111) screw dislocation in {110} planes in W single
crystal.

Similarly, analysis of 7!/ — Inj data pertaining to Mo
polycrystals (Fig. 3) provides the values of model param-
eters o, T, Wo, Wip, 1, U, Lo, vo, 7y, and & (Table 2). Here,
the value of the screw dislocation length Ly = 18.2H and
that of the activation volume vy = 3.4b* involved in the
unit activation process of yielding at T — 0 K, are in good
agreement with those specific to the Peierls mechanism,
whereas the kink-pair formation energy W), = 1.08 eV is
in excellent agreement with that (1.08 eV) found by Suzuki
et al. [22] for the nucleation of two individual kinks on a

@ Springer

(ag/2)(111) screw dislocation in {110} planes in Mo single
crystal. Moreover, the value of n = 0.75 being close to
[ac10y/b] = 0.9428 also points to {110}(111) slip system
being responsible for yielding of Mo polycrystal at room
temperature. This is in excellent agreement with the slip
line observations made on Mo single crystal deformed at
room temperature by Kaun et al. [6].

Temperature dependence of the CRSS

Now we shall first examine the validity of the functional
form of Eq. 4 in the case of temperature dependence of the
CRSS of Mo, Nb, Fe, V, and K crystals, and then evaluate
the microscopic parameters n, U, Ly, and vy of the KPN
model of flow stress to ascertain the rate-controlling pro-
cess of yielding in each case.

CRSS"?-T relationship
Reference to Fig. 4 shows the relationship between 7'% and

T for the single crystals of Mo with (110) orientation
(impurities in wt ppm: C~ 2to 3, N <10, O <1, and

z.‘IIZ ( MPaUZ)

0 100 200 300
T(K)

Fig. 4 Relation between > and T for Mo single crystals (open

circle, filled circle) and Mo polycrystals (open square). Data points

were taken from Guiu and Pratt [7] and Malygin [14], respectively
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Table 3 Numerical values of the positive constants A and B in Eq. 4 obtained by least-squares fit method from the t

metals as well as those of some macroscopic parameters of the KPN model of flow stress

—T data for some bcc

Metal A (MPa)'? B , T 7o (MPa) o Wo T range (K)
(107" MPa ™ K ) (1072 N2 m? (1072eV MPa~"?» (107" 1) (eV)
Mo
(0) 26.61 437 —0.998 708 3.95 2.46 1.051 0.656 195-293
(®) 26.09 477 —0.999 681 3.62 2.26 0.944 0.589  77-293
Mo (p) () 27.46 5.13 —0.979 754 3.36 2.10 0.922 0.576 220-330
Nb (o) 25.04 8.58 —0.994 627 2.02 1.26 0.506 0316  77-195
15.41 343 —0.999 237 5.02 3.14 0.774 0.484 195-295
Nb (o) 28.64 9.73 —0.996 820 1.78 1.11 0.507 0317  10-77
Fe (o) 18.47 6.25 —0.977 341 275 1.72 0.509 0318  77-125
15.00 3.42 —0.998 225 5.04 3.15 0.757 0.473 125-298
Fe (o) 17.32 4.47 —0.993 300 3.86 2.41 0.668 0.417 125-298
V) @) 2004 6.00 —0.999 402 2.88 1.79 0.577 0360  77-195
vV (m) 17.9 5.74 —0.999 320 3.01 1.88 0.538 0.336  124-195
13.3 345 —0.996 177 4.99 3.12 0.666 0.416 195-293
K (o) 1.55 3.06 —0.985 2.40 0.055 0.034 0.088 0.055 1.5-25
H < 0.01) deformed by Guiu and Pratt [7] at two dif- 20

ferent tensile strain-rates of 4.5 x 1072 sfl(o) and
4.5 x 107 s~ '(e) in the temperature range 77-293 K. In
each case, the lines drawn through the data points by least-
squares fit method comply with Eq. 4 with the values of
constants A, B, and correlation factor r given in Table 3.
Similarly, the empty squares (CJ) denote the '/ values for
99.98% Mo polycrystal, 1 mm in diameter, and 20 mm in
gauge length, stretched by Malygin [14] at a tensile strain-
rate é~107* s7! in the temperature interval 220-330 K.
The shear values t were obtained from the tensile flow
stress ¢, by using the Taylor factor 1/3 for a polycrystal,
i.e., 0 = 31. The data points (LJ) are encompassed by Eq. 4
with the values of A, B, and r given in Table 3.

