
Lawrence Berkeley National Laboratory
Recent Work

Title
THE TEMPERATURE DEPENDENCE OF THE ELASTIC CONSTANTS OF Cu, Ag, AND Au ABOVE 
ROOM TEMPERATURE

Permalink
https://escholarship.org/uc/item/5sp2v14g

Authors
Chang, Y.A.
Himmel, L.

Publication Date
1966

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5sp2v14g
https://escholarship.org
http://www.cdlib.org/


UCRL-16697 

University of California 

Ernest · o~ ·Lawrence 
Radiation laboratory 

THE TEMPERATURE DEPENDENCE OF THE ELASTIC CONSTANTS 
OF Cu, Ag AND Au ABOVE ROOM TEMPERATURE 

TWO-WEEK LOAN COPY 

This is a Ubrar~ Circulating Copy 
which ma~ be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Division, Ext. 5545 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agep.cy thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 

-= = ~ 



·~. 

f. 

._.·,· 

·- . 

,·~f:· ..• 
. !'. 

[i. -Appliecri?nysic:s- --
1 
· 

I 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laborat9ry 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

UCRL-i6697. 

THE TEMPERATURE DEPENDENCE OF THE ELASTIC CONSTANTS OF 

:-.'_·.· 

. '. 

Cu, Age. AND . Au ABOVE ROOM TEMPERATURE . 

Y. A. Chang and L. Himmel 

· January 1966 
·, , .. 

····' 

~ .. ·' .. 

,',' 

.-,:· 
~ . : 

.. ·' . . . ~ .. 

,.,. 

' 
:.·I 

: . .;.).··_· 



i 
_I 
! ·~ 

I 
'j 

~. .. 
! 

\ 
I 

i 
.. !'~ 

I 
I 

I 

-l-

THE TEMPERATURE DEPENDENCE OF THE ELASTIC CONSTANTS 

OF Cu, Ag AND Au ABOVE ROOM TElv'!PERATURE 

....... ,_., 
' --

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
and Department of Mineral Technology. College o£ Engineering, University 
of California, Berkeley, California. 

ABSTRACT 

. ~ .· : ... •. ..• , ...••.•.•• '~~ •• : .• ~ :•:J 

The adiabatic elastic constants C 
44

, l/2 (C
11

- C
12

) and l/2 (C
11 

if\ C 12 + 

2G ) have been measured for copper, silver and gold over the temperature 
44 . --- . 

range from 300° to about 800°K using the conventional ultrasonic pulse-echo 

technique. The room temperature values of the stiffness co~fficients are 

shovm to be in acceptable agreement with previously published data for the 

noble metals. Over the entire range from 300° to 800°K it is found that, to 

a remarkably good approximation, the elastic constants for all three metals 

decrease linearly with temperature. Additional evidence is presented to show 

that the linear temperature dependence of the elastic constants for silver 

extends to at least 1000 °K, i.e. to within 0. 8 of the absolute melting tern-

perature. The isothermal compressibilities calculated from the elastic 

constant data are used to evaluate the dilational term in the specific heat, 

Cd'l = C - C ; and it is established that the approximate Nernst-Lindernann 
1- p v: - -

relation £or estimating CdU is valid for Cu, Ag, and Au at least up to 800°K. 

. ' 

+ Present address: Materials Research Laboratory, Aerojet-General 
Corporation, Sacramento, California. 

J Present address: University of California, Lawrence Radiation Laboratory, 
Livermore~ California. 
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INTRODUCTiON : 
i 

·: ·• . ' - · ..... : .i .... •. . :·~ ..• •:':)-~·- .. :~."-··:~:.:: 

Although generally lacking, lmo·v.;l~dge o£ the elastic constants ·of 
;f?l::· .:··... .· . 

