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films on the mechanical behavior of single crystals of
niobium -at low temperatures (T X O. 15Ty) was investi-
gated. Oxide films affect mechanical behavior in two
ways: - the yield stress is reduced and the stress- |
strain curves are serrated over an appreciable range
When oxide- coated specimens are also pre-
the serrations observed
the flow stress is’

the ductility is increased, and a
three-stage work hardening behavior occurs. A model
involving generation and motion of non-screw disloca-
tions from the ox1de~metal interface 1is used to explain
the results. . !

stralned into stage I at 300°K,
at low temperatures disappear,

{
|
. The mechanlcal behavior of bcc metals at temperaJ
tures T below v 0.15 of the melting temperature Ty is
characterized by several 1mport1nt features: (a) a
large (often 2 30-fold) increase in flow stress as
T+0°K; (b) a sharp.decrease in ductility over the same
temperature range; (c) a pronounced asymmetry of slip *
[1]. These and other related features can be explained
in terms of two important strengthening mechanisms: |
dislocation-interstitial solute interaction and 1ntr1n—
sic lattice (Pelerls Nabarro) strengthenlng '

1. BACKGROUND

i
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.The tetragonal distortion of. an interstitial sol-
ute in bee crystals interacts ‘strongly with both.screw
" land edge dislocations. The screw dislocation—inter—
b _Istitial interaction-causeS‘a'Very rapid change in yield

[(2]. This’
Ml_jinteraction affects all of those features mentioned .
) However, of greater importance is the fact that.
Il :bcc metals have large temperature-dependent intrinsic
2 iflow Stresses at ‘low temperatures. There is at least
Jitla 20-fold difference in yield stress of unalloyed nio-
Al bium tested at 300°K and at 77°K [2-4], ' :

L6 The intrinsic contribution to the strength of bece.

17 metals has been successfully rationalized in terms of '
“ih high Peierls-Nabarro stress of screw dislocations [1].
0 The core of the screw dislocation has a characteristic
fﬂ’three—fold-Symmetry arising from its localized dissoci-
ation into three non-coplanar partial dislocations on

intersecting {112} or {110} planes. There are no such

i
ey

~

2l tions,

] and their high mobility permits microstrain
“o deformation at stresses much lower than the macroscopic
" yield stress [5]. Thus the plastic flow of bcc metals?
2 1s understood in terms of a two-dislocation model: non-
huscrew dislocations move easily at relatively low stresses
+:land give-mainly microstrain deformation until they are |-
A exhausted into the screw orientation. Thereupon macro-' -

sl flow commences and is controlled by the movement of f

: L;bgmparatively immobile screw dislocations at much higher

N . : : . . i
: The preceding discussion suggests that the macro-!
2.flow 'stress of becc metals at low temperatures could be
Sivery low if it were possible to avoid deformation .
veffected by the movement of screw dislocations. We have
S investigated this possibility and have found such a :
‘' method of altering the basic dislocation dynamics of bcce
Lﬁkmetals. The method involves injection of a high density
= of mobile non-screw dislocations into a beec metal by
1 prestrain at temperatures T %'O.ISTM coupled with the .
‘!'introduction of an efficient multiplication source .of

L non-screw dislocations, viz. a thin, .highly self-stressed

Isurface oxide film [6]. _ i

LR S
oo The remainder of this paper reports details of .the
12 experiment and several results

v

!
|
i
S A

_ on niobium single crystals,
2""We have also obtained identical results on tantalum
2L (3,4 - -
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2. EXPERIMENTAL METHODS

I'ost Bine of Text ———»—-:—l"'--
EZ " . The experimental procedures to prepare high purity
AL |single crystals of niobium have been reported in detail
" 7 _lelsewhere, cf. [2-4]. The crystals are ~ 2.6mm. diam.:

&nandfulSmm long with the tensile axis oriented parallel
JMto- [321]) for single slip. The 300°K/4.2°K resistivity!
*jﬂlratlo of the crystals is~ 2000. All mechanical testing
jl'was done in tension at a resolved shear strain rate of

et Tane nf-;l'illx' NS
. 215.5 x 10~4 sec™

temperatures T R O. loTM 1ntroduces mainly non-screw
dislocations and can enhance the extent of mlcrostraln

[ It is well- known that prestrain of bee met%ls at
)

Nathooy” Namey oo )
' ' by non-screw -dislocation movement at T < 0. 15Ty

/
#1{1,5,7]. For niobium, 300°K is a convenient "high"

1 iprestrain temperature: If the prestrain .is limited to
“Uistage I deformation in crystals oriented for single
"211slip, one obtains predomlnantly edgendlslocatlons in

f various dipole and multipole configurations [8].

