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INTRODUCTION

UCRL-11662

THE DILATION CONTRIBUTION TO THE HEAT CAPACITY OF ~
COPPER AND ALPHA BRASS AT ELEVATED TEMPERATURES

e

. ) |
by Y. Austin Changa and Ralph Hultgren |

Heat capacities of solids and liquids are always measured at

constant pressure, Cp, while theoretical treatments apply to Cv, the

_.heat capacity at constant volume. The difference, Cp - Cv, is called

the dilation contribution. Strictly speaking, Cp - Cv o’ where v is

‘the volume at 0°K, is desired. However, at temperatures of interest

this term cannot be evaluated for most substances because the pres-
sures necessary to compress the volume ’co.vO are much too high to
be experimentally attainable,

For v, the volurne at jc'he temperature in question, 9ch_e dilation ‘

‘term for cubic materials is

dil

where @ is the linear coefficient of thermal expansion, V is the volume,

- T is the temperature, and KT_is fhe_ isotherm.:'il compressibility.
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C.. =Cp-Cvi=9a'2V‘T/KT“ | S (1)



_from 77°-800°K. Measurements were also made of alpha-brasses of

The compressibility haé been me;asured for relatively few
substances, mainly lat'room tempér‘atu;é only; Data for alloys ar.e.i
almost nbhexi,stent, and Qery few pure metals have been measured
above room temperature. Thus, the dependeﬁce_of the dilation tern‘r‘lv'
on temperature is ina_dequately estéblishe'd and '.the dependence on §
alloy compoéition is not knov#rn,f
| vtThis affects 6ur ﬁndersianding of heat 'capécity, particuvlarly' .
the appfoxirﬁaté prediction of hgat capaéity at high tefnperatures for
engineering purposes. The most practical approach to this problem at
present is an empirical one. | The total m‘easured heat capacii:y is

assumed to be made up of the sum of several independent terms,

such as harmonic lattice vibration (Debye term), dilation, electronic

contributions, and second order transitions in the metal or alloy, such

~ as magnetic and order-disorder changes. o S

At low temperatures, the dilation tér.m' is‘ too small to be
significant for such an empiric:‘a__nl"study; it tends to zeroi at 0°K. .Hojw-.-“ N
ever, its importance incfeasgs with temi:)ergture." It méy con_stitute' | ' & :
as much as 3 to 8 percent of the tcl)tal' C.p at:rlo_om_temperature and - | !
much more at elevated temperatures; Thus, thé dilé.,tion term is : [
most important in tl;ie ‘tempera.ture rggio’ri 1ﬁ Which it is least known. .

The present work was pianned to improve knowledge of the

temperature and composition dependence of the dilation term. B:Y L

means of the ultrasonic pulse-echo technique, compressibilities of

—~—

<

copper and an alpha-brass with 9.7 atom percent zinc 'were mea_suréd

i . . . : N
i

!
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of higher zinc contents. Because of increased attenuation, the echoes
were not good enbugh for quantitative results ; the& will be mentioned

oniy qualitatively. Heat contents of the alpha-brass were also m_easdred'

at high temperatures,
The dilation contribution was calculated as a function of temper-"
ature and composition. The validity of the Nernst-Lindemann relation-

ship was tested from these and other results found in the literature.

MATERIALS AND SPECIMEN

A cast ingot of OFHC grade coppér was cold-rolled and machined -
to a cylinder of 5/8-inch diameter by 1/2~inch l‘ongf The two faces of
the specimen Were ground and polished parallei fo + 0.0002 inchés. The
specimen .was tl;1'en annealed at 400°C for one hour to obtain an avefagé | ,
gfain diameter of 0.015:mm. Spectroséopic analysis'indicated traces |
of impurities in Weight percent:ﬁAg, 0 063, and Ni, 0.003. The lattice
constant of the speciment was 3. 6152 A in éo';nparison to 3.6148 A
given in Pearson's Ha.ndbook.. 1 ' |

’i‘he brass specimeﬁ in tﬁé form of 3/4-incﬁ rod was kindly
supplied by Bfidgeport Brass Company, whiéh furnisﬁed ’ché followingfl
 analysis in weight percent: Cu, 90.05, Zn, 9.93, Bi, 0.001, Fe, 0.005, |
| N1 0.01, Pb,. 0.003, and $n, 0. 00. . A specimen: "i/z--inch thick was
machihed from this rod, surfac:_éf-ground;and‘ .poliéhed,':‘annealed at 450°C
for one and é half hours and miciroscopiéal];y .e‘xamin;ad. _ The average ' ! _

grain diameter Was 0.025 mm.' ;F_‘ilings were also taken from the same )
RS Lo



rod and strain annealed at 450°C. Sharp peaks on the back-reflection
CuKa X-ray diffraction pattern indicated‘v homogeneity of the alloy.
The lattice constant of 3.6355 A agrees\sziih that given by Peatrso.n1

for the zinc concentrgtion of 9.7 atom percent shown by the chemicél

analysis.