solidst-~t tempe?atu.res approaching their melting points is o£ interest in several 

conne~Uons. For e;-<:ample, the isofuerma.l compressibilities, derived from 

su<;h data. rr..ake it possible to obtain an accurate estimate of the dila.tiona.l or 

thermal expansion contribution to the specific heat. This dilational term, 

which increases rapidly above the Debye temperature, must be subtracted, 

along wifu the electronic specific heat, from L1.e calorimetrically determined 

values of the specific heat at constant pressure in order to separate out the 

contl"ibution due solely to lattice vibrations. Moreover, the high temperature 
' . 

elastic properties also enter in an important way into the theory o£ diffusion 

in cubic metals as Zener(l) and LeClaire(Z) have sb.oVt-n, the- magnitude of 

the pre-exponential factor, D , in the usual Arrhenius equation for the self 
0 

diffusion coefficient is explicitly related to the temperat'.1re dependcnce~of 

the stiffness moduli. 

Since the elastic constants of the monovalent noble metals, copper, 

silvert and gold, have previously been determined only over the tem.perature 

range !rom 4.l 0 to 300°K, we !elt it would be desirable to extend the measure

ments to substantially higher temperatures. In the preae:nt investigation, the 

adiabatic stiffness coefficients f.or all three metals ha.ve been determined 

from .300"' to about 800°K usLig the conventional ultrasonic pulse-echo technique. 

Unfortunately, it was not possible to carry out measurements abov~ BOOcK 

because o£ deterioration of the. epoxy resin which was used to cement the 

quartz transducers to the single crystal specimens. Even if a. better high 

temperature bonding age1lt were available, ih~ ',measurements would still have 

been limited to about 846°K - the temperatuZ.e o£ the a.;. p transformation in 

quartz - using the techniques currently employed. 

" 



-3-

The. elastic constant data. obtained £or Cu, Ag a.nd Au between 300°- and 

800"K h.1.we .subsequently been employed to evaluate the dila.tiona.l contribution 

to the s-oecific heafl:, i.e., C - C • The latter calculations, in turn,~~ have 
~ p v . 

perm.itied a fairly stringent teat to be made of the semi-empirical Nernst-

Lindemann relation ( 3). by means of which the dilational term is 'frequently 

approximated in the absence of the required compressibility data.(4). 

EXP ER.Ut1ENT AL DETAJLS 

Copper~ silver and gold single crystals in the form of Z. 5 em diameter 

spheres wel"e grovm under vacuum ('\, 5 x l0-6 Torr) in previously outgassed 

reactor grade graphite crucibles l.tsing a. modified Bridgir..an technique. The 

nomina.l purities and sources o£ the starting materials were as follows: CuB 

99. 999%ji .. America.n Smelting and Refining Company; Ag~ 99. 9999o/o, oxygen·"' 

free grade~ COMINCO Electronic .:Products. Inc.; Au, 99.99% '\Vestern Gold 

and Pla.tinum Company. Specimen a with faces normal to the < ll 0 > direction 

were tben cut from each crystal by spark erosion. The orientations of these 

surfaces were determined by the standard back reflection Laue method and 

were adjusted to within O.ZS degree of< 110>. 

lnasrr~uch as the Laue reflections obtained directly from the spark eroded 

surfaces were found to be sor:newhat broad o.r diffuse, th~ crystals were first 

etched to re...""nove tlle damaged surface layer resulting from t.he sparlt cutting 

operation; after etching (dilute HN03 for Cu and Ag~ aqua regia. for Au) sharp 

Laue reflections were ob.servede Each crystal was then mounted i~side a. 

surface ground hardened steel ring of appropriate thickness .ind polished with 

3t.t diamond paste on a vibratory lap (Syntron) until the two {110} faces were' 

flat and parallel to within .::!:. 08 OOOZ em. Lapping in this manner preserved 

the sharpness o~ the Laue reflecdons, thus indicating that the specimen surfaces 

( 
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· were comparatively free o£ distortion. Two copper specimens of different 

le.ngths were prepared as well as two 6£ silver and one of gold. The lengths 
·li, ';; ~ ' 

of the res'l;tltj,ng crystala11 measured at 24°C were: Cu, 1.2040 and 1.6939 em; 
; . ,...., ' 

