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ABSTRACT 

Calorimeter s of various type s exi st by which certain 

thermal energy of sub stance s can be mea sured. A program of 

dynami c adiabatic calorimetry was i niti ated at The University 

of Tenne s see in 1950 to further exi s ting work on spe cific 

he at da ta . The calorimet ers have continuous ly been improved 

in both cons tructi on and the operati onal methods . 

Thi s thesi s c onsti tute s  a phase of the program in the 

use of dynamic adiabatic c alorimeters . Modifi cations were 

made on previously exi s ting ca lorime ters to an extent that 

specific heat data on various met al sys tems could be ob­

tained to tempera tur es a s  high as 850°C. The calorimeter was 

then us ed to determine the speci fi c heat of copper , nickel, 

and a nickel-20 weight p er cent chromium alloy . 

The calorimeter use d in thi s investig ati on consi st s 

of an adi abatic surrounding into which a highly poli shed 

speci men i s  suspended. The specimen is heated with a direct 

current power. The temper ature of the surrounding s i s  

for c ed t o  follow the temperatur e of the specimen . Thi s i s  

accompli shed by use of pla tinum:platinum-13 weight per c ent 

rhodium thermocouples  we lded on shield s ; the emf of the se 

thermocouples activate s  a cont rol circuit whi ch supplie s  

power t o  the heater s  of the shi el ds .  The maintenance of 

adiabatic conditions c ause s all of the power fed to the 
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spec imen to be con sume d in heating it . The power suppli ed 

to the specimen i s  determine d by me asuring the voltage drop 

acro s s  the hea t er and the current through the hea ter . Tem­

peratures are determined from emf readings taken on a poten­

tiometer from t hermocouple s .  The time nec e s sary t o  rai s e  

the t emperature of  the spec imen a pre set amount i s  mea sured. 

From the voltage and current mea surement s and the tim e 

ne c e s sary to hea t t he spec imen over a particul ar temperature 

interval, the average value of the spe cifi c  heat can be ob­

tain ed . The system is held at lo-4-lo-5 Torr to prevent 

oxi dation and convecti onal heat transfer . 

Following the de sign and construction of the new 

calorimeter, it was used to obtain specific heat data, from 

which  the following re sul t s  were ob tained. 

1 .  The speci fic heat dat a o f  c opper and nickel were 

obta i ne d  from 100° to 800°C . Repro ducibi lity of 

±0 . 7  pe r cent was o btained  on c opper where the 

heating rate ranged from 1 . 5o to 6 . 0°0 ./m in. and 

samp le s of 172 . 794 grams and 368 . 778 grams were 

us ed . A reproduc ibi lity of ±0 . 2  per cent was ob­

taine d for ni ckel where only the he ating rate was 

vari ed ( 2 . 2° to 6 . 4°0./min . ) .  The high degre e of 

reproduci bility allows the c onclu sion that accurate 

data can be obt aine d to 800°C . There are no ap­

parent rea son s why data c ould not be obtained to 



higher temperatures on  the same calorimeter . 

2 .  The s pecifi c  he at of nickel experi enc ed a magnetic 

transformation at it s  Curi e temperature of 355°0 .  

Data were obtaine d to 800°C . such that pr edic ted 

data without the magneti c transformation c ould be 

compa red in a manner that allowed the determina­

tion of the energy and entropy of the trans forma ­

tion. These va lue s  were 954 joules/gm.-atom and 

1 .  967 joules/gm . -atom °K., respe ctiv ely .  Compari ­

son of the above value s to theoreti c al predic tions ,  

baaed on magneti c models , indicate that 0 .3 nickel 

atoms have two hole s in the 3d level with an 

ele c tron spin of one . 

3 .  The specific hea t  data of the nickel-20 weight per 

cent chromium alloy e xperience d an anomaly at ap­

proximately 575°0 . Analogie s were drawn between 

the experimental data and wo rk of other inve sti­

gators to support the theory that short-range 

order wa s causing the anomaly. 

