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The rate-controlling mechanism(s) during
plastic deformation of polycrystalline NaCl at
0.28-0.75 Ty

HANS CONRAD, DI YANG
Materials Science and Engineering Department, North Carolina State University,
Raleigh, NC 27695-7907

The plastic deformation kinetics of polycrystalline 99.9% NaCl were determined in
compression at 23-532°C (0.28-0.75T ) and a strain rate ¢ =8.3 x 10~* s~'. The
rate-controlling mechanism at 0.28-0.65 Ty (o/1 > 3 x 10~*) was deduced to be the
intersection of forest dislocations with a Helmholtz free energy AF* =113 kJ/mol (0.16 pb®).
The forest dislocation obstacles become ineffective at ~0.65T . The kinetics at 0.75T

(0/m < 3 x 107*) were in accord with the Weertman-Dorn creep equation. At T < 0.5 Ty, the
decrease in strain hardening with strain and temperature was attributed to cross slip,
leading to a brittle-to-ductile transition at 0.5 Ty,. Dislocation climb was deduced to become
more important at higher temperatures. The stress-strain curves were described
reasonably well by the Bergstrom-Roberts dislocation multiplication model. © 7999
Kluwer Academic Publishers

1. Introduction controlling at small strains but that the intersection of
An excellent review of the plastic deformation kinetics forest dislocations becomes rate controlling at larger
of the alkali halides is given by Haasen [1]. The majorstrains, the transition strain decreasing with increase in
slip systems ar€l10} (110 and{100} (110, the criti-  purity level of the material.
cal resolved shear stress (CRSS) for the former gener- Most studies on the rate-controlling mechanism dur-
ally being smaller than the latter. According to Haasenjng the plastic deformation of NaCl have been on single
the available data indicate that the effect of temper<crystals; only little have been done on polycrystals. The
ature on the CRSS for the two slip systems has th@bjective of the present investigation was therefore to
four regimes shown in Fig. 1. In Regime | overcoming determine the plastic deformation kinetics and identify
the Peierls-Nabarro stress is concluded to be the ratéhe rate-controlling mechanism(s) for 99.9% polycrys-
controlling mechanism, while Regimes Il and IIl are at- talline NaCl at 23-532C (0.28-0.75Ty), comparing
tributed to the interaction of dislocations with impurity the results with those previously reported for single
metal ion-vacancy (M*V ™) dipoles. Regime Il ulti- and polycrystalline specimens. The chosen tempera-
mately decays in Regime IV to a basic dislocation inter-ture range is expected to represent Regimes Il to IV in
action stress,,. The stress-strain curves of halide singleFig. 1. To the authors’ knowledge no studies of the plas-
crystals exhibit three stages similar to the FCC metalstic deformation kinetics opolycrystallineNaCl have
Considerable point defects and dislocation debris argreviously been made covering these regimes.
generated in Stages | and I, which is followed by cross
slip in Stage lll. The degree and extent of cross slip in-
creases with temperature leading to a brittle-to-ductile
transition in polycrystals at0.5Ty. At T > ~0.5Ty 2. Experimental
the climb of dislocations becomes important in bothCompression tests were conducted on water-polished,
single and polycrystalline specimens. as-cast cylinders (2 cm diac 5 cm high) of 99.9%
Although there is some support for the specific rate-NaCl with 2 mm average grain size and the following
controlling mechanisms given by Haasen [1] for eachcomposition in wt%: 0.001 Ba; 0.003 Br; 0.002 Ca,
of the Regimes in Fig. 1, other mechanisms have als®O,, R,O3; 0.006 NG; 0.0004 I; 0.0003 N; 0.001 K;
been proposed. For example, Argon and Padaware [2].0008 S@; 0.5 ppm Fe; 1 ppm P and 0.001 in
conclude from their experimental results that the in-soluble matter. The tests were performed with an In-
tersection of forest dislocations is rate controlling dur-stron machine at 23 to 698 + 2° (0.28-0.90Ty) in
ing {110 glide in NaCl single crystals at 77—295 K air at an initial strain rate =8.3 x 10°° s~1. Two
(Regimes | and Il). Further, Appel [3] concludes from types of tests were carried out: (a) constant strain
his measurements on single crystals of NaCl at 210+ate ¢ throughout the test and (b) strain rate cycling,
320 K that dislocation-impurity interactions are rate- whereby the crosshead speed was alternately increased
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" Cast 99.9% NaCl (G.S.=2mm)
i $=8.3x10-5"1
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Figure 1 Schematic of the yield stress vs. temperature for alkali halides €
- - pure, — doped. After Haasen [1]. 30 A T T T T ] T U
and decreased by a factor of 10 during the test. sFhe C € o1 ]
cycling tests provided values for tapparenactivation = 20 | ‘ ) .
volume ) C ]
s [ D\ajm ] (b)
v =kTen(e2/€1)/(02 — 01) D v 0 S ]
and the stress exponent 0.005 &~
N = €n(Xz/X1)/En(Py/P1) (2 o .
_ _ _ . 0 02 04 06 0.8 1
where P, is the load immediately following ané;
. . . . . T/T
that immediately preceding an increase in crossheau m