However, in the case of 99.84 wt% Nb single crystals
(impurities in wt%: H < 0.0005; C < 0.005; each Fe
and Si < 0.01; N < 0.015; each Ni, Ti, Mo, W, Zr, and
V <0.02; O <0.03; Ta < 0.05) deformed by Peter and
Hendrickson [23] at a strain rate of 1.3 x 10™* s7!, the t'/?
values depicted by filled circles (o) as a function of tem-
perature T in Fig. 5 exhibit two distinct regimes in the 7'~
T relationship. These are termed as low-temperature regime
IIT and intermediate-temperature regime II—the nomen-
clature used by Brunner and Diehl [24], Brunner et al. [25],
and Diehl et al. [26]. The high-temperature regime I in the
CRSS-T curves of bcc refractory metals involves diffu-
sional processes, and is therefore outside the scope of the
KPN model [12] of flow stress. The straight lines fitted to
the data points (e) by least-square fit method in both regime
III (77-195 K) and regime II (195-295 K) are in accord
with Eq. 4; the values of constants A, B, and correlation
factor r in each case are given in Table 3. Moreover, the

20

0 1 1 I
0 100 200 300

T(K)

Fig. 5 Relation between t/> and T for Nb single crystals. The data
points (open circle) and (filled circle) were taken from Nagakawa and
Meshii [9] and Peter and Hendrickson [23], respectively

open circles (o) in Fig. 5 denote the "% values [9] per-
taining to zone-refined Nb single crystal (y = 30°,
A =45° Schmid factor = 0.612) with main metallic
impurity 130 at. ppm and residual resistivity ratio about
2500. Before deformation, the specimens were purified by
ultra-high vacuum annealing, and then deformed at a ten-
sile strain-rate 4.6 x 10™* s™' at low temperatures in the
range 10-77 K. A linear least-square fit to the data points
(o) is achieved by means of Eq. 4 with the values of A, B,
and r given in Table 3.

Likewise, Fig. 6 shows the relationship between v~ and
T for (e) zone refined single crystals of 99.999 wt% Fe

1/2
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| | |
0 100 200 300
T(K)

Fig. 6 Relation between t'/? and T for Fe single crystal. Data points
(open circle) and (filled circle) were taken from Takeuchi et al. [28]
and Horn et al. [27], respectively

(impurities in wt%: C ~ 0.0008 and N ~ 0.0003), and for
(o) 99.982 wt% Fe single crystals (impurities in wt%:
Mn ~ 0.01, Si = 0.001, P~ 0.001, C ~ 0.002 and S =
0.004) deformed by Horn et al. [27] and by Takeuchi et al.
[28] at a strain rate of 1.7 x 107* sfl, respectively. The
lines drawn through the data points (e) and (o) by least-
squares fit method in regime II (125-300 K) and regime III
(78-125 K) are encompassed by Eq. 4 with the values of
positive constants A and B, along with the correlation
factor 7, given in Table 3.

Referring to Fig. 7, the filled squares (H) denote the 712
values of 99.99 wt% V single crystals (interstitial

20 1

0 100

200

300

impurities ~ 100 ppm in wt) deformed by Wang and
Bainbridge [29] at a tensile strain rate ¢ = 6.7 X 1073571
in the temperature range 124-293 K. Similarly, the empty
squares (CJ) represent the 7"* values of 99.97 wt% V
polycrystals (impurities in wt%: C = 0.017, O =~ 0.0042,
N < 0.001, H =~ 0.007, Si =~ 0.004, Zr =~ 0.003) of
0.1 mm grain size, deformed by Yoshinaga et al. [30] at a
tensile strain rate ¢ = 3.3 x 107>s~! in the temperature
range 77-200 K. A Taylor factor of 1/3 was used to get the
values of the CRSS t from the tensile yield stress o. The
lines fitted to the data points () and ([J]) by least-squares
fit method in regimes II and III, are encompassed by Eq. 4;
the values of positive constants A and B, along with cor-
relation factor r, are tabulated in Table 3.

Finally, Fig. 8 shows the relationship between the
square-root of the CRSS, 7V 2, and the deformation tem-
perature 7T, for 99.99% K single crystal (residual resistance
ratio Ry93/R4» ~ 200) with an orientation of y = 0°,
Y = 55°, i.e., centrally situated in the standard stereo-
graphic triangle. The crystal was deformed by Basinski
et al. [31] in tension at a strain rate of 3.4 x 107* s 'in
the temperature range 1.5-30 K. Below a critical temper-
ature 7o = 25 K (~0.07 Ty, T, = 336 K) the CRSS was
found quite sensitive to the temperature at which defor-
mation was carried out, whereas for 7 > 25 K it was
insensitive to the temperature variation. The data points in
Fig. 8 represent the t'/? values derived from the CRSS data
of Basinski et al. [31]. The straight line drawn through the
data points by least-squares fit method is encompassed by
Eq. 4, with the values of constants A, B, and correlation
factor r given in Table 3. The value of r being close to 1
indicates a good linear relationship between t'/* and T.