For cubic crystals. three independent combinations of the elastic 

constants Cu• C
12 

and C44 may be ob~ained by measuring the velocities of 

plane longitudinal waves and appropriately polarized transverse waves propa

gating the< 110 > direction. The three directly mea.sured quantities are. in 

the nota~iol:lJ~troduced by Ze~er(S), C~1 = 1/Z. (Cli + Cu + ~C44 ) = p~, C ;:.C4~ = 
iJVt; a.nd}Z':~)/2 (C11 = C1a) = pVt:• where pis the crystal density, Vi. is tll:e. 

longitudinal wave velocity and Vt . and Vt are the velocities of transverse 
... 1 2 

shear waves polarized in the < 100 >and< 110 >directions. respectively. 

~Ve have measured these sound wave velocities with a Sperry Products ultra-

. sonic atte~uation comparator(6). Longitudinal waves were generated by 1/Z-in.. 

dia.. X-cut quartz crystal transducers and transverse Vla.ves by Y -cut crystals, 
. . 

both resonant at 10 M~/sec. The quartz transducers were bonded to the speci-

men surfaces with a. special high-temperature epQXy resin consisting oi Epon 

1031 (Shell Development Co.) and nadic xnethyl anhydride.* 

Experience showed tha.t the most satisfactory results were obtained 

when the epoxy resin was applied vvithout the use o£ a. supplementary catalyst. 

After curing for about 2 hours at l50°C. the epoxy resin bond provided 

excellent acoustic coupling between the quartz transducer and all t~ee metals 

at temperatures up to roughly 550°K. Above this temperature,. ~e quality of 

t..l).e bond varied depending upon the particular :me tal and, to some extent, on 

the mode of propagation. The coupling, in general, wa.s best for Cu and poorest 

*This w.aterial ·~vas kindly supplied by Dr. H. Chen • .formerly of the Shell 
Development Company. Emeryville. Calif. Tb.e e4act proportions of the two 
iz~:-:-:e:C.i..e~s ar e '~:0'"'1:l:. .. 
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for Au, ·with silver being intermediate. A complete loss of cou1J:ling was 

frequently observed above about 550 "K on initlal warmup, as evidenced by 

a sudden drop in echo intensity. However, it wa.s !ound that by raising the 

temperature to about 700°K and then slowly cooling back to 500° .. 550°K, 

euff'icie.nt cou.pling co1.lld be restored to pern.r.it additional measurements to be 

made on reheating. 

With Cu. and Ago the longitudinal and t..~e two shear modes could all be 

propagated successfully up to 800"K. \Vita gold. on the other hand, only the 

shear wave velocity, Vtp corresponding to particle displacement in the < 100 > 

direction could be measured to temperatures as high a.s 800°K; despite repeated 

e.££orts. measurements of the other two wave velocities could not extend above 

about 550 111K because of the lack o£ sufficient acoustic coupling. 

Measurements were made with the specimen mounted in a. suitable holder 

inside a. resistance heated furnace in which an atmosphere o! dry argon was 

:maintained. A flat copper plate, against which the crystal was held in good 

thermal and electrical contact~ served as the specimen support. Furnace 

temperatwres were controlled to .!:. Z °C and the tem.perature of the specimen, 

was measured to within .:t l °C wi·th a calibrated copper -constantan thermocouple 

inserted in a small hole in the copper plate. A more detailed description of t.~e 
' 

equipment and measuring tecnniques has been given elsewhere(?). 

'l'o estimate the magnitude o! any possible transit-time corrections due 

to the £i.nite thickness of the acoustic bond. a series of expe:t"iments were , 

carried out at room temperature using specimens of different length as well . 

as different bonding agents (e.g., ''N onaq\' stopcock grease vs. epoxy resin). 

In all ca.sea, the measured wa.ve velocities agr~ed to within 0.1 o/o. This is 

well within the scatter of the elastic constant data as a. function of temperature 

(See Figures. l ... 3) •. 
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The room temperature densities used in computing the elastic constants. 

viz. 11 p ,;:;. 3 .. 937. g/cm
3 

for Cu, 10.50 g/cm
3 

for Ag a.~ 19.30 g/cm
3 f~r-Au·.,. 

w~re derived from the x-ray lattice spacings given by Pearson(S). These· 

densities, together 41ih the measured .sound velocities. were corrected for ,o 
't .;._ 

thermal expansion us.i.Ilg the data of Nix and McNair(9) and Balluffi and Simmona(lO) .. 