Speed fronk; to X;. o ande are the respectlve stresses Figure 2 (a) Effect of temperature on the stress-strain curves and (b) the
and strain rates ankT has its usual meaning. The fiow stress at various strains vs. the ratio of test temperature to melting
e-cycling tests were only conducted at 23 to 5382  temperature.

(0.28-0.75Ty). The values of andn for the decreases

in strain rate tended to be slightly lower than for the in- 10 s e —
creases. [ 99.9% Cast NaCI(G S.=2mm)
L §,=8.3x10"5! ]

8 [2,8,=10 7
3. Results o ZD 1
The effect of temperature on the true stresgs. true g of SEBSe ]
straine curves are shown in Fig. 2a. The curves are in § [¢0 2283:C
general accord with those on polycrystalline NaCl of = 4 |q, v 532°C -
similar purity and grain size in the literature [5-9]. With ~— I o
increase in temperature the flow stresand the strain > o[ %%x%) b
hardening ratedl/ds decrease and the fracture strain N @§§VDVDV cvé:y §yVvvy
increases. Plots of at various strain levels v&.,/ Ty in Bonop80 XQAAfAA ]
Fig. 2b reveal a sharp change in slope(dT) at 0.45— 00' = 00'5 """" O L 0 s
0.5 Ty, the defining temperature tending to increase ) ) )
with strain level. Associated with the change in slope is €

arapid increase in the fracture strain with temperature
representing a brittle-to-ductile transition. The presen
brittle-to-ductile transition temperature®0.5Ty isin
accord with that reported by a number of investigators
[1, 4,6, 7]. to the effect of strain rate on the flow stress {0}

The variation of the apparent activation volume (110 glide in NaCl single crystals [2, 3, 8-13]. Fig. 4
with strain is shown in Fig. 3. Only the average of the shows that the variation afwith strain corresponds to
values for the increase and decrease in strain rate aseproportionality between/b and the flow stress, the
plotted to avoid overlapping data points. The values ofproportionality constant increasing with temperature.

v range from 63 x 1072 m® (~10° b®) at small strains ~ The variation of the stress exponemtgiven by

t0 0.6 x 10726 m3 (~10? b3) at large strains, decreasing Equation 2 with strain and temperature is presented in
with temperature in the range 2@ to 371°C and then  Fig. 5.n is relatively independent of strain at each tem-
increasing slightly at 532C. Similar values ofv at  perature, but decreases with temperature from a value
23°C were derived from data in the literature pertainingof ~80 at 23 C to 4 at 532C. The behavior of is in

igure 3 Variation of the apparent activation volumewith strain at
3-532°C.
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then is the rate-controlling mechanism(s) which gov-
1 erns the kinetics pertaining to this glide system in the
[ ] temperature range of the present tests.

