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| r' VT‘he' Effect of Ordering.»on Lattice-Heat C\a:pacities.
B ofOrdered and Disordered AuCu{‘r
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- d Short Title: The 'Effec.t'ef Qrdering on Lattice Heat C apac‘itie‘s

ZABSTRACT

:V':::‘I.{eat scapacltles"bf the AuCu3 alloy in both the brdere‘d and d1sordered
_f—'}.{'_states hav.e been m-easnred- between 20 and 208 K by 1sothermal ealorlrnetry
At low temp__eratures‘ the o"rdered-s’tate has a lower Cp by up to b%. 't‘his -
o is in 'accbrd‘ivitb enpeetation that the strqnger'chemieai bonds-ha_ve a
idtver frtbratienal heat’ .cabac‘:'ity" : Hewev'er,"_aboye 130°K, the ordered__ :
R state has a shghtly hlgher heat capac1ty It is suggested that this may

-

) be due to a dllauonal contrlbutlon to Cp

Paper based on a the51s submitted by Hong-il Yoon to the Umver51ty of
Cahfo nia, Berkeley, “in part1al fulflllment of the requlrements for the

degree of Doctor of Philcsophy.



:‘i‘INTRODUCTKTV
e The eftect of the‘ order dlsorder transformatlon in alloys on the lattlce
' ";\-ribrations of the atorhs , in partlcular the lattlce vibrational heat capacity'
' v }has hot been mu'ch. 1nvest1gated | | | ' )
‘ The spemﬁc heat of an oscﬂlator of frequency w is gwen by o
Cv k (z / sin hZ)2 where Z hw / 2kT In an assembly of osc111ators
_of dlfferent frequenmes a11 osc111ators contrlhute the same amount to the
heat_ capac1t}1es when the ternperature is hlgh, but when the tempe.ra‘ture is
) » Ailo'w, : oniy the os.cil‘lators;ofllow freqnencies' g1ve 'irnportant contr.ibution_s.v
:. 'Qné'..\_}vonld e}'cvpect that the.disorde're.d state has'iooser' bonds and some
.irregular_ llattic.e varran;gemehts Which gtve lowlf‘requency vibrations‘,'
| Vthe'r'efore_ ]».Vovs‘/e‘ring the D'ehyetemperaturezand raising ._the}heat ca-pacity'
of 'the disordere'd' alloy at 1¢w ternperatures.

(1)

One study on theb composition VAuCu Ashow.ed the effect ‘Qas small-I _
below 100 K the dlsordered state had a Cp hlgher by 10 percent at 20 K,
decreasmg rapldly to 3 percent at 30 K to 0 perc‘ent at 100 K. Above 100 K
to 300 K the Cp of the dlsordered state was lower by 1ess than 1 percent
_,It' Was dec1ded to 1nvest1gate further theeffect ot orderlng on lattlce
h'eat capacity. byasirnilar ‘studvyv of the. ord{e‘re.d' and disordered states of AuCu3‘, -
| fiz.wEXpERnhsNTAL_ |
| -The‘i_sothe.rm»al cal-orirn-eter prev1ously descrtbed ; @ operating frorn
lli‘quid hydrogen to room temperatures,f tvas used t‘or this \study. ) Thealloy
: Was rnade from 99 999 weight percent pure gold ‘obta’ined from Cominco
Arnerican, b.Inc. and 99. 999 We‘ight percent pure ‘COppe‘r from_the Arnerican

. Smelting and Refining Company. All detectable impur_ities were below the



: 1_ p.pvmklevelke:;cvé.p-t fpr .2 ppm ;I‘é in th‘e c_opper’-..

e _About 1900 g éf Au.and Cu in thé propo.fﬁon AuCua.were melte.d
together neaf v14i7v3 K in -Aa gr‘éphite c'ru'c‘ible in an induction f.u.rnac»e.v and
'-cast inté a chill'.ed- copper mqld'ﬁndéf-an atmosphgre of 'héliufn._ An ingot‘
'. 2.5 cm in diame;cer _aﬁd 15cm iong was formed. The top of £he ingot was‘

- cut off, filings were faken_ from Edth ends, mixed, and given a vs.h'qrt
”strain—'énneal. Backfeﬂectioﬁ xX-ray diffr.-ac.ti.on lines from this sample o :
' were shar;.)‘,v proxl;ing tfie sample Was”homogen.ebous.' The in‘g‘c'>tiwas sawed |
into.squar‘el rods foi' placemgnfc 1n the caldrimeter. .