4. The pr oblems encountered in the operati on of  the 

calorime ter indi cate d  that inconel should no t be 

us ed in  a vacuum syst em that i s  to operate at 

high temperatures . 
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CHAPTER I 

INTRODUCTION 

The experimental determination of thermodynamic prop­

erties of solid state material is of interest for its use in 

engin eering application and in aiding interpretation of 

phen omena occurring in solid state material. Theoretically, 

the thermodynamic properties are valuable because they can 

be U8ed in various ways to aid in obtaining a theoretical 

model that explains certain behavior. A useful thermo­

dynamic property for this purpose is the specific heat, which 

is deter mined by various calorimeter methods, one being the 

dynamic adiabatic calorimeter. 

A program in calorimetry was initiated at The Uni­

versity of Tennessee by the Metallurgical Engineering 

division in 1950 through support of the Atomic Energy Com­

mission. The dynamic adiabatic calorimeter has been in­

corporated because of several advantages such as: ( 1 ) d ata 

can be obtained over a wide range of temperatures, (2) the 

method of taking data is uncomplicated, ( 3 )  a high degree 

of reproducibility is obtained, (4) samples of v arious sizes 

can be used, (5 ) various heating rates can be used to allow 

study of the kinetics of various reactions, and (6) the 

corrections that must be applied are small. 

The method employed is one of obtaining an average 

1 
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value of the spe ci fi c  he at over a small temperature interval .  

A cons tant amount of direct-current power i s  fe d to the 

sample .  During the he ating , adiabati c condi tions are main­

taine d to insure complete absorpti on by the sample of the 

power fed to i t . The time nece s sary to heat the s ample 

through a spec ifi ed temperature i nterval i s  re corded. With 

the se value s 1 t is po s sible to determine the specific heat 

at the mean of the temperature interval . 

Since 1950 the calorimeter has cont inuous ly be en im­

proved both in const ructi on and technique of operation . 

Pri or to the wo rk of thi s  inve sti gation, the c alorimeter 

exist ed as rep orted by Stansbury et al . (45). With the 

design reported by them, .it ha s been di ffi cult t o  make 

spec ifi c he at determinati ons abo ve 600°C . that were repro­

duel ble . 

Improvements in the calorime tric te chnique made in 

thi s inve sti gation have en abled the det ermination of spe­

cific heat wi th pre ci s ion up to 8oo°C . The improvements 

made were: ( 1 )  the u s e  of new methods of thermal insulati on, 

(2) a decrease in the mas s  and improvement s in the heat 

transfer properti es of the imme diate sample su rrounding s ,  

( 3 )  increases in  av ailable power that can b e  fed t o  the 

heaters of the adiabatic surroundings ,  and (4) concentri c 

heating of the surrounding s .  

The new c alorimet er was use d to determine the specific 
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heat of copper, nicke l ,  and an all oy of nickel-20 weight per 

cent chromium. Copper was the metal initially s tudi ed, It 

has been studi ed  by many in ve stigators , and it wa s felt that 

it s study would serve as a check on the calorimeter ,  as well 

as provide more data on copper . During the s tudy of c opper, 

the c alorimeter was operated under a wi de range of conditi ons 

to not ice the effec t of variable s such a s  s ample size and 

di men sions , he ating rate and method o f  data correction . Fol­

lowing the evaluati on o f  the modification s  made on the 

calorimeter, the determination of the sp ec i fic heat was ex­

tended to the other meta ls . 

Nickel experience s  a ferromagneti c transforma tion . 

The effect of the tran sformation is manife sted in the spe­

cific he at curve . This ferromagnetic behavior is a s sociated 

with the elec tro n  spin system of the indiv i dual atoms ,  There 

are sever al models that attempt  to explain the spin system 

and, a s  a re sult of the se model s ,  predi c tions of the energy 

and entropy associ ated with the trans formati on are reported, 

These valu e s  of energy and entropy can b e  compared to value s 

obtained experimental ly from the study of specific heat s ,  a s  

wa s  done in  thi s inve sti gati on , The experimental specific 

he at with the transformation i s  compared to a theoretical 

predi cti on of t he sp ecifi c heat without the transformation . 

By taking the di fference in the areas under the se curve s of 

specific he at versus temperatur e ,  the energy as soci ate d wi th 



the tranaf ormation is obtained. The entropy is obtained in 
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a sim ilar manner from plots of specific heat over temperature 

versus temperature. A comparison can then be made between 

experimental and theoretic al values of energy and entropy of 

the transformation. 