RESULTS 
2 

The directly measured elastic constants C = pV !or Cu, Ag and Au are 

plotted as a function of ter.nperatur e in Figures l - 3. The solid lines shown 

in t.L'lese figures represent, in each caae, the best least squares fit to the 

observed values. In Tables I-m we have listed the smoothed values of the 

adiabatic elastic constants c;
1

, C' and C taken from Figures l - 3 as well as 

the calculated stiffness coefficients C
11 

and C12tt Also included in these table):'s 

are the smoothed values o! the adiabatic bulk moduli B 
8 

= l/3 (C
11 

+ zci~,i ;· .. 
c;1 - C - C' l/3 and the isothermal compr~ssibilitics, ')LT' which have been cal· 

culated .from Bs in the standard manner( 3). 

The number of significant figures displayed in Ta.blea X-m is greater 

than is warranted by the absolute accuracy of the measurements, but an extra 

figurca has been retained both to indicate the smoothness o£ the data. and to permit 

a. valid determination o£ the temperature coefficients; this is justified. to some 

extent, because the relative variation of the elastic constants vlith temperature 

has been established with somewhat better accuracy than have the absolute 

values. From the statistical spread or scatter in the experimental data shown 

in Figures 1 - 3, the .uncertainties in tlle directly mea:sured constants c:
1

, C 

and C' are found to be .:!:. 0 .. 5%. Using the standard propagation-of-error treat

ment, ( ll) the cor.responding uncertainties in the calculated quantities are as 
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Comparison with Previous Room Tcn1perature Measurcn1ents 
: • .• ..:., ~- -:. ;:. ) • ., l • 

A detailed comparison between the results obtained at 300°K and room 

temperature elastic constant data for the noble metals previously reported 

in the literature is given in Table. IV. The most acc\ll"ate measurements for 

Cu are those of Overton and Gaffm:y(!Z) who also employed the ultrasonic pulse-1 

echo technique. Agreement is seen to be quite good- wi.thin 0. 3% for \:he 

shear constants C and C'l) Oo5o/o £or c;
1 

andO. 7% for Bs. The present experi

mental values for Ag are Hke\vi.se in good agreement with. ea.rlier measure

ments by Bacon and Smith(ll) ,N<:iig~bou~s and Alers{l-4,) and Corll(lS) b the 

maximum percentage difference bet·.r:een any of the values listed in Table IV 

being only about 0.69't:.. For gold~ however~ the agreement is somewhat less 

good~ especially for C' which is about za;~ higher than Neighoarr:s and Alers' 
I 

value. The isothermal compressibilitiea computed :£ro1n the adiabatic bulk 

moduli also compare favorably with. previously published data for 'i:hese metals 

and are within Zo/o of Bridgman's staHc room temperature values. Chang and 

Hultgren(?) have recently measured the longitudinal and transverse sound 

velocities in polycrystalline Cu over the temperature range 77° to 800°K; they 

report virtually the same te.m.pera.ture dependence oi the compressibility as 

tha.t from the present single crystal measurements. 

Temperature Dependence of the Elastic Constants 

The most noteworthy feature o! the data recorded in Figs. i - 3 is 

that. within the Wlcerta.inty o£ the measurements~ the elastic stif!~ess coefficients 

for all three metals decrease linearly with temperature over the. entire range 

investigc1.ted.. For further reference we have also plotted in Fig. l the elastic 

constants o£ Cu between 4.zo and 300°K taken !rom the work of Overton and 

Gaffney; similarly, the low temperature data of Net_htom.:s: and Alers for Ag 
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. - .' -·~ , ... ., ....... 
.J . 

and Au are reproduced in Figs. ~ and 3, respe~iveilly. In general~ by making · 

only slight relative shifts along the vertical axes, the least• squares lines which 

describe the present high temperature measurements may be joined, without 

any appreciable discont~nuity in slope, to the corresponding low temperature 

curves. This offers further support. for the consistency of the data. and also 

indicates that the linear variation of the elastic constants holds to good approxi

w...ation down to about 50"K for Au and Ag a:nd nearly l00°K !or Cu. These 

temperarures roughly correspond to about one•third ~he Debye temperature . 

