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1. Introduction

The resistivity recovery of molybdenua after neutron irradiation,
cold-work or electron irrediation, is characterized by a prominent
stage, stage III, occurring in the region of 200°C. The equivalent
stage in the f.c.c. metals has long been the subject of discussion [1]

as to vhether it was d by a

y or int titial type defect,
and in the b.oc.c. metals, particularly molybdenum, the ssae controversy
bas existed [2]. In recent papers Stals and Co-workere [3,4] bave
presented resistivity recovery data on cold worked and neutron irradiated
molybdenun and conclude from their results that stage III recovery in
®olybdenua is dus to the migration of interstitials. In addition,a
higher temperature stage, stage 1Y ¢t~500°c. is deduced to be due to
the migration of single vacancies. Since free migration of interetitisls
is known to ocour at temperatures well belov stage III [5,6], the mi-
gzation of interstitiale in stage III involves the two-interstitial
wodel [7].

The purpose of this present paper is to demonsirate that the main
arguments of Stals et. al. [5.4] are not supported by their dats. It is
concluded that there are no majer arguments to support interstitial
wigration in stage III in molybdenua. Onu the other hand thers appear
to be experimental results, including some recent positron annihilation
data on annealing in meutron irrsdisted molybdemus [8], which point
strongly to vacancy migration. These points are discussed fully in the
following sections while a further section covers disoussion of the

stage IV defeot.

2, Digouspion of Arguments for Stage III Interstitial Migration
From their exiremely well documented and careful data on nsutronm

irradiation and oold wvork recovery in molybd Stals ot.sl. have




produced several arguments to support interstitial migration in stage III.
Their main argument - and one that invokes vacanoy migration in stage IV -
rests on the experimental result that for low defect concentrations in
cold worked material, stage IV becomes greater in megnitude than stage III.
The suggested reason for this is that at lov deformations the ratio of

eo0ld work dislocations to point defects rimses rapidly: as this bappena

the probability of the migrating stage III interstitial finding a dislo-~
oatien sink, rather than a vaoancy, rises thus leaving mors vasoancies
available to migrate in atage IV, The argument is supported by the ohange
in apparent order of kinetios from 2 to 1 as the point defect concentration
drops. On & qualitstive basis there iv no reason to question these erguments
but unfortunately, when ons comes to lock at the situation more quantita~
tively there are two separste reasems for casting serious doubts on the
suggested mechanism.

The first rcuon,(n), concerns the very rapid rise in AQE_/Agm ratio
with drop in (AQ“!, APE ) (vhere the Ap's refer to the magnitude of
resistivity drop in stages III and IV), the dats of Stals et. al. being
shown in Fig. 1. It will be demonstrated that such a sharp rise is almost
inpossible on their meohaniem, even assuming the most favourable dehaviour
of the dislocation content at low deformations. The second reason,(d),
conoerns this dislocation behaviour and sericusly questions the assertion
that the ratio of dislocations to point defects rises as the amount of
cold-work drops.

(a) Prom figure 1 taken fros reference [4] it can be seen that the
value of A?-a/AQm increases from~ 0.25 to ~ 1.6 for & drop of a factor
of 5 in (AQ'+AQ§ ) from ~5to 1 nilcm ., To see if such values
were comparsable with the mechaniss suggested by Stals st. al. a small
computer progras * vas oot up to annesl interstitials in the presence
of vacancies and dislocatiuns usiang slmyie rat: tnescy. The disloostion

»)
Progras is shown in appendix,

e SR e

density was kept constant and did not drop with lowering deformation
as might be expeoted in practice: the ratio of dislocation concentration
to point defect conoentration therefore rose very rapidly with drop in
point defect concentration thus giving the best possidle conditions to
simulate the suggeated mechanism. Various gtarting ratios of vacanoy

to interstitial concentration were examined for different values of an
important parameter, the ratio of vacancy and interstitial specific
rooiltivithl,q'/e;. The results closest to the eajyarimental data
wvers those for equal starting concentrations of vacancies and inter-
stitials. These are plotted in figure 2 for various values of e'/?; . The
experimental result of s drop in AQE/AQE from 1.6 to 0.25 over &
five-fold increase in (A(x"“u AQE ) is hardly approached even with
the unrealistiocally high value of QVIQL- 5, and certainly not with the
gonerally accepted value of Pv/Q¢~1. It must be oonocluded that it is
rather diffioult to theorstically simulate the experimental results of
Stni-' ot. al, using their suggested meohanism. However, it may not be
poasidle on such a basis to cospletsly rule out the meohanism and we

will therefors also oonsider resson (b).