Identification of the slip system

The numerical values of the positive constants A and B
(Table 3) determined as above help to evaluate 7o, o, and

T(K)

Fig. 7 Relation between t"? and T for V single crystals (filled
square) and V polycrystals (open square). The data points were taken
from Wang and Bainbridge [29] and Yoshinaga et al. [30],
respectively
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W, for Mo, Nb, Fe, V, and K crystals on using the math-
ematical expressions A = 1(1)/2, B = mk/20,, and W, =
fxor(l)/z. Knowing the values of 75 and W, (Table 3), we shall
now determine the magnitude of the microscopic activa-
tion-parameters n, U, Ly, and vy of slip with the help of
Eqgs. 9-12 derived in the KPN model of flow stress [12].

Using the appropriate values of G, Gb>, 7o and W,, for a
given metal in Eq. 9, the parameter n related to the critical
maximum height of the kink-pair for saddle-point config-
uration is evaluated. Putting this value together with those
of W, and Gb® in Eq. 10, one obtains U, i.e., the Peierls
energy per interatomic spacing along the screw dislocation.
Substitution of G, 1o, and n values in Eq. 11 yields Ly,
while Eq. 12 helps to evaluate the activation volume vy on
making use of n and L, values (Table 4). It can be readily
seen that the values of Ly and vy for Mo, Nb, Fe, V, and K
listed in Table 4 are in good agreement with those specific
to Peierls mechanism, i.e., Lo = 20 — 50b [16, 17] and
vo=1— 1006° [18-20]. Also, the kink-pair formation
energy Wi, (Table 4) is of the right order of magnitude in
each case.

To identify the slip system operative in these metals, we
shall now base our considerations on the n values given in
Table 4. In the case of molybdenum, the critical maximum
height nb of the kink-pair for saddle-point configuration is
found to be 0.95b for Mo polycrystal, and 1.06b for Mo
single crystals for deformation temperature between 77 and
330 K. These values are in good agreement with the Peierls
valley separation a9y = 0.9428b, which indicates that
slip occurs on {110} planes of Mo crystals in the temper-
ature range referred to above. Also, the kink-pair formation
energy Wy, = 1.15-1.35 eV (Table 4) is in good agree-
ment with the values 1.08-1.40 eV reported in the litera-
ture [22, 32, 33] for the nucleation of two individual kinks

on a (ag/2)(111) screw dislocation in {110} planes in Mo
single crystals. It is worthy of note that the slip system
{110}(111) operative in Mo polycrystal at room tempera-
ture determined via strain-rate dependence of CRSS in this
experimentation is in good agreement with that determined
above via temperature dependence of the CRSS at a given
strain-rate. This is also supported by the slip-line obser-
vations of Guiu and Pratt [7] made on Mo single crystals
that at rather low temperatures slip occurred predominantly
on {110} planes while some traces of slip were also found
on {211} planes. However, at temperatures >353 K slip
occurred on {211} planes only.

As far as niobium is concerned, the values of n = 0.85
and 0.93 in regime III (10-195 K) and n = 1.71 in regime
II (195-295 K) are in excellent agreement with [a( 0y
b] = 0.9428 and [api1/b] = 1.6329, respectively. This
shows that slip systems for yielding of Nb single crystal in
the low- and intermediate-temperature domains are
{110}(111) and {211}(111), respectively. Nagakawa and
Meshii [9] have also inferred from their slip-line observa-
tions made on Nb single crystals deformed at 4.2-77 K that
flow stress is controlled by the glide of (a/2)(111) screw
dislocations on {110} planes at such low temperatures. The
value of kink-pair formation Wy, = 0.63 eV (Table 4) in
regime III is also in good agreement with the enthalpy of
formation (0.65 4 0.02 eV) of a pair of isolated kinks on
(ag/2)(111) screw dislocations in {110} planes in Nb single
crystals [34].

For iron single crystals, the n values being equal to 1.46
and 1.75 for intermediate temperatures (125-298 K) in
regime II, indicate that the critical maximum height nb of
the kink-pair for saddle-point configuration is quite close to
the Peierls valley separation a1y = 1.6329b, which
means that slip occurs on {211} planes. This is in accord