[ &,/¢,=10 ] Thermally activated overcoming of short-range ob-
a stacles to dislocation motion is given by the following

relations [18]

£99.9% Cast NaCl (dy=2mm) '

[ £ =83x !

(10%°m-3)

] & = goexp—(AG/KT) 3)
R AG = AF* —v*1* = AH* = TAS"  (4)

1/v

with

25 ) pmAby
En =
o= "Me

®)

Figure 4 1/v vs. the applied stress at the various temperatures. Open . . . %
data points are for increases in strain rate; filled are for decreases. whereAG is the Gibbs free energy of activationF

the Helmhotz free energyy S* the activation entropy,
v* = £*bx* thetrueactivation volume (witlt* the spac-

10 e T ing between obstacles axd the activation distance)
F 99.9% Cast NaCl (d,=2mm) ] g : ICt
[ &,=83x105"1 ] andt* =o*/M the resolved effective shear stresss
[ £,/e,=10 | the pre-exponentiaM the Taylor orientation factopn,
102 L | the mobile dislocation density, ~ (¢£*)? the area swept
R B°C 3 out per successful thermal fluctuatidnthe Burgers
= > —esnal, 156°C 1 vector,v = (b/£*)vp the attack frequency (withp the
i‘,li@-_,_.&.ﬁoi."‘_oo 263°C 1 Debye freque_ncy). Inserting Equation 4 into Equation 3
0" b o ieiersrssrassesnss 371°C and rearranging one obtains
F v s3] viT* = AF* — KTen(éo/&) (6)
100 b b The linear increase of/L with the flow stress in Fig. 3
0 0.05 0.1 0.15

indicates a scaling between the short-range and long-
range obstacles to dislocation motion, i.e. a proportion-
Figure 5 Stress exponenmtvs. strain at various temperatures. Open data ality between the thermal component of the flow stress
points are for increases in strain rate; filled are for decreases. o* (effective stress) and the athermal compomgmt
where the total flow stress is given by

€

accord with the dependencewbn stress and temper- oc=0"40, 7
ature shown in Fig. 4, in that=vo /KT.

The scaling between the short-range and long-range

obstacles gives
4. Discussion
In keeping with the behavior of crystalline solids in T X a1t = a0/M (8)
general the plastic deformation kinetics of NaCl sin-
gle and polycrystals at elevated temperatures exhibita reasonable value faz; in our polycrystalline NaCl
two regimes [14-16]: (a) when/u <~3 x 107 (1 is 0.25 [2, 3]. For discrete obstacles [18, 19]
is the shear modulus), the dependence of the strain rate
on the stress obeys a power law with the stress expo- B a2
nentn=4-6 and the kinetics are given by the well- vi=sMuat b ©)
known Weertman-Dorn creep equation and (b) when
o/ >~3 x 10~* the dependence of the strain rate Substituting Equations 8 and 9 into Equation 6 gives
on the stress is given by an exponential stress law, i.e.,
with & o« expBo. Itis generally accepted that the rate- _ 2AF*
controlling mechanism in the power law regime is the vo = 30
glide and climb of dislocations [17]; that in the expo-
nential law regime has yetto be unambiguously definedHence, a plot of the produaic (=nkT) vs. tem-
Except for the lowest stresses at 5382 the present re- perature should give a straight line with intercept
sults all fall within the exponential stress law regime, inon the ordinate 2 F;/3«; and with slope (R/3x1)
thato/u > 3x 107 (1 =1.8 x 10 — 10.23T (MPa)  In(éo/¢). Fig. 6 presents such a plot, which is in
[15]) and/omn > 6. Since the major deformation mode accord with Equation 10. Taking; =0.25 one ob-
in this regime is{110} (110 glide [5, 14, 15], it is tainsAF* =113 kJ/mol (016 1b®) from the intercept
expected that the present plastic deformation kineticandso = 2.3 x 10*s~* from the slope. Further, taking
refer to dislocation glide on this system. Of interestvp =10®s%, b=4x 101°m andM = 2, Equation 4

