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INTERSTITIAL n.IPURITY. EFFECTSO~ THE MECHANICAL PROPERTIES 
OF MOLYBDENUM SINGLE CRYSTALS 

S. S. Lau and J. E. Dorn 
'Inorganic Materials Research Division, 'Lawrence Rad'iationLaboratory, 

and Department of :'lineral Technology, College of Engineering, 
Uni versi t:r of California, 'Berkeley, California 

Many factors are known to affect the .low te'llperature deformation characteristics of b.c.c. 

metals. One of the several controversial issues concerns the effects of interstitial impurities 

on the yield strength. Two different vie'lpoints 'have been suggested: (1) one group of.inves-' 

tiga1,ors believes that interstitials, whether exclusively atomically dispersed or also partially 

segregated in precipitates, increase only the athermal componcnt, 'A' of flo" stress and in no 

way alter the effective stress needed to assist thermal fluctuations in causing dislocations to 

surmount barriers (1-3); (2) a second group believes that increasing ,amounts of interstitial 

impurities increase the effective stress, ,*, and thus alter the, = ,* + 'A versus tempera

ture T relationship for yielding (4-6). Furthermore, each group seems to hold alternate view

points on the nature of the low-temperature thermally activated mechanism of deformation: (1) 

investigators in the first group generally contend that the thermally activated mechanis'l1 arises 

from nucleation of pairs of kinks out of low Peierls valleys in general, or as modification 

thereof from a/2[111) screw dislocations ho.ving as~nmnetrically split cores (7-13); (2) t!:lC 

second group has generally felt that the rapid increase in the flow stress of b.c.c. metals 

with decreasing temperature arises principally from thermal activation of dislocations past high 

stress fields due to-intCf'-Stitially positioned impurities (11J-17). 

Both v:iewpoints have undergone some modification as the result of more recent evidence that 

the Schmid law is not obeyed at low temperatures; the yield stress is asy~~etric relative to 

orientation, and t,he tension and coml'ression, yield strengths differ from each other fOl' the S8.lTle 

orientation. It is the objective of this investigation to determine the effects of interstitial 

impurity content on the athermal stress, T
A

, and the effective stress, t*, of molybdemull single 

crystals oriented most favorably foI' (101)[111] slip (F'ig. 1). 

l'ensile specimens were made from ~. times electroli beam zone refined Mo single crystal 

rods and' tne amount of interstitial impurity content was controlled by means of purifi.cation .. 

process (Tables I, II, III, IV). 

Experimental results indicate that the athermal stress level , Til' is raised as the carbon 

content i~creases (Table V). .711ile there is no certainty that all the carbon atoms are in 

solution, 'A is approximately proporti.onal (within the limits of experimental data) to the 



Group A C wt.% 

1 '.017 
:2 .006 
3 .015 
4 •. 012 
5 .023 
6 .022 
7 .020 
8 .006 

Group B C wt.% 

1 .013 
2 .008 
3 .012 
4 .006 
5 .015 
6 .007 
7 .013 
8 .013 
9 .006 

10 .009 
11 .006 
12 .008 

=--=--== 

Group C C wt.% 

1 .009 
2 .010 
3 .010 
4 .008 
5 .Oll 
6 .010 
7 .005 
8 .006 
9 . 005 

o wt.'; 

.012 

.007 

.005 

.007 

.011 

.012 

.014 

.014 

o wt.% 

.002 

.002 

.002 

.002 

.002 

.002 

.002 

. 002 

.002 

.002 

.002 

.002 

Ovt.% 

.003 
<,.002 

.003 
<.002 
<.002 
<.002 
<.002 

.002 

.002 

TABLE I 

N wt.% 

. 009 

.002 
• 003 

<.001 
.002 

, .002 
.002 
.006 

TABLE II 

N wt.% 

.002 

.001 

.003 

.005 

.006 

.006 

.001l 

.008 

.006 

.002 

.002 

.001 

TABLE III 

N wt.% 

<.001 
<.001 
<.001 
<.001 
<.001 
<.001 
<.001 

.001 

.002 

Treatment and Description 

Four zone refining passes . 
Metallographic observation 
showed no precipitation . 

Treatment and Description 

Four zone refining passes. '4% 
H2-96%He annealing at 20000 C 
for 24 hours. Furnace cooled, 
temperature f~ll to below 700°C 
in less .than 2 minutes. Metal-

.lurgraphic observation showed no 
predpitation in the interior of 
the specimens . 

Treatment and Description 

Four zone refining passes. H2 
annealing at 24'hours at 2000oC. 