(b) This comoerns the experimental behaviour of the dislcoation density

a8 & function of initial point defeot oonoentration. It seems to be a
reasonable assusmption for both meutron irradiated ~nd oold-worked
speoinens, that the tpeistivity remaining after the point defect stages
(1.0, IIT and IV) is due to the dislocation component. Also it seems
ressonable to aseuss that this resistivity (whioh we can calldp.) is
directly proportionsl to disloeation oontent. On this basis if Stal et.
al's proposed mechanism for stages III and IV is correct then the ratio
BRa p( ApT 4 pol ) should rise sharply in the cold-worked case ss the
total resistivity (Ape) drops, while in the seutron irradiation case
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thers should be a slov rise in ratio with increase in Aet. To test
this, data has been abstracted from reference [3] and is
ahovn in tsble 1 and figure 3. Both Apc/(A¢T +AgY ) sad Apc /Ap®
are considered. It seems quite clear from figure 3 that meither of the
prediotions are met and in fact the tendenoy for the cold-worked ratios
to drop as Aph becomes smaller is axactly the opposite to the behaviour
required by Stals et. al.'s mechaniam.

In the face of these two arguments it would seem very difficult
to aocept the assertion that the behaviour of ACE/AVE‘ at low defect
oconcentrations after oold work is evidenos for interstitisl migration
in stage III and vaoency migration in stage IV. The only positive ar-
gument given by Stals et. al. for this amnealing soheme is thus removed.
There ie even aoubt about the apperent change of stage III order of
kinetice from 2 to 1: however this is not too important in the present
gontext and will be disoussed elsewhere [9]. In their other arguments ’
Stals et. al. ooncern themselves with other stage III/nm IV sohenes,
nemely vacanoiss/divacanoies, vacsnoies/di-interstitisle snd divacanoies/

vaoancies, rather than with the stage III defeot itself. There is no

doubt that the nature of this defect is elusive sinos, as pointed out
by Stals et. al., most stage II]l phencasns are squally wvell explained
by veacanoies and interstitisls. However, there seem to be some experi-
mental results vhich favour vaoancy migrations these will be discussed

in the next section before returning to the stage IV defeot.

Arguments for Stage III Vacanoy Migration
There seem to be three sets of experimental results whioh appear
to favour vacanoy migration in stage [II rather than interstitial

aigration. These are as follows:

-6 -

(a) From the vork of Afman [5] and Bvana [6] it is generally
accepted that the retention of defects in molybdenum during electron
ixradiation delow stage III is due to the trapping of interatitials
at impurities. Electron mioroscope studies [10] have confirmed that
small interstitial loops are formed during high dose electron irradistion
of molybdenus at 77°I. Since it is well known that interstitial loops
are formed duripg neutron irradiation and are particularly stable on
annealing [11], it ssems curious that the interstitial olusters formed
in the electroa irradistion ocase ocan break up and be responsidble for
stage III annealing. However even if break up did ocour following
perhaps the conversion to a seoond type of iuterstitial vithin the
oluster, it would be surprising if an sppreociable fraotion of the released
interstitials wers not reosaptured to form s stable loop. In such a ocase
the amount of annealing in stage III after electron irradiation would
be appreciably less than the induoed resistivity while in addition
s higher temperature stage should exist due to the vacancies surviving
the interstitial migration. In faot almost all the eleotron irradistion
indueed resistivity is found to anneal in stege III and frow the above
argusents this oan only be oonsistent with vacancy migration and pot with

interstitial migration,

(b) Afman [5] has examined the isochronal annealing bebavicur im
eleotron irradiated molybdenum as & funotion of impurity content and

dose, and 4 trated that i

ing both thewe parameters deoreases the
temperature at which stage III takes place. Only on & vacaucy sodel oan
these observations be essily explained; on an interetitial model it is
rather more diffioult. Afman conolusively eliminates the case where the

binding emergy of the interstitial to its oluster is rate detersining

vhile he shows that only if 1 ters are ch can the results

¥

be sxplained by the free migration of vacanoies.



(c) The most recent work, and potentially the most conclusive, is
the positron annihilation study of the annealing stages in room temperature
neutron irradiated molybdenum by Petersen et. sl. [B]. In an isochronal
anneal they have shown that a oontinuous rise in vacancy cluster component
takes place over the 50° to 350°C temperature range. Such & rise is clearly
compatible with the formstion of clusters within the neutron induced
depleted zones as a result of vacanoy nd/or divacancy aigration, but
would be extremely difficuli to explain on an interstitial type migration
mechanism,

Prom the foregoing arguments it appears to the present author that
the experimental results strongly support the case for vacancy aigration

in stage III in molybdenum.