- 3%lkmn(éo/,;q (10)
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L TABLE | Dislocation densities in units of 3dm=2

I o o
99% NaCl (dy=2mm)

A nkT

_ o : T - @ ®
[ §,=83x10°551£,/6,=10 1 " Pe
6 _81 XTS5 ) °C ¢ MPa oYM  (Predicted) (Measured)
2AF* E
Sa; o v vso ] 23 003 18 28 25 16 50
B 371 0.03 3 7 2 1 3

@Y (forest)= (1/£*)? = (2%/3Mv)? [Eqn. 9 in text]
1 @) ¢ (forest)= (0/0.3 Mub)? [21]

T A () ps (secondary}= (0/0.37 Mub)? [21]

@ py (total) = (0/0.21 Mub)? [Eqn. 15 in text]

vo (107 N-m)
~
T

O ol ture and therefore includes an effect of temperature on
0 100 200 300 400 500 600 700 800 structure, (d)Q includes the energy to overcome the
T (K) long-range internal stress and @)includes a contri-

_ bution from the impurity content. The data in Fig. 7

Figure 6 The productao andnkT vs. temperature. suggest that one rate-controlling mechanism is domi-

300 nant from 200 to 700 K witAF* =113 kJ/mol and
FNaCl (£x10-%°1) another at higher temperatures withi ~ 210 kJ/mol.

250 C BURKE EL AL

T | T | T | T ] T i T | T 1
Refs. 5,17,22-27] .
B ] The scaling between the thermal and athermal com-

o Q \cnmb N ponents of the flow stress @it < 700 K in the present
HuNscHe 5 tests suggests that the intersection of forest dislocations
FERRe 0 ] is the rate-controlling mechanism [18]. Also, the mag-
mese}AG : 3 nitude of AF*, is in qualitative accord with the energy
i _ : ] to form a jog [20]. Furthermore, the forest dislocation
100 | ';;D 4 AG 8 densities derived from the values of the apparent activa-
‘ i ] tion volume are in reasonable accord with theoretical
g Intgr(;?csttion | ] predictions and experimental measurements on NacCl
=~ } L [T N [3,21, 22]; see Table |. These results provide strong sup-
0.2 04 0.6 08 1 port that the dominant rate-controlling mechanism in
T/T ourpolycrystallineNaClat23t0427C (0.28-0.69)
" is the intersection of forest dislocations by dislocations
Figure 7 Activation energy vsT /Ty for present tests and from data in - gliding on{110} planes. This is in accord with the con-
the literature [3, 5, 15, 17, 23-27]. clusion reached by Appel [3] for significant straining
of NaClsinglecrystals at room temperature and below.
givespm =2.8 x 10'm~2. The values oA F* andéy  Overcoming cation impurity-vacancy dipoles was de-
are in accord with those obtained by Appel [3] on NaClduced by him to be rate-controlling only at small strains,
single crystals. The intercept on the abscissa in Fig. @nd became ineffective at > 313 K (0.29Tw).
givesT, =700 K (0.65Tw), where thermal fluctuation  The intersection of the line in Fig. 6 with the ab-
provide the entire energy for overcoming the obstascissa aff = 427°C indicates that the forest disloca-
cles to dislocation motion, i.e. they become ineffectivetion become ineffective (transparent) obstacles at this
(transparent). temperature and that another mechanism becomes rate-
The values of the Gibbs free energy of activattoB  controlling at higher temperatures. The value of the
derived fromthe datain Fig. 6 using Equation 4 are plot-stress exponemt=4 at 532C (0.75 Ty) obtained
ted vs.T/Tw in Fig. 7. Included are the values &fG  in the present tests is in accord with the dislocation
for the deformation of NaCl single crystals from Appel glide and climb mechanism given by the well-known
[3]" and the values of the apparent activation en€dgy \Weertman-Dorn (W-D) equation
obtained by various investigators on NaCl single and
polycrystals. Reasonable agreement exists between the . _ Aub (U )n (11)