First-lane ol Test - L

l It is also well-known that deposition of surface !
'l;fllms particularly oxides on metallic substrates, intro-
2iiduces large stresses in the films and in the substrate
Jigby epitaxy and by stresses associated with misfit dis-|
locations [6,9]. That large stresses are generated by,
.’”lsurface oxides on niobium has been demonstrated by ;
»H]Pawel and Campbell- [10]. They observed extensive bend-
Jlling, corresponding to stresses well above the low tempT
s terature flow stress, of thin (~0.4mm-thick) foils of |
sijniobium oxidized on one surface. In thick crystals, . |
'1!which are elastically and plastically constrained by |
itheir size and by uniform deposition of the oxide over!
‘the entire surface, such a surface film can serve as a’
.ﬂ; ‘nucleation source for dislocations durlng deformation.
"""" #1We have employed anodically deposited oxide films in
M ithese experiments because of the simplicity and control
luloffered by the technique [11]. Oxide films of thickness
. 111~100~1500A were easily and reproducibly dep051ted over
" 12 ithe. course of the investigation. :
I . . . :

1713, EXPERIMENTAL RESULTS

1
1 We have made extensive measurements of the yield
18| stress of niobium single crystals at low temperatures
J0tas a .function of test temperature, strain rate, pre-
S0 lstrain and oxide thickness [4]. The stress-strain {
5licurves given in Fig. 1 represent a simple summary of
“iour-findings. : - ' ' .
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(Straining this material ~ 10% at 300°K :
yield stress and reduces the rate of work hardening at

.|between A and B are mot much greater than those en-
countered among various investigations on pure niobium!

't the resolved shear stress (RSS) at 2%
'l pure niobium and the same material with .a 650A oxide

The stress-strain curve for uncoated, unprestrained
niobium (curve A) is typical of results obtained by
several investigators on high purity niobium. Pre-
decreases the

large plastic strains (curve B), but the differences

30 T T 'A )

onn

A . 77°K
N NIOBIUM
. =—PRESTRAINED
E
€ 5o T~ oxi0e coaTed
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~ SHEAR STRAIN'( %) |
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I'ig. 1. Effects of oxide coating and prestraining on
' mechanical behavior of Nb single crystals,

When unprestrained niobium is coated with a G50A
oxide film, the yield stress is reduced (from 18kg/mm2
to 12kg/mm2 at 2% shear strain) and the stress-strain
curves are initially serrated over several percent i
strain, as in curve C. If the oxide-coated niobium is.

i
l
i
i
!

is an additional substantial decrease in flow stress,
a three-stage work hardening behavior developes, and
the ductility,
tion, is greatly increased.

‘also -prestrained into stage I at 300°K -(curve D), there

measured as the extent of uniform elonga-
Curve E is included to show

that the order in which the oxide coating and prestrain-
ing are applied to the material is not significant. P

Crystals that are first prestrained and then oxide-
coated exhibit slightly higher flow stresses and the

‘serrated flow characteristic of unprestrained, oxide-

;

coated materials.

The experiments depicted in Fig. 1 have been per-!|
formed at several test temperatures below 300°K." Figﬁ
shows the dramatic effect of oxide coating plus pre- |
straining by comparing the temperature dependence of |
shear sfrain fow

2
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‘7,same manner

‘hg : ~of different purltles

uncoated Nb and oxide- coated+prestra1ned Nb |
’ !

F1g 2 also 1ncludes some results obtained on thel
effect of substrate purity. Niobium crystals were out-

- igassed for several days in ultra- high vacuum at temp- ;
] i

jeratures as close to the melting point as possible to l
‘reduce residual interstitial impurities to a minimum.
.These. crystals were oxide-coated and prestrained in the
as other materials,

'+ iThe mechanical behavior was much the same as indicated
"in Fig.

P
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‘ k.| below ~ 200° K there is a two- to three-fold diffeérence
=l-|in the RSS of the two materials. Note that at high-
Qm temperatures (T 3 '300° K), the oxide film hardens rather
<. [than softens nloblum as often observed in fcc' crystals
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“'iFig. 2 Temperature dependence of the yield stress of

and were tested at 77°K.