4. The Stage IV Defeot

If it is nov acoepted from the previous two sections that vaoancy
migration and not interstitial migration is responsible for stage III
then we are left with the problem of the stage IV defect. In their oon-~
siderations involving vaoanoy migration in stage III, Stals et. al. [5]
proposed tvo possibilities for stage IV nawely divacencies or di-
interstitiala. In agreerent with Stals et. al. botk these can be elimi-
nated, the divacancy .n possible theoretical grounds together with the
absence of stage IV after electron irradiatiom vhile the di-interstitial
esn be ruled ou’ by exactly the same arguments as used in section 2 against
vaoanoy migration in stage IV, Stals et. al. did not oonsider any other
possibilities for stage IV and excluded extrimsio impurities at an early
stage of their arguments. For nevtron irradiation the sxclusion of extrimsio
impurities is reagonable since the reeietivity drop in stage IV can be
quite substantial - up to 50 nflem. Howsver in cold work Ael_! ranges only

from 0.5 up to 1 n{lom 8o th&t ii memus couceivable that in this case $he

stage could at least be partially due t0 the migration of interstitisl
impurities. From vork on nitroger in molybdenum [12] only ~10 at. ppa
would be required to give a 1 nQlcm recovery stage. The rapid rise ef
AT /AQP™  with decreasing cold work could then be simply explained
by an almost conatant stage IV together vith a dropping intrineic stage
111,

Neveriheless from the neutron irradiation vork some intrinsic stage
IV must exist. Simply from the process of elimination it is suggested
that this is probably some small vacancy cluster, either a trivacanmcy
or & tetravacancy, neither of which vas considered by Stals et, al.
It is ressonable that such complexes are formed sither directly during
neutron irradiation or during the annealing of the depleted sones. The
migration of simple clusters to form larger olusters vithin the sone is
again consistent vith the positron annihilation evidemee [8] vhich shevs
cluster grovth up to }50°C. In ocomparison vith the neutron irradiation
situation, the probability of cluster formation after cold-work or
eleotron irradiation wust be slight though it is not impossidle that
inhomogeneocus defeot distributions in ecold-work oould give a measuradle
stage IV. Hovever on the basis of the present evidenoe it is preferred
to allooate stage IV after cold-work to an axtrinsic defeoct and after

neutron irradiation ¢o a small vacanoy cluster migration.

5, General Conoclusions on the Regovery Stages in Molybdenum
1. The behaviour of A?E/Agu after small ocld-vork deformation
cannot be used as an argument for stage 1I1 interstitial and
stage IV vaosncy migration. The major argument of Stals et. al.
[3,4) for such a schéms is iherefore removed.
2. It is argued from evidence in the litsrature that at least three
experiments exist vhese resulis oan oniy be explained by vaoanoy

mnigration in stage III.



3. It is proposed thet A saall vacancy cluster, perhaps the tri-

y or tet y, is responsible for stage IV in neutron
irradisted molybdenum,
4. There are indigations, particularly from the nagnitude of Ae‘_i
and the AQE/AQW- behaviour, that stage IV in cold-worked

molybdenum might be partly due to interstitisl impurities.

-10 -

ACTNOVLEDGENENT

The suthor appreciates the facilities and hospitality extended to him
during his stay at Rise.

9.

e.g. A. SERGER in s A. SEEGER, D. SCHUMACHER, W. SCHILLING and

J. DIEHL (Eds.), Vacanoies and Interstitials in Metals, North Holland
(1970).

R. DE BAPPIS?, J. NIHOUL and L, STALS (Zde.), Defects in Refrsctory
Metals, Mol (1972).

L. STALS, 0. GOEDEME and J. NIHOUL, reference [2], pg. 23.

L. STALS, J. NIHOUL, J. CORNELIS and P, DB MEESTER, phys. stat.sol.
(a) 18, 283 (1973).

H.B. APMAN, phys. stat. sol. (a). 13, 623 (1972).

J.H. EVANS, Acta Metall. 18, 499 (1970).

e.5. ¥W. BAUER, A, SERGER and A. SOSIN, Phys. Letters (Netherlands)
244, 195 (1967).