200 [

>e WO 000

150 -

W
o)
T

<

Activation Energy (kJ/mole)

o

I

present values oA G for polycrystals and those from &= kT De

Appel for single crystals. The higher values @fob- i

tained by others for single and polycrystalline NacIWhere A is a constantD, = Do exp(~AH,/kT) the
compared toAG in the temperature range 0—700 K Ia'ttlce diffusion coefficient anah:4—.6. Taklng the'
could be due to one or more of the following reasons<!imb process to be governed by anion diffusion with
(a) the measurements were made at a lower strain rat& = 2-5x 10 = exp(-217kJ/molkT) [17], the present
(b) the activation entropg S* is notincludedirQ (AS:  results yieldA=5 > 10” for this constant in the W-D
is estimated to be 2—3 K givin§A S= 12-17 kJ/mol equation. Although this value oA is larger than that

atT,), (c) Q was not obtained at a constant defect struc9ven for NaCl in [17], it is in accord with that fre-
quently obtained for glide and climb, suggesting that

_ o this mechanism is rate-controlling at 532. That the
! The values o G(r* = 0)= AF* atT =Te given for Appelin Fig. 6 ¢|imp of dislocations is rate controlling in NaCl at
were obtained by making the correction that the true activation vqumeT 450°C i orted by the maanit de@f 205—
v*=3/2kT 9¢ny/dt in his derivation of AF*. This correction is > IS Sup_p Yy gnitu ( .
based on Friedel's equatiai = (2.b/N<*)3 due to the bowing of 290 kJ/mol) obtained by others [5, 17, 23-27], which

dislocations [18, 19], wherB! is the obstacle density. is shown by the shaded area in Fig. 7.
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It is seen in Fig. 2 that strain hardening occurred T T gl NaCl (d=2mm)
at all temperatures except 693 (0.9 Ty), with its 03 E * £=8.3x10" 5
rate, & /de, decreasing with temperatures s can 02F o . . 3
be considered to consist of three components 0.1 iy L e

' AL B L L L AL LIS LA
& 1nis F 3
d_a:d_o_d_o _d_a (12) 'Em;‘o . * o 3
de de / de Jos \de /gy ~ 1014 | * ]
& 3 E
where (@& /de); is equivalent to Stage Il hardening in 100 e ]
single crystals£10-2u), —(do/ds)cs recovery due to 20 E ° ¢ o E
cross slip and-(do/de)q recovery due to climb. The © 10 E ;
kinetics for cross slip in NaCl single crystals is given 0
PRRFR P VR I S T S U S S TS TN S U N T S R Y
by [1] 02 03 04 05 06 07 08

T/T,
& = &0eXp—[Qcs(7)/KT] (13)
Figure 9 The parameterg, C and2 vs. T/ Ty derived from the stress-
wheregp = pm\)bﬂ ~ 108 s1 with om the mobile dis- strain curves employing the Bergstn-Roberts model.
location densityy the attack frequency the Burgers
vector and the dislocation segmentpathleng@s(r) T ~0.65Ty (¢ ~ 10~ s~ 1) the forest dislocations be-
is the activation energy, which is given by come ineffective and dislocation climb controlled by
anion diffusion becomes the dominant rate-controlling
Qcs(t) = —A, En[(rm //Lo)/(lﬁ /Mo)] (14) mechanism.