. Five hours of cooling time to 
room temperature. No surface 
ppt. ,Metallographic observation 
and electron microprobe detected 
carbide ppt in the interior of 
the specimens . 

square root of carbon content ,!c- Gr carbon content C. ~'he effccti ve stress, T*, versus tcmpera-

ture relationSh'p f ' (F' 2) fu the"trore ~ , or all four different. impurit.y cOlltent remains the same 19. ; r - "' , 

() 
~ 



Group D C .;t. % 

1 <.002 
2 <.002 
3 <.002 
1+ <.002 
5. . 002 
6 <.002 
7 .<.002 

TABLE IV 

o wt.% N Vlt. % 

.002 .003 

.002 .005 

.002 .001' 

.003 .003 

.002 .002 

.003 .001 

.002 .001 

Treatment and Description 

Four zone refining passes. 
11 daysofZl'H2 purification at 
1010oC.. r'ive hours cooling tiPle 
to rOOln t.emperature. No surfacF' . 
ppt. 

.------------_.-. 
Chemi~al amtlysis vas performed by the Coors Spectrographic Laboratory. 
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Group 

A 
B 
C 
D 

,~ 

n.G. 1 

'l'ABLE V 

0.2% Off.set Atherma1 Stress at 5500 K 

2.65 x 108 dynes/cru2 

2.26 x 108 dynes/cm2 

1.62 x 10 8 dynes/cm2 

1.48 x 108 dynes/cm2 . 

" , 

Average Ce.rbolJ Cone. Vlt.. % 

0.015 
0.0097 
0.0082 

<0.002 

n ;~:~~"~~o~~~~~~.:~'N~o.:2oN 
l4 ~~s .... ~,-96 ... ~. 

£\ ~~~:~:ti~;·c~~::~~ 

~'IG. 2 
Ori.entation of the tensi1e axis of' the cl'yst.aJ., ~.lhermr:l.l1y ncLlvat.cd c(y.r:~ponent of flo\·, st.ress 

VS. te;1Ipcre:t.;1.lJ·~=. 

tlli s relationship agrees close1y to th'Jt ascribed t.o the ~)ei.erls mec:hanism (8) (Fig,;. 2 and 3). 

Flei.scher t s theory (14) of interaction::; betvreen disloc:ations £.ncl tetragonal distorticn strai.n 

centers \>Tould predict different temperat.ure dependence of' flo\·r stress for specimens conto.ini!1.g 

different interstitia.l impurities. If the temperature d8pendence of flolr stress of group J 

spec~nens (0.015% C) \>Tas ascribed by the solid line in Fi~. 2, then accordin~ to Fleischer's 

theory, the temperature dependence of group 1.: specimens «0.002% C) should have fo11(w"d '<.118 

dotted line. It is shm.;n in Figs. 2 and 3 that. all four groups of specimens have the sa:ne 



effective stress versus te:nperature relationship. Activation volume experiments indicate that 

for four different groups of specimens the apparent activation volumes, Va, are small (5-60 b3), 

relatively independent of stress and. of impurit~· content. Furthermore, the order of Trl£o.gnltude 

and their strEos s dependence agree ivell with those predi.cted by thePeierls theory (8) (Figs. 4 

and 5). 

1.0 '" , 

FIG. 3 
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Thermally acti vate<l component of flo" stress 
vs. temperature in dimensionless uni.ts. 
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FIG. 4 

" 00i5 
00097 

o 000$2 
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Thermally activated component. of flow stress 
Vf'. apparent activation volume. 

o 02 04 06 013 10 ,'/1-: 

FIG. 5 
'l'hermally !J.cti vated component of flow stress vs. a.cti v["tion volumC'. in dimensionless units. 

In vie", of all experimental evidence, it is conclu(leo t.1;'l.~ t.he: :i nterstiU.al impurit.y content 

only affects the atherma.l strsss, T)\, fC:1d the Peierls theory remains ~.S the most· at.tr8.ctive model 

to account for the strong temperature d~~pendence of f1m·: stl'e,;s of b. c. c. metals. A modi.fieo. 

rnod~l for thermaJ ly-activa.ted deformation in b .. c. c. metals (18) has bee;} for·mula'ced. recentl;l' fcr 

the ratJonalization of the asynlmetric plastic behavior of single cryst.als of b. c. c. metals. 

Experiments are nml in proGress to investic;ate the stress-stra.in rate-temperature dependence of 

yield strength of b.c.c. metals as a function of orientation. 

This vrork "18.5 done as part. of the activities of the Inorganic Haterials Research Divis5.on 
of the Lavrrence Radiation Laboratory of the University of California, Berkeley, and vas done 
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un0.er the auspices of the U. S. Atomic Energy Commission. 
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