1, except that the flow stress was reduced by

'jan additional 40-50%.

The RSS

at 2% strain at 77°K

'”‘was in the range 3-4 kg/mm2 for these crystals
M .
l Several experiments were performed to establlsh
ilthat the behav1ors observed in Figs. 1 and 2 were-
"Icaused by -the coatlng/prestraln treatment and not a.
‘“iresult of contamination or other artifactual effects.
o iTfig.
;wgthe pronounced softening. If the low temperature
1 ldeformation is interrupted and the oxide film is
“'removed by etching, the subsequent flow stress and
"|stress strain behavior at the same temperature are
”qulte similar to that for prestrained,

|
i
1
v

3 gives results from experiments involving removal
l..;of oxide films from deformed .specimens which exhibited

|-
|
|
|

uncoated speci-
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gl jearlier: a high purity bcc metal can be deformed
_macroplasflcally at very low stresses at .low tempera-
.itures if movement of non-screw dislocations is respon-
_,31ble for the deformation. Thus prestrained niobium
A (B in Fig. 1) deforms at only moderately reduced stress-
Jm es (by 0-4 kg/mm ) because the pre-injected non-screw
dlslocatlons are quickly exhausted into the screw
-”orlentatlon. The exhaustion process can better be
“ avoided in oxide-coated niobium for which the self- ,
‘" 'stressed oxide generates large tensile residual stressT
!les in the substrate, allowing nucleation of non-screw
I''idislocations durlng deformation. The serrated flow {
Lijin curve C of Fig. 1 is probably a manifestation of
H theterogeneous activation of surface sources. However, ;
!
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4. DISCUSSION i
. H
. ’ !
el It is most reasonable to interpret.the above re- !
Misults in terms of the model experiment hypothe51zed 1
!
|
|
[

"lagain the reduction in flow stress is not extremely
:PJJa1go because the surface sources alone can not ade-
L lquately supply non-screw dislocations across the entire
!5 'glide plane of the specimen. : l

19 . ' : 4 N
N " The combination of prestraining and oxide coatingi
%ﬂ is so effective in reducing the flow stress and in-
icreasing ductility because it eliminates the difficulties
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5. |associated with each of the operations performed sep-
arately.  Prestraining introduces. a high .initial
5 |density of mobile dislocations across the entire glide
6_|plane that -are not produced during deformation by ox1de
..... ‘coating alone. Oxide coating supplies fresh non-screw
8 tdislocations during deformation that prestrain alone
' tcan not. : :

rwwljnvnVer~~+Jl The dominant role of non-screw dislocation motion
L 121in the proposed model requires that the three-stage .
work hardening observed in curves D and E in Fig. 1 be| -
interpreted differently than in normal work hardening |
i 1theories. These stages are labeled I', II' and III' in
Authors N .. o 10 FFig. 1 to distinguish them from the usual des1gnat10ns
: “{I, II and III. The specific interpretations of stages’
I', TI" and III' are the basis of another investigation
Godn ‘which we have examined the dislocation substructures -
Zolof these materlals 4 ,
The additional softening observed in the very high:
purity niobium in Fig. 2 shows that interstitials inter-
act strongly with edge disloecations and stop their move-
ilment. This behavior is no different. than observations'
v |made on the importance of edge dislocation- interstitial
“iinteraction in microstrain deformation of uncoated bcc
Ly'metals [5], except that in the present work the obser-
~uivations and interpretations apply to the macrostrain

_iniregime.

Artthor Vi
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_i1{5. SUMMARY

; We have proposed that macroflow of bcc metals at |,
TH;low temperatures can occur at greatly reduced applied
. ;stresses and with enhanced ductility if plastic flow
"5fcan be carried primarily by edge dislocations rather
‘than screw dislocations. To test this proposal experi-
rments have been performed on niobium single crystals’
“!whlch were oxide-coated to give an important source of.
non-screw dislocations during deformation and also '
prestrained at temperatures high enough that a large
Jlrden81ty of non-screw dislocations was present prior to
.dcf01m1tlon Such materials exhibited very small temp—
I ierature dependences of the flow stress and large
z,lductllltles at low temperatures. The basic concept of
jiiusing surface films to enhance ductility should be i
A lglapplicable‘to many other bcc materials. o j
..'.—.'”.i ’ . i L S P
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