K. PETERSEN, N. THRANE and R.M.J. COPTERILL, Phil. Mag. to be published.
J.H. BVANS, to be published.

10. B.L. FIRE, refersence 2, pg. 313.

11, B.L. EYRE and D.M, MAHER, Fhil. Mag. 24 , 767 (1971)

12. J.H. BVASS and B.L. EYRB, Acte Metall. 17, 1109 (1969).



‘uotywafju fouwowa AT eSwys ‘uUoT3RISTE TEIITIXGIUT IIT ePwye Jo

918%q oY} uo SpEN | eIn?fJy JO UOTIRIRMIE Jejndwoo ® jo syIneey Tz eanvtd
- (SLINN ANVHLIGNY) OV +gdV .
(074 ot S 4 l S- 4
T /_. T T T _ T ¥ — _ LI I ] ] T T T ]
~— —Z'0
—70
{1 B
H
—190
he)
1 H
—180
-0t —
=
-7l
2='d/"
91

4 ©
=
a w0
- &
3 u
] 2 &
. - =
- B
1o | =%
- m+
T Y
- E I
© 2 =
a mm
JZIn\ hw
B § o
Q 2 Q|
<] MW/m
+ a q. =
B 332
1" "a 2 w =
§ P g ° 3
e -]
~ O
4 3 A g
e 2 ©
g & M
- 94‘“
0 me
.
. £ .3
[ RSN R T TR KT YO VAN WA N TUNUN AN SO RN S O N £ 3
phs = @ © 3 ~
mwv 2 - - (=] o S o

Pigure 1.



\\\\[J.‘!‘|\I
T — | T T . =3
n o - ..
zk 28 = - -
B < &< ] T3 IType of Dp ttat | Ap ap Ap T +bp | Apa .Dh.._r. Ags
m mADn m.m lianage (nacw) (nnem) | (nacm) | (naem) nocw] D™ | Ap%ap™
o | -t
- = mg s
i B & =- i s 5
N Q N\ m° n 294.16 108.0 51.8 159.8 134.36 | 1.24) o0.84
, A+_ w \ ] mm n 252.73 84.0 45.6 129.6 125.93 | 1.46] 0.95
<J S
m.u. mu. - & n 86.95 37.0 14.8 51.8 35.15 | 0.95] 0.60
| a 3 - g2 n 84.36 35.0 1.4 46.1 40.26 | 1.15| o0.87
5 > O 3 2 n §4.70 25.0 8.6 33.6 31.1 1.24| 0.92
M_. M_. \ m... n 54 .06 25.0 10.0 35.0 19.06 0.76] 0.54
> n 31.86 12.0 4.1 16.1 15.76
K] . . 1.31] o.98
o~ » o
| O}A \I.)O P \ e mh n 19.85 10.6 - 10.6 9.25 0.87] 0.87
B ; i 2T n 10.49 4.4 - 4.4 6.09 | 1.38] 1.38
m L n 5.86 2.4 - 2.4 3.46 1.44] 1.44
] | ..m a 2.05 1.0 - 1.0 1.05 | 1.05] 1.05
- .
. 2 n 1.33 0.6 - 0.6 0.7 | 1.22| 1.22
s e
S m z. ow ~170 52,2 - 52.2 ~118 2.26) 2.26
nm wu ow 47.89 13.2 - 13.2 34.69 | 2.63{ 2.63
(m.n. & ow 39.79 1.2 - 1.2 28.59 | 2.55] 2.55
B - mm H ew 19.07 3.4 1.1 4.5 14.57 4.28] 3.24
g s 5 ev 18.80 3.4 1.0 44 14.40 | 4.23| 3.27
< g ow 7.07 0.98 0.64 1.62 5.45 | 5.56| 3.36
3 m ow 6.80 0.86 1.12 1.98 4.82 | 5.60] 2.43
- —He b} o ow 3.76 0.50 0.60 1.10 2.66 | 5.32] 2.42
| _ m.u. ow 2.5 0.36 0.52 0.88 1.63 5.53| 1.85
g2 ow 2.05 0.40 0.72 1.12 0.93 | 2.32] 0.83
[ ]
N L m 5 ow 1.7 0.20 0.70 0.90 0.81 | 4.05| 0.90
.
-l
- . 5 m Za 1 The table shows values of parameters plotied in figure 3 based on dats
.m M sbstracted from refersnce [3]. (n = neutron irradistion, ow = gold-work)
'
> 3
i B 2
[ ]
s
L]
o
®
=
[
N TRy T N SN R PR
o o Q (o} o (o]
%] w0 3 © ~ - 5
= (07 +y0V)/ 0V puo Iy dy




o0 o0

o

o0 mcOo0

Appendix A1 a2

PROGRAM TO CHECK STALS ET AL'S STAGE 3/STAGE 4 ANNEALING MOOEL

IxX=l
Ix CONTROLS RATIO OF VACANCY TU INTERSTITIAL CONCENTRATIONS AT

START NF ANNEAL

1vs2
CD = DISLOCATION SINK CONCENTRATION
C0m1.0
WRITE(652)
2 FORMAT(H -29X.7HPV/PI'|:lox.’NPV/P[-ZIlox.7HPV/PIUJDIOKD7H9VIPKI5
1/93H IX 1 1 cvo R3*RA RA4/RI R3I*RA RA/R]