| The roas \vere_giveﬁ an oi*c.i‘ering heat treatment at 620 K for four days,

‘slowly cooled to 400 K o_Ver a pei_'iod of fodf days, then furnacé
' cQoled to room terripe'r“ature’.- X-ray diffraction lines showed shai"p

N _..sﬁperlattiée‘ lines of the orde.rged AuCuj éfrﬁéture. |

~ The rods werei plac.‘e‘d in. the éalorirnéfe_r a_nd.Ci) Wasme‘asured by the.

usuai visoth‘ermall ca_l-o'rimetr‘y» technique. @ Results are shown in table 1.

A The sa_ltr_n-p_lé was then reinoved’fféfn the (;alorinﬁeter »and g~iv.en aA
disordering heat treatment as follows. E_ach rod was individually sealed

| 1n an évacuated qﬁartz tubé énd héétéd fo '.7750 K for ten days. It'was the'n“'.
| quénched in‘ice water. _An x—réy diffrég{ién pattern ghowéd'ﬁhé absence
o_f“sqperiatticelif;es. If Wé.S decided that the degrée of sh}dv.r't—raﬁgeb ofder o

5 m the 's-ém_élvel cé‘gld be mosf easﬂy charactérizéd 'by }det‘err_ninirig 1ts heat "
N of formation, ‘Which was‘:.n}.easured by liquid ﬁn solutiOnvcal.ori.me.ztry.énd .

i_‘o;ind.to'beAH = :11;50 cal i.nolé'l.' orr®? foun.d‘_AFH = -1700 _cal-.'m_'ole;l'. |

* for the completely ordered alloy, -1051 cal mole”),  for the equilibritim '

: ":Throughout this’papér cal = 4.184 J.



©

- composition AuCu‘,

. (disordered) alloy, and -1180 cal mole~! for his quenched alloy. This
‘ »ii,.. shows the sample' was rnostly"disordered; vapproximately the same degree

of disorder '\»ya_s‘p'resent as in Orr's Quench'ed alloy.

u . ‘The sample Was again placed in the calorimeter and Cp values sho_wn

’ in table'ZA ‘Were obtained; ' The smoothed Cp values of both states are.

shown in table 3 and flgure 1 together w1th the dev1at10n from Kopp s law.

3. DISCUSSIO\I

l'The results are smnlar to those found for the effect of orderlng at the

(1) 'The effect of ordering is not great. Below 130 K

the'ordered state has the lower Cp; above that temperature the reverse is

true, ‘The difference ovap between two states is shown in figure 2.

In this system no rnagnet'ic' or other anomalies are expected to add to

~ the usual Cp contributions of the eleCtronie, ,'vibrational, -and dilation terms.

| ‘Low-»temperature Cp measurements by Rayne(a) and Martin(4) at liquid

4

.heliurngtempe'ra_tures show there is substantially no change in the electronic

oontrihution to heat.capacity due to ordering of the samples.  Both show

that the contribution to the vibrational heat capacity is lower in the ordered

- state; they‘ find the Debye temperature is increased by 7 and A16 K,
reSpectively. Thvs agrees qualltatlvely Wlth the present results which

. show the Debye temperature at 25 K is 1ncreased by 3K, from 239 to 242 K.

Suff1c1ent data are not avallable to evaluate the dllatlonal contrlbutlon

' Cp - Cv =9 a2VT/X where « is the linear thermal expansion coefﬁcient,_

V is the atomic volume and y is the compre551b111ty The dnatlon term :

was estimated by Ne_rnst—Lmdemann( 3) equatlon Cp Cv = 0. 0214 sz(T/T ),

" where T is the meltmg pomt of the alloy 1250 K for AuCus. This value



4,
':IS negllglble at Tow temperatures such as 25 K (0. 00003 cal mole™! K- 1) :
-.bvut 1ncreases to about 3 percent at 298,15 K (O. 176 cal mole 1)

“ If the di_latton_‘term .Were: larger for the order_ed state, it could

‘account for the fact of the higher Cp of the ordered state above 130 K

-

~although the vibrational contribution to Cp is less. '
Integration of the Cp data gives almost identical heat contents above
0 K for the ordered and: dlsordered states, but the thermal entropy of the