. in each case. 

Accurate modulus data. which confirm· and extend the observed linear 
I . - ' 

tempera.t'.u:e dependence for silver have recently been obtained by Guina.n<16l .. 

Using the resonant bar technique, Guinan has measured the elastic moduli of 

< 100 > -and< l.U > -oriented silver single crystals of both 6_ .. 9's pure and 

oxygen saturated(.,. 40 ppm) specimens over the range from ZOOQ to l000°K. 

His data» to which small corrections have been applied for lateral inertia 

effects are plotted as a function of temperature in Fig. 4. They demonstrate 

-that Young's moduli for silver continue to decrease vvith temperature in strictly 

linear fashion at least up to !000°K~ and perhaps well beyond. 

To provide a more succinct comparison with Guinan•s measurements. 

we have 'caicula.ted the Young's moduli, El:.Uo and E
1 11

• !or silver .from our data 
.. . 

(Table It) as well as !:rom the low temperature data of Neighb©Ufis'l~fidr.\A<iers. 
j'. 

The following standard relations between t..."le moduli and the elastic constants 

have been employed(l?): 

.. 
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l 1 1 + l (l) 
Eloo 

= 3' 3Bs c• ·:,.· 

and 
l 1 1 

+ 
l 

'E111 
= 3 3136 

-~ 

""' 

,The resulting values are plotted in Fig. 4. It is clear from this figure that 

the calculated values of E
1

Q
0 

and E
111 

and the temperature dependence o! E 100 

and E
111 

£ro.tn our data as well as those of Neighbours and Alers agree 

:reasonably well with the directly measured values of Ag by Guinan within the 

experimental error. 

We should also mention here that because of experimental limitations~~ 

most of the constants for gold above 550°K could only be arrived at by linear 

extrapolation. Howev<u·, in view of the behavior e:i::hibited by Cu and Ag, and 

the observed linear temperature dependen.ce of CoM £or Au over the full tem• · 

perature range, this extrapolation can be carried out with complete confidence. 

Although we feel that these extrapolated values are probably :rel~able to within 

± :O.o/o, they arc enclosed in parentheses in Table Ill to distinguish them from 

the experimentally measured quantities. 

The th.errc.al variation o:f the elastic constants near room temperature 
-.· . ; ·-·· .... 

is summarized in Table V. Following the procedure adopted hr the review by 

Huntington(lS), we have listed in Table V the values of l/C.j (dC: ./dT) at. 
. 1 &j 

300°K computed !rom the data given in Figs. l ... 3 and Tables l ... XII. Thes~ 

temperat'l.U"e coefficients are expressed in parts per /10 
6
°K. The corresponding 

quantitief.'s deduced from t..;.e measurements of Overton and Qa.fi'ney and 

Neighbours a~\ Alers are also presented in this table, as are the values of 

!/E100(dE10,/dT) and 1/EHi (dE111 /dT) for .silver. The temperature coefficients 
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for the directly measured constants, C, C' and C~1 for Cu and .t:\U are seen 

to be in<:$;~~d accord with earlier results, but the the~mal variation of G;1 and 
't_, .. _·;-

C' for A~ l.s 10 • lSo/o greater L,_an that found by Neighbours and Alers. This 

accounts for the somewhat smaller temperature dependence o! .E
200 

calculated ·~ 

from Neighbours and Alers' data. The excellent correspondence previously 

noted between Guinan's measurements on silver and the temperature. coefficients 

of E
100 

and ~u derived from the present experiments is also demonstrated in 

Table V. 