EXPERIMENTAL METHOD

Ultrasonic Velocity Measurement

The velocities o’f_ul.trasonicwavevs in copper aﬁd alpha-brass ' ;~‘
with -9. 7 atom percent of ginc were measufecf by. rﬁeans of »é Sperrf ‘
Ultrasonic Attenuation Compafator, Style 56‘A001.,. together_”with a low)v

"frequency receivef, PR 603l. 1.0 Mc X-cut ana Y-cut quartz crystalsj s
of 1/2 -inch diameter were used to generaté-respectively pure longi-
, :J.tudinal 'or shear waves., When thé quartz crystal is suitably bonded
to the test specimen, the ultrasoﬁicwaves _generafed by.the vtransducer‘.‘
péss throdgh the spe‘cimeri and _set up ?. series of echoes Within the
‘material. From these echoes _c}lisp'llayed_ on a built-in Aoscillosc0pe,- |
the round-trip -time of each ech<j> was rne'asure'd._ Knowing the specimer;
length, the velocvitvy‘ may be caléulated. N |
From I‘che‘lc;ngitudinavl al}d tra;ns.\/.er'isé- velqcitie.:vs,v the adia.batibc

compressibility 3

!
i
H
§
i
!
i
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where p is the density, v the longitudinal velocity,.,and vy the trans-

verse velocity. The isotkkermal compressibility, K;r, can be found

from Ks by the following equation: , =

P

The principal experimental difficulty'in this study was finding

--a material which would firmly bond the transducer, to the specimen, - |

At low temperatures, Fisher nonfaqueous stopcock grease served

very well. However, all bonding mater.ials tried including Sauereisen }-

cement P-31, Biggs epoxy resm R 385, and a mlxture of. Na SlF BasSO 4

4

and Na28104 failed as the temperature was ralsed The best material
proved to be an epoxy resin which was a mixture of Epon 1031 and nadic
methyl anhydride, catalyzed by benzene dimethyl amine added at about

50°C. The formula and matertal jwe._re kin'dlyv supplied by Dr. Harold

" Chen of the Shell DevelopmentvCo'L , Emeryville, ~Californié1: This k’nd

was excellent up to about 500°K. Above this temperature, it lost its

acoustic strength as evidenced by a sudden drop of tbe echo intensity, B
However, the signals were strong enough to permlt meaeurements to “ ) :
800°K. On cooling the spec1mens the bond broke Black powder found - |
between the spe01men and quartz crystal was belleved to be carbon from
decomposition of the epoxy resm'.;. o

The experimental arrangement is shown in Figure 1. For low

temperature measurements, the system was evacuated and immersed . =

in a liquid nitrogen bath; the rate fof cooling was ‘adjusted',by_ changing "_> B

i
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. thé level of liquid nitroger; in the dewar. Measurements were completed_
so rapidly that th‘ely could be made dufif{g.c‘boling. _Elevatéd tempefa-
tures were cbtained by use of a glass heatipg tape wrapped around the
Pyrex tube in place of the dewar;ithe wholle‘ was iﬁsulated by Kaylo e o
insulating material. Temperatuxjes were rhezfsured by means of a '3‘Ol-gaug/e L

copper-constantan thermocouple inserted in the thermocoupl'e' well, in
the stainless steel plate at the bottom: ﬁ'
’ : ' |

Heat Content Measurement

The heat céntents above rdo:m teméefature of.alphla-brass with
‘9.7 atom percent zinc Wer;é detér.mine.d inv a dipheny.rl‘et.her drop calor"in'levter,
des'cribed elsewh_ere. 2,3 The alloy heéted to a téfnperature T was dropgéd
+ into a cﬁarﬁbe_r sdrrounded by a second chémber containing liquid and
solid diphenyl ether at its meltipg poiﬁt, ‘30(.)°K.' The heat, giveh off by
the sample melts some of the soli‘d Withqutb'changing its temperature.
E The resulting éxpansion of the dipll'lenylvet‘he‘r'-force.as mercury out a
capillary fube. The ‘amount of hez;.‘c giv;,en off is pro.portional t;> the voluﬁé

of mercury displaced.

