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the dislocaLions and prcvent thcm from contribu Ling 
to the dynamic clastic moduli are prestraining (Cu, 
Ag, Au) ,7 and pinning with point defects produced by 
neutron irradiation or uy impurity atom doping (eu).6 

Complete scts of TOEC have been determined for 
only those metals mcntioned above, all fcc. Other 
materi,ds for which all the TOEC have been reported 
arc the semiconductors Ge,S- 1I Si,s - Il GaAs,J2 InSb,13 the 
alkali halides K aCl,1~ ·I;; and KCI,1~ and the insulators 
MgO,1O quartz,IS and yttrium iron garnet.17 Complete 
sets of TOEC for polycrystallinc or amorphous materials 
that have been reported arc for Cu,! Fe l •18 fused silica /a 
py rex glass and polystyrene/8 a variety of steels, 
aluminum alloys, a magnesium alloy, and sintered ::-10 
and \\'.19 

Columbium is one of a class of ma terials, the bcc 
refractory metals, for which TOEC haye not been 
reported, except for th e sintered materials mentioned 
abon. With the growing cOlllmercial use of these 
materials, there has been an increasing int erest in 
their mechanical propertics . The contribution of latlice 
anhannonicity in la Lt ice-defecL caJcubttions is one area 
of thcoretical study that is being pursued.20 

Since the yield points of tht:se metals arc considerably 
higher than those of the fcc metals studied to da te, it 
secms rcasonable to expect less of a problcm with dis­
locations when determining their TOEC using a uni­
axial bias stress . This cxpectat ion was realized as \rill 
be seen in th e following sect ions. 

II. EXPERIMENTAL PROCEDURE 

A. Apparatus 

An ultrasonic phase compar ison method was used to 
determine both the yalues of th e pure-mode ultrason ic 
\\"aye \"(~ locitics and their dependence on an applied 
static bias stress , both hydrosta tic and uniaxia l. :\n 
Arenberg PG -650C pulsed oscillator was used as a 
gated amplifier for pulsing the sample with an rf 
signal derived from an external cw oscilla tor whose 
frequeucy was continuously monitored by a digit al 
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counler. Th e appli ed rf pulse length was adjuslL-d . 
lwice the round trip transit time of the ultra,\): 
pulse through the sample so that each echo overlal' l 
one-half the following echo in the pulse-echo tr,,' 
The frequency of the c\\· oscillator was then aclj u,' , 
to obtain an out-of-phase condit ion between succl.»i. 
echoes so that the o,'erlap regions presented a mi nilll!, 
or null signal level. The overlap region between t:. 
1st and 2ncl or 2nd and 3rcl echoes \\"as then gated (I:" 
amplifIed, and the unreclifled signal displayed 01\ . 

H ewlett- Packa rd 17;;A oscilloscope. The frequenc\ . 
\yhich the null condition occurs is simply relateclt~ ti. 
ultrasonic wave yelocity in the sample. The null ill 

quenc), can be determined to one part in 106 in the Ill.' 
cases encountereel so far eyen " 'ith 1~!f in. sample l en~tl i' 
Typically, however, \\"ith this size sample, and with . 
low value of ulLrasonic attenuation as experienl"l' 
with a singl e crystal, the accuracy is 3- 5 parts in I!. 
for shea r waves and 3- 5 parts in 10; for longitudin . 
waves because of their higher velocities . With largt 
samples and longer transit times the accuracies for th, 
two types of waves should be the same. A compll"" 
description and ana lysis of the method is given ebL 
where.~1 

Quartz crystals of j,- in. diam w(;re bonded to thl 
nominall y tin. sq sample faces using 1\ onaC[. ]3 01 i. 
X -cut and A C-cut crystals having 16 )IH z fund ament.l: 
frequencies were used for t.he single-crystal studil" 
and;; -;\IHz for the polycrystals. Hydrosta t ic pressurt" 
runs were macle \\'ith th e sample enclosed in a high 
pressu re chamber prcssuri zed with helium gas. A 16 in. 
7500 psi Heise pressure gauge was used to monit nr 
the helium gas pressure lo ±O.l o/c of full scale. Th t" 
uniaxial stress runs were made with the samples loaded 
in compression bet\\"(;ell optically flat stainless stet'l 
load platens in an isothermal enclosure on a tal ll,' 
model Instron tesl machine. The load \\'as monit.ored, 
by a load cell ca librated to ±O.5% of full scale. Thl" 
sample temperature was recorded before and aftL'r 
each frequen cy reading to ±O.025°C using a. chrome! 
alumel thermocouple junction spring loaded to th e' 
side of th e sample in both tes t arrangements. 

B. Sample Description and History 

Two single-c rystal columbium samples wcre used il . 
this study. They were both cut frOIll Lhe sam e -t(;" in. 
diam 3-pass electron-beam zone refined single-cryst al 
rod obtained from Materials Research Corp. A typi( :d 
analysis for material prepared in this manner is j(lfl 

ppm Ta, <30 ppm P, 8 pplll C, 6 pplll \\' , .t pp11l \. 
and 23 ppm 0, with traces of several other clelllcnt , . 
After the initial CUlling and lapping stagcs, spcci;t1 
care was taken to altern a tely etch and polish each of till 
three pairs of faces of th e samples ulllil sha rp J .:Ill'· 
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