Table 4 Numerical values of the activation-parameters of slip in some bcc metals

Metal G (10* MPa) b (nm) Gb* (eV) Wip (eV) n U (meV) Ly (b) vo (b%) T range (K)
Mo
(0) 12.8 0.2725 16.1 1312 1.06 23.7 27.7 73 195-293
(9 1.178 1.00 21.5 274 6.9 77-293
Mo (p) () 1.152 0.95 22.8 25.4 6.0 220-330
Nb (o) 3.7 0.2858 5.39 0.632 0.93 21.4 14.8 3.4 77-195
0.968 1.71 14.9 327 14.0 195-295
Nb (o) 0.634 0.85 255 12.4 2.6 10-77
Fe (o) 8.1 0.2482 7.3 0.636 1.17 9.6 33.3 9.7 77-125
0.946 1.75 9.5 50.2 22.0 125-298
Fe (o) 0.834 1.46 10.6 39.8 14.5 125-298
V (p) (O) 4.6 0.2622 5.18 0.720 1.30 14.8 24.4 7.9 77-195
vV (W) 0.672 1.34 12.1 27.8 93 124-195
0.832 1.88 95 442 20.8 195-293
K (o) 0.12 0.4544 0.70 0.109 231 0.81 68.0 39.3 1.5-25
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with the slip-line observations of Spitzig and Keh [35],
who reported a strong tendency to slip on {211} planes in
o-Fe single crystals at such temperatures. Moreover, the
value of nb found to be equal to 1.17b for low temperatures
(77-125 K) in regime III is close to a(109) = 0.94280,
which shows that slip occurs predominantly on
{110}planes of o-Fe single crystals, confirmed by slip
traces observed by Aono et al. [36] on deformed iron
crystals at rather low temperatures. This is further sup-
ported by the fact that Wy, = 0.64 eV is in good agreement
with that (0.60 eV) required for kink-pair formation in the
(ag/2)(111) screw dislocations on {110} planes in o-Fe
single crystals in low-temperature regime III [37].

In the case of vanadium, the n values 1.30 for V poly-
crystal and 1.34 for V single crystal in low-temperature
regime III (77-195 K) are between [a10y/b] = 0.9428 and
[ani1y/b] = 1.6329, which indicates that slip occurs
simultaneously on {110}and {211} planes. Moreover,
n = 1.88 for V single crystal in intermediate-temperature
regime II (195-293 K) is close to [a1y/b] = 1.6329
rather than [a@21y/b] = 2.4945, meaning thereby that
{211} slip plane is dominant in the intermediate-tempera-
ture regime II. Though Wang and Bainbridge [29] consider
the interaction between dislocations and interstitial impu-
rities as the dominant rate-controlling process of yielding
between 200 and 293 K, yet the derived values L, = 44.2b
and vy = 20.8b° (Table 4) lend support to Peierls mecha-
nism as the rate-controlling process of deformation.

Finally, one can ascertain the rate-controlling process of
yielding in K single crystal (T = 1.5-25 K) on noting from
Table 4 the values of n, Ly, and v, for this metal. The value
of n = 2.27, which is close to [a21)/b] = 2.4945 (Fig. 9),
points to slip on {321} plane, whereas the values of
Lo = 67b and vy = 38b°> are specific to Peierls mechanism

2 1]
(a) H e

- a,

Fig. 9 Schematic representation of a the (321) [111] slip system, and b
the separation agpp) = V3ag sin 75.04° = 2.1603a, = 2.4945b
between two neighboring Peierls valleys along [111] direction in
(321) plane

@ Springer

[16-20] as the rate-controlling process of yielding. The slip
system operative in K single crystal in regime III is
therefore {321}(111).

Summary and conclusions

1. The analytical formulations of the KPN model of flow
stress satisfactorily accounts for the observed temper-
ature and strain-rate dependences of the CRSS of
crystals with high intrinsic lattice friction. Evaluation
of the microscopic parameters of slip helps to identify
the deformation mechanism and active slip-systems
responsible for yielding at temperatures where diffu-
sional processes are dormant.

2. The strain-rate dependence of the CRSS of W and Mo
polycrystals deformed at room temperature points to
{110}(111) as the preferentially active slip-system for
deformation via Peierls mechanism, which is supported
by the slip-line observations made on the surface of W
and Mo single crystals reported in the literature.

3. The temperature dependence of the CRSS, 1, of bcc
metals (Mo, Nb, Fe, V, and K) follows a linear relation-
ship between t'/? and T both at low temperatures (regime
IIT) as well as at intermediate temperatures (regime II).

4. The rate-controlling process of yielding in Mo crystals,
whether mono or polycrystalline, in the temperature
range 77-330 K is {110}(111) type glide of screw
dislocations.

5. The CRSS of Nb (10-195 K) and Fe (77-125 K) single
crystals in the low-temperature regime III is determined
by {110}(111) slip system, whereas in the intermedi-
ate-temperature regime II the active slip-system in Nb
(195-295 K) and Fe (125-298 K) is {211}(111).

6. The CRSS of both V single and polycrystal in the low-
temperature regime III (77-195 K) is determined by
simultaneous slip on {110} and {211} planes. How-
ever, {211} slip-planes are preferentially active in V
single crystals in the intermediate-temperature regime
II (195-293 K).

7. Peierls mechanism is the rate-controlling process of
yielding in K single crystals at rather low temperatures
(1.5-25 K). The screw dislocations trapped in Peierls
valleys along (111) directions participate in the slip
process on {321} planes.
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