(s) -

| dlsordered state is greater | From these values and the absolute entroples
of Au and C‘u, one can calculate the differences of the entropies of tormatton
- of both states: |
| ordered» e _ | S disordered
48298 15-4?_0 | (golf;) cal mole "IK" 1‘ o (20131 cal rnole K‘li'.
For the ordered state the entropy of formation at 298.15 K is given

inthe. l1terature( 2 as A5298 15 = 0.166 cal mole ! K' ThlS value was

(£0.3)
obtamed from hlgh temperature measurements of AG, calor1metr1c
determ1natlons of AH, and Cp measurements above room temperature.
 From this and the prev'iOus' value' one finds the entropy of formation of

4

the ordered state at 0 K: AS. = 0.066 cal mole~! K-L
0
. 7 (20.3) 4

Great s1gn1flcance cannot be attached to thlS number in view of
. probable experimental error. -However, it is just _the magnitude to be
expected for‘the conﬁgurational entropy of a well-ordered superlattice,
which cannot be obtalned in the completely ordered state.

For the dlsordered state the entropy of formatlon at 298 15K has

not been hsted because Cp data in a certam ternperature reglon are

" missing. At temperatures beloW the critical temperature of disordering,
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5,

:bﬁt high erioaghﬁtbiallllovx.r éi.f'fuei.on; fhe Cp.of__th:e pr_iétable diso_r.'de_red state
o ‘cannot be measured by conventlonal techmques However ‘b.y a-feasd_nable
‘. ‘.mterpolatlon of Cp between 298 15 K and hlgh temperatures in the -
- '-.,dlsordered reglon we. have arrlved at the value AS298‘ 15 ‘(1 126 + 0. 3)°

;. cal mole',1 K'1 From thls as before, we f1nd for dlsordered Auo 95Cug . 15:

= (0 981 i 0. 3) : cal mole -1 K L ..Thls is averyrea‘son'able"value for

- ~the conflduratlonal entropy of the 1ncomp1etely dlsordered sample. The

conﬁguratlonal entropy of a completely dlsordered sample of this

. _co_rnposition is A_SO = _1. 117 cal_ mole'_1 K'_‘l; The dif_ference may be
| explained in terms cv>fv short-range order, the existence of which was.

I confirmed by heat of formation mieasurements with tin solution calorimetry.
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” Table 1. Expérim‘ental-hea"c capac_itiés for .ordered Aug 95Cug, 75

T, K Cp cal mole"! K°! - T, K Cp.cal mole’1K!
25.54 0.508 . .154./03 5.187
27.06 © 0.597 o 1160.02 '5.205
. 28.30 0.668 - - - .166.09 5.259
129, 54 0.753 171.85 5.325
31.06 - 0.805 ' " 171.85 - © 5.363
33.37 0.982 .. 183.86 5.372
36.62 . ©1.166 S 189. 80 5.419
©39.97 1.397 197.42 5.432
44, 68 1.649 L 202.26 5. 489
49.75 - 1.992 ' 206.12 - 5.492 .
55.07. 2.336 - 209. 58 5.505
61.22 2.689 213,14 5.520
67.04 . 3.003 S 217.92 5.538
73.07 . 3.323 ' . 222.05 5.558
78.95 3.546 - 226.61 5.547
84.08. 3.723 231.10 5.622 -
817. 41 3.858 © . 235.32 5.628
91. 43 3.991 . 240. 26 5.653
95.99 S 4.119 .. .250.05 5.682
101.60 4,284 . 258.74 5.1736
107.174 4,404 262.04 5.725
113.82 - 4,505 - ~ 266.76 . 5.760
119. 83 4,649 - . 271.62 5.772.
126.08 4. 1780 : - 277.54 5.800°
132,14 4.847 - . 283.97 5.805 °
. 136.41 4,972 .289. 64 - 5.804 -
142,11 5.027 .295.65 5.832
" ; 3 | e

148.01 .087



| 'ATabIe_ 2.

Experlmental heat capacules for dlsordered Au_ ..Cu

- 137.

63

4,926

295.

-0, 25 Y0.75 .
T, K ' Cp calmale K1 T, K Cgcal mole~! K-?