Finally of interest is a description of the stress-strain
whereA = 0.16 & 0.3 eV for NaCl,z¥ the resolved ~CUTVes ofNaCl inEerms of the dislocation multiplication
shear stress for cross slip at temperatiiter® that ~Model of Bergsm and Roberts [28-30], which gives
at 0 K andu and g the respective shear moduli. For
temperatures below 22T (0.47Ty), Qcs was found o = Maubpi’? (15)
to be 0.5 eV (117 kJ/mol) [23]. Since the activation
energy for anion diffusion-controlled dislocation climb C 12
is Qc =217 kd/mol [17], the lower value o®cs sug- ° = Ma”b{ 5[1 —exp(1-—e)] + oo exp(—Qs)}
gests that cross slip is the major recovery mechanism (16)
in the present tests @&t < 0.5 Ty, giving the brittle-to-
ductile transitionTpg observed here at0.5Tw. Fig. 8 wherep, is the total dislocation densitg, is the rate of
shows thaflq for the present polycrystals is in accord immobilization of mobile dislocations? the probabil-
with measurements ofpg and T, (Where {110} slip ity of remobilization of immobile dislocations ang
lines become wavy already at the beginning of deforthe initial dislocation density. Takingl = 2 and the rea-
mation) and with calculations of the temperature whergsonable valugy = 10° m2[3, 5, 15], the parameters
i (T) = 70(T) the resolved yield stress at temperaturey, C ands2 were determined by a fit of the stress-strain
T [23]. curves in Fig. 2a to Equation 16 using a computer. The

At T>0.5 Ty dislocation climb becomes more values so obtained are plotted ¥/ Ty in Fig. 9. It
and more important as the recovery mechanism. Afs noted thatx ~ 0.2, C ~ 10 m2 andQ2=0 to
20 with a tendency for all parameters to decrease at
T/Tw =0.75 (532°C). The parameters andC are in
1500 , accord with those obtained for metals in general [30];
o T however the value o2 = 20 is somewhat higher, e.g.,
O Towavyslipatt |Skrotzki compared to 3.5-4.0 for the high stacking fault metal
T = — Al [30, 31]. Of significance is that the total dislocation
density p; determined using the above valuesoofs
in accord with the values for the density of forest dis-
locations derived from measurements of the activation
volume in the present polycrystals and measurements
of the density of secondary dislocations in single crys-
Brittle tals [21]; see Table I.

— Tur=To

1000

A Ty, (Present)

Ductile

Temperature (K)
W
[l
<

) |
(1)0.15 10-10 105 100 5. Summary and conclusions

&(s ) 1. The plastic deformation kinetics of large grain size
(d=2 mm) polycrystalline 99.9% NaCl were deter-

Figure 8 Dependence on strain rate of: (&g, the brittle-to-ductile mined in compression at 23-532 (0.28—0.75TM)
transition temperature, (),, the temperature at whigfi 10} slip bands nd strain rate =8.3 x 10-5 51

become wavy at the beginning of deformation and (c) the temperaturéﬂjl strain rate = 6.5 x : S .

wherexy (T) equals the yield stress (T). Present resultand datafrom 2. T1he rate-controlling mechanism at 0.28-0.65

Skrotzki [23]. Tw (0/m>3x10"% is the intersection of forest
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dislocations by gliding110} (110 dislocations, giv- 7.

ing a Helmholtz free energyAF* =113 kJ/mol
(0.16 ugb®). The forest dislocation obstacles became g
ineffective at 427C (0.65Ty).

3. The dislocation forest densities determined from g
the apparent activation volume measurements were ir.

accord with theoretical predictions and measurements
given in the literature.
4.AtT < 0.5Ty crossslip of screw dislocations was

hardening, leading to a ductile-to-brittle transition at

~0.5Ty. Climb of edge dislocations became important14.

as a recovery mechanism at higher temperatures.
5. The rate-controlling mechanism fér=0.75 Ty

(o/n < 3 x 107%) was deduced to be glide and climb 1¢

controlled by anion diffusion.

6. The total dislocation density derived by fitting the 17

stress-strain curves to the Bergsir-Roberts disloca-
tion multiplication model was in accord with the dislo-

cation densities determined from the present activationg,

volume measurements and reported dislocation densi-
ties in deformed NaCl single crystals.

20.
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