' RESULTS AND DISCUSSION

T

Ultrasonic Velocity and Compressibility
The measured longitudinal and transverse velocities are shown -
in Figures 2 and 3. The scatter. of data at all temperatures is less than L ‘

the stated accuracy (+1%) of the Spérry instrumen.t‘. This corresponds ‘ "

to a somewhat larger (+3%) scattexi‘ in the comp.ressibilifcies calculated - . "



.“from them. Corrections for changing length of sémples with tempera-

" ture were calculated from thermal expansion data 4, 5, 6, 7 interpolating -

for zinc content where necessary and using the fact that the coefficient

of thermal expa:nsion is approxirhately proportional to-the heat _capag:ify.

_Measured compfessibilities at 300°K agree with those found in the

literature (Table I).

P

TABLE I. Comparison of Compressibilities at 3000 K

Investigation * ! Copper  @-Brass
This study . 7.20x 10#13 .77 x 10;.13
8 | s30T
w*Schmunk e_nd Smith - 1.18x% 10 -
) 9 . w13
*Qverton and Jaffney | . 7.29x 10
| a =13
*Lazarus, 298°k°. ©7.17x 10
YRaynell . o soxr0t ] s0x 107
| ‘ § 13| B
*Chang and Himrnellfgz S 7,25 x 10 _ s
. ( . _ I - ) . - ‘.“\'l,.'
. I : T a "'13 -
' **Bridgman13 . i . 7.12 %110 T S

: : v : _ : .

#* Single crystal, ultrasonic measurement. Measurements of |

Chang and Himmel also confirm the temperature dependence’
of compre551b111ty found in this work. " -

e Polycrystal, static technique

As shown .in'Table II, the __eempfessibilifj? increases with :sempe_r.‘a-:

ture and zinc content. Other measurements were made on brasses with

higher zinc contents. Because of high 'attenua‘tionv of the echoes these

o —————e



[l

.measurements were not so precise and have not been tabulated. They

show clearly, however, that compressibiiity' increases with zinc content.

i : . . o ) ' MRS ;
The data requ\ired to convert the experimental adiabatic compressibilities, '
KS , to the isothermal ‘compre.ss;ibilities,, KT’ by equation (3), were found

1,4-7,15

_in the literature: o o /

TABLE II. ‘Measured Compressibilities

T,°K . Compressibility (crhzldynev) X 1013
S ' ' T i
' - =0.097 || Cop =0.097
| Copper | Brass, Xy 0.09 Copper Brass, X, 0. 097
o 6.96 - 7.53 7.00 7.56
100 6.99 7.55 7.03, 7.59 -
200 7.09 7.65 7.21 - 7.79 o«
298.15 7.20 777 7. 42 - .8.00
400 7.32 S 7.89 7.63 T 8.23
500 7.48 8.04 7.88 8. 48
600 7.67 8.20 '8.18 - 8.76
700 7. 81 8.37 _ 8.50 : 9. 07
800 8.10 8 86 o _ -

Heat Content

Because the high tempef‘ature heat capabities of brass measured
'by Kussmann gnd Wo’llenbergei‘ lvﬁ disagreed with low teinperafure values
17 | . o » L
of Huffstutler™ by about 0.45 cal/g atom deg at room temperature, ‘it

was decided to repeat'the work and extend it to higher temperatures by -

" heat content measurements. ’Thei results, shown in Table III, have been

i
o
H

!

. “"‘i -
.
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-adopted for this work. Derived Cp values are shown in Table IV.

They extrapolate to Cp = 5.84 at 298. 15°K, agreeing with HuffStutler"s

determination. For copper, Cp values were taken from the li‘cer'a’cx,lre.l

TABLE III. Experimental_He,at Contents of Alpha-Brass

1

Ty K |, - H_ | T, ° K Ho - H T,k B - H_,
373.8 | 441 637. 9 'i2579 || sess. 2237 g
s04.0| 636 699. 5 ,é2481 é 606. 1872
451.9 | o915 752. 1 -~§2704 2 551. 1551

491.0 '1203 806. 3 - §3i89'f . 488, ~1156.
564.9 | 1626 -8oé.o_ "?3'1,304E 447, ' ‘597
611.2 | 1900 756. 2 52847- 405. 636
611.6 | . 1922 || 697.1 | ‘2441 - || 345. 282

- TABLE IV. Hee...t quaciﬁeséﬁd Dilation Te.rm
Copper ‘ Alpha’-Bfass

Tk | cp cp-cv | Ax16°| cp ~Cp-C;- Ax10
17 |l2.98 0.0z |, .2.21 3.05 | 0.01 | 1.58
100 3.84 - 0.02 | 1.68. 3.95  fo.o3 1.68
200 ||5.41 0. 10 f;;éghv 5.42 0. 10 1.68
298.15||5.8¢ | 0.17_,' §1.68 > 584 | 017 SNTR
200 ll6.0a | o.24 ’;gigsggj 76:oéf?  f o.25 - 1.68;ff
500 ||6.18 0.32 ”éiféé Al e21 | o032 1.68 .
600 ||6.34 | o0.40 w 1640 653 ~0.40 | 1.68
00 |l6. 48 .Q§48 | '2#f64 .  ¢{49 f 1.72
800 - ||6.62 Cois7 | 163 | P




compressibility (Table II) and otﬁer guantities frem the literature.