7 23.65 0.459 . - -143.59 5.026
. -25.68 " 0.554 . 149.82 5.097
-27.02 0.630 155.85 ' 5.186
-28.36 0.707 . 161.62 5.213
29. 77 0.803 " 167.45 . 5.232
31.68 0.919 ©169.90 - 5.276
33.90 1.058 -173.8617 5.292
40. 00 1.400 . 179.85 5.338
;45,72 .~ 1.765 - 184.39 5.352
51.63 2.143 ©192.19 5.382
58.45 2.565 198.22 5.454
. .63.178 . 2.816 ~ 205.86 5.486
. 69.59 3.128 211.57 . 5.503 -
75.92 3.455 215.66 5.547
81. 51 3.596 221. 48 5. 564
.. 80.20 - - 3.664 - 225.50 5.613
. 83.51 3.703 1229. 99 5.614
87.34 3.870 '235.173 ' 5.648

91.51 4.008 241,82 5.636
95.65 4.159 247, 81 5.683
101.59 4.286 ~ 253.65 - 5.678
-1017. 45 - 4.395  259.65 1 5.685
110. 93 4.530 265. 97 5.710
114.32 4.580 271,14 5.730
119.59 . 4.652" 279, 46 5.796
- -126.04 4,157 © 286.39 '5.786
131.55 4.859 1289. 42 5.804
51 5.795



o ~ Table 3. ' Smoothed heat capacity values for Au

- 120

300

. 863

. ORDERED
Cp ~ ACp.
T, K cal mole ! K-!
20 0. 284 0.019
25 0.509  0.024
- 30 0.771 . 0.030
35, 1.073 0.037
40 1.398 ‘0. 047
45 1.1731 0.065
50 2.044  0.085
55 2.354 - 0.097
60  2.634 0.104
65 = 2.902 0.108
70 - 3.142 0.107
75 3.349 0.105
80  3.583 0.102
85 . 3.759 - 0.096
90 3.930  0.090
95 4,090  0.083
100 4,234 . 0.077
110 4,471 ~ 0.064
4,669 0.052
130 4.835 0.039
140 - 4.978 0.027
150 5.101 0.014
160  5.194 0.002
170 5. 283 -0.011
180 5.349 -0.024
190 - 5.417  -0.037
200 = 5.461 -0.049
210 5.509  -0.060
220 5.555 . -0.067
230  5.600 -0.070 -
240 . 5.645 ~ -0.067
250 .5.690 @ -0.063
260 5.726  -0.059
270 5.762  -0.054
280 5.794  -0.049
290  5.829  -0.043
298.15 5.856  -0.039
5 -0

. 038

300

0.25930.75’
DISORDERED
Cp ACp
T, K cal mole”1 K7}
20 '0.302 0.038
- 25 0.533  0.048
30 0. 801 0.060
35 1.107 0.070
40 1.434 0.082
. 45 - 1.762 ° 0.096
50 - 2.069 0.110
55 2,382 . 0.125
60 2.671 0.141
65 2. 949 0.155
70 3.200 - 0.165
75 3.409 0.165
80 3.636 0.155
85 ~ 3.805 0.142
90 3.969 . 0.128
95 4.123 0.116
100 - 4. 261 0.104
110 4,488 0.081
120 4.677 0.060
130 4.836 - 0.040
140 - 4.972  0.021
150 - 5.092  0.005
160 5.182  -0.010
170 5.271 -0.023
180  5.340 - -0.035
190 5.409 -0.045 .
200 ' 5.455 ° -0.055
210 '5.506 -0.063
220 5.552 -0.070
230 ~  5.594 - -0.076
240 5.630. -0.081
250  5.670 -0.083
260 5.703 -0.083
270 5.736 -0.080
280 5.770 -0.074
290  5.806 -0.067
298.15 5.835 -0.062
'5.842  -0.059

—
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98 15

298 15

ORDE RED

-

0 (£0.1)

0
S

-0

-H° = 1258 cal mole

(115)"‘

= 0.100 ¢a1 mole

(iO 1)

-Té?ﬂé‘ 3.

Y 880 cal mole K L Paes. 15

:.(Con'ti'riﬁed).f

DISORDERED
Lo S = 8.945 cal mole K 1 :
0 (£0.1) e

298 15 0

'l‘_H -H =.1259 cal mole

K' T

(115)
298 15

'_AS “AS® = 0.165 cal mole’ .-K‘l;'

O (iO 1)
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