Dilational Contribution to the Specific Heat 

Knowing the isothermal compressibilU:ies of Cu, Ag and Au between 

· room temperature and 800°K: (see Tables I ... Ili) the dilational term in the 

specific hea'l;, Cdil' can be computed from the well-kno ... vn thermodynamic 

relation(S) 

9'/'TV 
C dU = C p - C v = . ?'-T (3) 

where C and. C are the specific heats at constant pressu~e and volwne. p . v . 

respectively. j3 is the·linear coefficient o! thermal expansion andY is the atomic 

volume. In making these calculations, the necessary values of f3 have been 
-. .-

obtained from the thermal expansion data of Nix and 111vi:Nab:(9) and Balluffi 

. and Simmons ( 1 O), and the atomic volumes, corrected for thermal expansion, 

have been computed from the lattice constants given by Pearson(S) •. 

When compressibility data. at high temperatures are lacking, as is 

generally the case, C dil is frequently approxima~ed using the Nernst-Lindemann 

relation 

(4) 
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and ta.kL,g the Nernst-Lindemann p~rameter 

(5) 

to be constant independent o! temperature. The validity of this assumption 

znay be tested with the aid o£ the data. recorded in Tables I ... IU and the values 

of Cp {T) for CuD Ag and Au given in the .recent compilation by Hultgren, et.alP 9) 

We listed in Table VX, for example, the values of A for all three metals between 

300° and 800°K calculated from Eq. (5) solely on ~he basis of ex:pei'imenta.lly 

determined quantities. The essential constancy of A for Cu. and Au over this 

relatively, ~(i~, temperature range is indeed apparent. For silver. the .Ya.lue., 

of A decreases roughly 8o/o between room temperature and 800°K. However, 

in terms of specific heat, the error introduced using the value of A obtained 

at room temperature amounts to only lo/o o£ the total specific heat at 800°.K. 

DISCUSSION 

The data. presented above demonstrate that the linear temperature 

dependence of. the elastic constants .for Ag holds remarkably well to ~empera-

tures of at least l000°K, or to within 0. 8 of the absolute melting temperature. 

The thermal variation of the elastic constants o! Cu and Au appears qualitatively 

similar in all aspects. Although the linear variation with temperature has been 

established experimentally !or these two metals only up to about ·soooK. the 

fact that they have higher melting points than Ag would seem to suggest that 

the existing data fo'l! Cu and Au could safely be extrapolated in a linear fashion 

to 0. 8 Tm:: U00°K •. The stridtly linear decrease in the stiffness coefficients 

of Cu, Ag a.nd Au with temperature indicates that the elastic stiffness coefficients 

decrease in essentia.lly a linear manner with thermal energy. Moreover, it 
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suggests that relaxation processes could have exerted but little influence on 

the measured moduli.. If thia were not so. a departure !rom linearity would 

have been observed, especially at high temperature~ e and associated vlith the 

lowering of tli'e 'true modulus • 

Turni..'lg now to a consideration o£ the dila.tiona.l specific heats~~ 

Gsc.h.neidn~r(4) has recently indicated that the constancy o! the para~eter A 

in Eq. (4) has been demonstrated experimentally over a wide temperature 

ra.nge !o.r many metals. The .basis for this statement was not doc~-nented, 

but the calculations suw.ma.rized in Table VI demonstrate that it applies quite 

well to the noble metals at temperatures up to 800°K. In fact. th.e assumption 

that A is a.:consta.nt independent ~f. temperature is well enough supported 

experimentally to justify the·uae of the approximate Nernst-Lindema.nn relation

ship in estimating C dil a.t temperatures considerably beyond those covered in 

this investigation. For this purpose it apP,ea.rs that a. slightly more reliable 

estimate of Cdil between say 800°K and the melti~g point might be obtained by 

using t&i..e values o£ A at 800°K listed in Table VI instead of the room tempera. .. 

ture values. 

Some additional calculations not recorded here have been carried out. 

