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. .!tiorma lion. The mtio of th e production effi-
• CI' 'a u decreases with increasing strain. 

rhl'rl' is a theoretical possibility and an exper­
I indication for a larger efficiency to exist during 

" : (I·des of cyclic loading than during th e initi a l 
Ii \I;lidirectiona l deformation. 
rhl' shear-modulus changes ohserved during 

~ '\ .\ r. 0 F A P ], LIE D PIty S IC S 

cyclic stressing can be alt ributed to the formation of 
dislocation dipoles from dislocations of the initi a l 
net \York. 

To detail the exact mechanisms it is necessary to 
perform resistivity measurements, shear-modulus meas­
urements, and electron-microscopy studies, and ror­
relate these for the same sample . 
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Third-Order Elastic Constants of Single-Crystal and Poly crystalline Columbium 

L. J. GRAII'\~[, H. NADLER, AND ROGER CHANG 

Scie)/ce Ce)//er/ Aerospace a)/d Systems Group, -,"ortli American Rtlcku'cll Corpora/io)/. Tholl sa lld Oaks. Calijomia 

(Recei"ed 8 January 1968) 

The second-order and third-order elastic constants for both single-crystal and polycrystalline columbium 
werc determined at 298°1\: using an ultra 'on ic phase comparison mcthod. Jt is shown that any dislocation 
contribution to thc measuremcnts is negligible with respec t to other uncertainties . The th ird-order elastic 
constants (Brllgli('r com'cntion) in unit s of 10" dyn / cm' are . 

CII' = -2S.6-1±0.25j 

c,,,= - 11 AO±0.2,'ij 

Cl~3= --1.67±0.25j 

(,,,= -3A3±0. IOj 

('66= - 1.677±0.OSj 

("G= + 1.366±0.05j 

vl=-4.8±1.2j 

v,= -3.70±0.2j 

V3= +0.7S±0.OS. 

The Griineiscn param eter calculated from these I'alues is 1.511 ±0.026 for thc single crystal, and t'.5-16± 
0.092 for the polycrystal, in good agreement with the value J .52 calculated [rom bulk-property measure­
ments. The pol),cr),stalline third-order elastic constants arc in \"l'l"y good agreement \I'ith those calculated 
from the single-crystal I'alucs by the met hod of Chang. 

1. INTRODUCTION 

r)f the scnral methods of determining the third­
lIT clastic constants (TOEC) of solids, ) th e onc that 

.' pro'-en most useful in\'olves th e measurement of 
t dependence of ultrasonic wa\'{' y elocitics on a 
,ic bias stress. ~rost of the early \\'ork in this area 
, restricted to the lise of hydrostati c pressure as the 

"tress~·3 to attain stresses high enough so that the 
ill'neience was measurable \yi thout introducing plas tic 
,.r in the samples . This method cannot pro\'ide 
"lI~h information to obtain all of the TOEC, ho\\--

".,. [n an ehstically isotropic sample, for example, 
'.Tl· are only t\\·o nondegenerate pure-mode elastic 
~\"l'S which can be propagated, providing two relations 

::"IYing the three independent TOEC. In crystals 
: cu bic symmetry, there are three pure-mode wa\-e~ 
, a gi\'Cn propagation direction and therefore three 

, t/' 'Pcndenl relations among the six independentTOEC. 
' 1,, ·.I'<.:\'cr, the resu lts of these measurements are useful 

t hl:oretical studies of those anharmonic propcrt ies 
hidl are bulk properties in the sense that they do 

... 1 depend on the crystal orientation, such as thermal 
.. p,tn"ion (or the Gruneisen parameter) in isotropic 

~ \ . Scq;cr and O. Buck. Z. :-\aturforsch. ISa, 1056 ( 1C)(i0). 
. I): Lazarus, Ph)',. Re\,. 76, .'i~5 l I9~()). 
'\\. H. Dani~l:; and C. S. Smith, Ph),s. Rev. Ill, 713 (1958). 

or cubic symmetry crystals.4 The resu lts of the hydro­
static pressure experiments gil'e just the combinations 
of TOEC \\'hich arc req\lired in these studies, but they 
are limited in that they cannot provide the entire 
set oi TOEC which is required to defll1e completely 
the anharmonic nature of the sample. 

Recent de"eloplllents oi more sensitive experimcntal 
methods of determining relat i\'e changes in ult rasonic 
wayc velocities have allo"-eci the extension of these 
methods to includ e the usc of uniaxial bias stresses, as 
well as hydrostat ic pressure.5 It has been found, how­
ever, that in materials with a low yield stress such as 
pure copper, that at cI'en ver~' low values of uniaxi:d 
bias stress, the ultrasonic \\,a\'e velocity will be affected 
by a change in the dislocation contribution to the 
dynamic second-order elas tic moduli caused by the 
ap[.>lied bias stress.s This change in the ultrasonic wave 
velocity due to dislocations is impossibl e to separate 
from the change due to intrinsic latti ce anharmonicity, 
and therefore care must be takcn to prevent th is effect 
from occurring. :'lethods that ha\'e been used to pin 
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