‘Dilation Contribution

i

Values of the dilation con’cributipn (Table IV) Cdﬂ.=_Cp - Cv,
were calculated from equation (1}, using measured values of the

2

The resulting dilation terin‘s were then used to test the validity .- ..
. of the Nernst}Lindemann semi-ei'npirical equation. This equation,"

. derived with the aid of certain considerations of Griineisen, has been -

-~ frequently used to estimate the dependence with T of C at elevated -

‘ ‘ ‘ dil
temperatures, though it has been inadequately tested above room
temperature. According to the ejquatio'ri

| 2 | o

where A (=9a2V/Cp2KT) is assumed constant With’te'mperature.' | As can-

- . be seen in Table IV, A is satisfaét{orily'qéns,’cant except at 77°K for both’

copper and alphé brass.

The applicability of the Nernst~-Lindemann equation wais‘ tested ': " '
. for five additional metals and th‘riee nonmetallic substances fo_r’vwhich
. sufficient data was found in the literature (see Table VI). For each of e

these a constant, A, was chosen which fitted the data exactly at 300°K.

For a rather-high temperature in each case, the experimental Cdil

was compared with the calculated as shown in,Téble V. Bvidently the

equation tends to overe stimate the dilational contribution; coppér and

~brass are fché most favorable of all the substances.’ HoWever, in spite

.

- of the consider'able"overestimate,' the magnitude of the error seldom o

exceeds 0.2 cél/deg g-atom, and:is usuavllonf.the order of 0, 1.,

1,4-7



The experimental values of the heat capacity, Cp, were éatisfactofily .
accounted for at ali temperatures as the sum of a lattice vibrational
(Debye) term, CD, the dilation térm, and an electronic contribution

term, Cel' , , |
CP=Ch+Cy +Ca

The excellent agreement for .cop;;er is shown‘ in Fig. 4; the agrfeement,v'
''''' for ‘Brass was as ;good.‘ In these é:alcula:tions the Debye ter.nperatures‘ E ‘
‘were taken as 315°K and 308° K féf cop'p‘er and brass, reép"ectively. :
For the elec;cronic terms, it was jaséur.n‘édltl'lét.c-:el' =Y ':, and tﬁat the .
value ol 7 found’ at very low tempgratufes apélied at hlgh temperatur:es.'“

4 For copper, Y = 1.64x 10_—4-,' waé taken from the literatufe;lsfor brass,

the value v =1.78x 10'~4 was takén from Rayne.




!

TABLE V. Dil

e

%

ational Heat Capacities

Substance Temperature, °K | ‘Cdil’ cal/g atom deg K
Experiments’ | Calculated | Deviation %
Cu 1. 800 . 0.57 0. 59 +3.5
Brass, 9.7 ' '
at % Zn 750 0.53 0.52 -1.9 -

Zn 650 0.72 . 0. 86 +19.4
In 400 0.75 . 0.79 +5.3 -
Al 800 .0.80 - S 1.15 +27.8 -
Pb 600 0. 87 1.22 +40.2 =
Sn . 500 0.53 0.62 +17.0
KC1 . 1000 - ©1.34 1. 44 +7.5

- NaCl, ~ 700 . 0.92 1.03 +12.0
MgO - 1400 0. 49 - 0.59 - | 420.4.

-

TABLE VL. References Used as Data Source

"Material KS A K'I‘ | Cp o p -
 Zn 19 s |20 |1
Al B 21 15 '4 I

‘m .,'2'2' B 22;'{" 527’_,,.23 1 ‘
Sn Izz_ ' 22 ..,.24‘ 1 1

Pb 22 | 22 & | 1
KC1 | 25,26 20 | 30,31 32

‘Nac1 |27,35 | | 20 | 33 |32

| Mgo | s 20 | 34 |32 S

L4
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Summary and Conclusions

The compressibility as a function of temperature has been
measured for copper'and brass (9. 7 at. percent zinc) from sonic

velocities. With the aid of these} data the dilationai contribution to ™ L

'the heat capacity, Cp-C_v; has been calculated from 77°K to 800°K. g '
- This term amounts to less than 3 "percent of the total heat capacity "

© at room temperature-and below, but becomes much more important . o

at elevated temperatures.
The Nernst—Lindemanjn émpii‘ical equation satisfactorily -

predicts the dilational term for ___eopper and the brass.  For other

- substances, it gives a result considerably too high.

t
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