Using the approximate Nernst-Lindemann relation, Eq. (4), and assuming 

that the electroni~ specific heat varies linearly with temperature, we have 

. ~valuated the lattice contribution to the specific heats .from room temperature 

to the respective melting points for all three Metals. As might be· anticipated. 

the lattice specific heats so obtained are in excellent agreement with the values 

predicted by the simple Debye conti~ium model, and the Dulong and Petit vGt,lue, -:· 

C = 3R = 5. 96 cal/deg-g-atom is approached within 0. 04 ca.l/deg-g-atorn at 
v ' ' 

the melting p,oint o£ Cu. and Ag. For gold, the agreement is less good, but it-
. I 
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appears tha.t either the dilational or the electronic contribution may ha.ve 

been overestimated since the calculated values of C decrease \>t.ith tem-. v 

perature above about 900°K a."ld fall about 0. ZO cal/deg. g-atorn below the 

Du.long·Petit. value a.t the melting point. 
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Table I. Adiabatic Elastic Constants in Units of 10 dyne/em. 

: and lsother~l Compressibility in Units o£ 10 .. 13 
Ccm

2 /dyne- . . . '-~-'-.r' . ··~.~ 

'·.for Copper • 

,.; 

T°K c C' f"'f 
""'u en Cu Bs 'X-r 

300 0.758 0 .. 2.355 Z.ZlO 1.700 l.ZZ.S 1.335 7 .. 44 

350 0.745 O.Z.305 Z.l90 1.675 ·1.215 1.370 7.56 

400 0.731 o.zzso 2..165 1.655 1.2.05 1.355 7.69 

450 o. 718' o.zzoo Z.l35 1.635 1.195 1.345 7.80 

500 0.704 0.214:5 2.105 !..615 1.185 . l. 330 7.93 . 

55{)!''' 
I 

0.691 0.2095 ~.075 l. 595' 1.175 1.315 8.06 
I 

600 0.677 o. 2.0.c.15 2. .. 045 1.575 1.165 1 .. 300 8.19 
\ 
' 650 0.663 0.1990 z.. 020 1.555 .1..155 l.Z.90 S.33 

700 0.650 0 .. 1940 1.990 1.535 1.145 l.Z75 8.47 

f""".p~· 750 0 .. 636 ' 0.1885 1.960 1.515 1.135 1.260 8.63 

800 o.6z.3 0.1835 1.930 1.495 1.12.5 1.,250 8.77 

' ·, 

• 
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Table U. Adiabatic Elastic Co~st-~nts in Units o£ l01Zdyne/cm
2 

and 

T°K 

300 

350 

400 

450 

500 

550 

600 

650 

700 

750 

800 

· Isotherll".al Compressibility in Units of l 0 -u em 
2

/ dyne for 

Silver 

c C' c;z c 
f •• ,.~~ 

J, .1. .. 

en B s 

0 .. 465 0.1525 !.555 1.240 0.940 1.040 

o;4ss 0.1430 1.530 1.225 0 .. 930 1.025 

0.446 0 .. 1440 1.510 l. 2.05 0.920 1.015 

0~436 0.1400 1.485 1.190 0.910 1. 005 

0.426 0.1360 1.460 1 .. 170 0.900 . 0.990 

0.417 0.1315 1.440 1.155 0.890 0.980 

0.407 0.12.75 1.415 1.135 o.aso 0.965 

'0.398 . o. 12.35. 1.395 l.l:ZO 0.370 0.955 

·0 .. 38!3 0.1195 L370 1.100 0.860 0.940 

0.379 o.uss 1.345 1.085 Oe855 0.930 

0.369 0.1110 1.325 1.065 0.845 0.915 

; ·'·'·· .,. 

,rx.,T 

10600 

10.2.0 

10~40 

10.60 

10.80 

11..05 

u .. zs 
ll. 50 ... 

' 11.75 

12..00 

lZ.ZS 
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Table UI. ;:A\dla.batic Elastic Constants in Units of 1d .2 
dyne/cm

2 
and 

·-x~othermal Compressibility in Units of 10-
13 

cm
2 
/dyne for 

Gold 

T°K c C' c;t cu cu B ~T s 

300 0.424 0.1485 2.200 1. 925 1.630 1.725 6. 01 

350 0.417 0.1460 2.180 l. 910 1.615 l. 705 6.10 

400 0.410 0.1435 2.155 1.890 1.605 l. 700 6.19 

450 ,0. 403.: o. !410 2.135 l. 8~5 . l. 590 1.685 6.28 ... 