2R3+R8  RA/R3 RI*RA  RA/RI )
00 50 I=1,100
I CONTROLS STARTING INTERSTITIAL CONC RELATIVE TO DISLN CONCN
FOLLOWING LINES GIVE OUTPUT AT SUITASLE INTERVALS
IFC1+67+10)60 TO 10
CIs0etoFLOAT(]) =CO
60 To 20
10 IP=[/10
IF CIP.LTaIY) 60 TO 50
Ivsyvel
CIm0,1+FLOAT(I) =CD
CVs CONCENTRATION OF VACANCIES.
20 CVsCI+FLOATCIX)
CVO = CONCENTRATION OF VACANCIES AT START
Cvaecy
00 11 JA=15100
ON EACH CYCLE 1/100TH OF THE INITIAL INTERSTITIAL CONCN ARE
PARTITIONED AMONG THE VACANCIES AND DISLOCATIONS ACCORDING
To THEIR RESPECTIVE CONCENTRATIONS.
11 CVeCVe(0s012CIoCV/(CV4CO))
R3IX = STAGE 3 RESISTIVITY OROP FOR SPECIFIC RESISTIVITY RATIO
RNO V 7 RHD | = X
R3taCI*(1404(CVO="CV))
R3I2aCT+({2400(CVO"CV))
R33eCT10(3.00(CVO"CV))
R34sCl+(4,02(CVO"CV))
RISECI#(5.0+(CV0=CY))
RAX ® STAGE & RESISTIVITY QROF FOR EACH VALUE OF X
Raimy, 0eCV
RA282,0eCV
Ra3s3,0+CV
Raans,0eCV
RaSaS,0eCY
RIPRAX = RIX + RAX
R3IPRAgsRILI*RAL
RIPRA2SRI2*RA2
R3PRA3SR3IZ*RAI
RIPRAS=R3IS*RAS
RODRIX = ROX/R3X = RATIO OF STAGE &/STAGE 3.
RADRI1eRA1/R3]L
RAOR32#R42/RI2
RApDR33I#2RA3I/RII
RADRIS=RAS/RIS
WRITE (651) IX»1sCIsCVOsRIFR41sRADRIISRIPRA2sRADRI2SRIPRAISRADRIDS
1R3IPRAS,RAORIS
1 FORMATCIH #1251542F842+0(F9,20F8,43))
50 CONTINUE
STpp
END

0 b b e Gt b e b e b B b s B et B But Bt 3

OE®NOOVEWN =~

cl
010
04,20
0.30
0.40
0.50
060
070
0.80
0.90
1.00
200
3.00
4,00
5.00
6.00
700
8.00
9.00

cvo

0.10
0.20
0630
0.a0
0.50
0.60
0.70
0.80
0.90
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00 10,00

PV/P1a3

RI+RA
0.40
0.80
1.20
1.60
2,00
24480
2,80
3.20
3.60
4.00
8,00

12,00

16,00

20,00

24.00

26,00

32400

36,00

40,00

RA/R)
2:170
1727
1,450
1.287
10116
14007
04920
0.849
04789
0e739
0s469
04355
00290
04247
0217
0s198
0176
0s162
00150

PV/P1=1

R3I*RA  RA/R3
0.20 04839

0.40 0.731
0.60 0.652
0,80 04591
1.00 0.542
1.20 0.503
1.40 0.469
1:60 0.441
1.80 0.417
2.00 0.39%
4.00 04270
6.00 0.211

8.00 0.176
10,00 0.152
12,00 00135
14,00 0.121
16,00 0.111
18,00 0.102

20,00 04095
PV/P1eS
R3*R4  RA/RI
3460 3e177
1.20 2375
1.80 1.920
2440 14624
3.00 14415
3.60 1.259
4.20 14138
4,80 1041
5.840 04981
6:00 04894
12,00 0,549
18.00 0,810
24,00 0.30)
30400 0.282
36,00 04247
42,00 0.220
48,00 0.200
54,00 0,183
60.00 04169

PV/P=2
RI*R RA/R3
0:30 1.554
0.60 1.288
0.90 14110
1:20 0.981
1.50 0.802
1.80 04805
2:10 0742
2:40 04689
2,70 04643
3.00 04,607
6400 0.396
9.00 0.303
12.00 04249
15.00 0.214
18,00 0.188
21.00 04169
24,00 04153
27.00 04141
30.00 00131