500 0.397 0.1385 2.115 1.850 1.580 1.670 6.38 

550 o. 390 0.1360 2..090 1.840 1.565 1.655 6.48 

600 o. 383 0.1335 ~.070 l. 82.0 1.555 1.645 6.58 

650 0.376 0.1310 z..oso 1.805 1.540 1.630 6.69 

700 o. 369 0.1285 2.025 1. 785 1.530 1.620 6.80 

750 Oo36Z 0.1260 z.oos 1.770 l.SZO 1.600 6.90 

800 0.355 0.1235 1.985 l. 755 1.505 1.580 7.06 
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~:::::··-1··:- ~:.';. 
. ~ ... ,. ·' .. -.:: • .... ,, .. · 

':>::;. 

·~ 
Table IV .. · Comparison of Present Results with Literature Data. at 300°K 

. ~ ..... 

-~ -u BsxlO-u 
u 

Metal Investigators GxlO G:'xlO %Txl0 

Cu This Study 0.756 0.235 l. 38 7.49 

ifO) Schmunl'\. &. Smit 0.7489 o.2338 1.395 
(12) 

~rtm & Guffney 0.7539 0.2.348 1.371 

{21) 
Goens &. Weer s 0.753 0.263 1.38 

(22) 
Lazarus 0.756 0.235 1.40 

(4) 
Bridgman 7.64 

(7) 
Chang & Hultgren 7.42 

Ag This Study 0.464 0.15.2 l. 04 9.98 
1 (13) 
Bacon & Smitn o. 4'613 0.1528 1.036 

(14) 
Neighbwrs &. .Alem 0.4612 0.1516 1.038 

Corll(lS) 0.4632 0.1527 1.038 
(4) 

Bridgman 9.93 

Au This Study 0.424 0.149 •:; 1. 73 6.01 
(14) 

Neighbrurs &. Alers 0.4195 o. 1460 1.729 
{4) 

Bridgman · 5.78 

~ 
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I. T?>ble V. Thermal Variation o£ Elastic Constants of Cu, Ag, and Au 
l dCi · ·. 6 , 

Expressed by ... - a J in parts /10 ,.Cat 300°K. 
Gij T '-' 

Metal Investigator ... Tc -TC' -Tc• u ·TEioo ... TEin 

Cu This Study 360 440 Z60 

Overton & Gaffney 370 4Z5 240 

. ' 

Ag' This Study 410 540 Z95 515 380 

.. :•· .. ·. -~ighbours &. Alera 400 470 ··:· 2.60 455 .375 

Guinan. oxygen free 540 390 

Guinan, oxygen sat 'd - 380 

'· 

Au. This Study 325 340 195 

Neighbrura &. .t\lers 300 340 190 ... 

....... 

·., 



I 
, I 

.• 

; ... 

\ 
'# 

~ 

,1,.,' 

Table VI. Values of Lindemann Parameter 

-s I Ax 10 in g-atom cal 
T, °K Cu At:r Au 

300 1.67 2.Zl l. 97 

400 1.67 2..16, '!. 97 

500 '• 1.67 . Z.lS 1.97 

600 1.67 2..08 1.95 

700 1.64 2..06 1.95 

800 lo6l 2.05 L9Z 
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Figure l. 

Figure Z. 

Figure 3 .. 

Figure 4. 

20 

I 
I 
I 

FICURE CAPTIONS 

Elastic Constants o£ Cu as a Function of Temperature 

Elastic Constants of Ag as a. Funct.ion of Temperature 

Elastic Consta-nts of Au as a. Fv.nction of Temper<tture 

The Yourtg's Moduli in the Directions <111 >and< 100> for 
Ag a.s a Function o£ Temperature~ 

r 
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