The final study was c arried out on a nickel-20 weight 

per cen t  chromium alloy. An anomalous increase in the spe­

cific heat is manifested near 560°0. This anomalous behavior 

is associated with an order-disorder transformation. Arledge 

(2) has pr eviously carried out specific heat studies of this 

alloy but found some i nconsistencies. This alloy was re­

studied to determine whether these inconsistencies were real 

or only associated with the calorimeter. Further, the study 

allowed the prediction as to the type order-disorder reaction 

that occurs. 



CHAPTER II 

THE SPECIFIC HEAT OF METALS 

I. THE SPECIFIC HEAT WITHOur ANOMALIES 

The term specific heat refers to the heat capacity of 

a unit mass of a substance under consideration. The heat 

capacity of a substance is the heat required to raise its 

temperature 1 degree and hence it is an extensive property. 

The specific heat is the heat c�acity per unit of mass and 

is an intensive property. 

The heat cap acity term is defined from basic thermo­

dynamic relationships. From the first law, for a closed 

system, 

dE = bq - pdv, ( 1 )  

when only the work against external pressure is considered. 

The quantities in the above equation are: energy (E), heat 

(q), pressure (p), and volume (v). The derivative of 

E=f (v,T) can be taken to give 

(2 ) 

where T is the absolute temperature. Equa tion 2 can be 

substituted into the first law to give 

5 
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( 3 )  

Theoretical considerations of the heat capacity usually 

consider con!tant volume, and from Equation 3 ,  

• 

Experimentally, it is more corwenient to determine the heat 

capacity at constant pressure (Cp)• The two heat capac­

ities can be related by 

(5) 

These equa tions indicate methods by which Cp or Cv may 

be determ�ned experimentally throughout reversible paths. 

The specific heat of a solid is composed of two parts, 

ge nerally. These are the cont ributions of energy in increas­

ing the anplitude and/or frequemy of oscillation of the 

atoms about an equilibrium site and of t he energy consumed 

by the out er valence electrons. They are called tre lattice 

contribution and the ele ctronic contribution, respectively. 

These contributions are assumed to be additive to give the 

expression 

,, 
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�p = Cp(lattice) + Cp(ele ctroni c ) .  (6) 

Theore t ical model s exi st to predic t these re spective con-

tri but i ons • 

The theore ti cal lattice contribut ion for pure met als 

i s  best exemplifi e d  by the Debye (15) funct ion 

(7) 

where Cv i s  the l attice c ontribution to speci fi c heat at a 

con stant volume , R i s  the gas law constant ,  and F(�) i s  

the De bye functi on, wi th 9 being the De bye temperature and 

T the absolute temperature .  Debye obtained this approximate 

expre s sion by considering the crystal as a continuous elastic 

solid, vibrat ing in 3N (N=number of atoms) di fferent vibra­

tional mode s .  The Debye temperature c an be  evaluated from 

table s  (44). The D�bye temperature i s  a cons tant for a gi ven 

meta l and can be determined experiment ally. Since the ex­

perimental determinati ons of specific heat are taken at 

cons tant pre s stire, it is nece ssary to use a relation s imilar 

to Equati on 5 (15). This leads to 

where v is the molar volume , � is the coefficient ot 

vo lume expansio n, and k i s  the i sothermal compres sibi lity. 



Due to a lack of these values as a function of temperature, 

it is necessary to make the substitution of Gruneisen1s 

constant <r=c:7� ), which is found experimentally to be 

rather independent of temperature. Making this substitution 

the expression now is 

8 

Cp { lattice ) = J R { 1 + r � ( 
T) 

T) F { 6 /T) , {9) 

where � {T) is the coefficient of volume expan sion expressed 

as a function of temperatu re. 

The electronic specific heat contribution has been 

given by Wilson {54) as 

_ 1r2nk I, � T 2 ]. Cv{electronic) - 2T0 �--ro-(�) - • • , 

{10) 

and by eliminating te rms above the second order the resulting 

expression is 

where 

Cv(electronic) = TI"2nk T r;__3lT2 (..!.)21 
I 

2T0 � 10 T0 _j 
7T2nk " is usually written as o , the electronic 

To 

( 11 )  

specific heat constant. In this equation, T0 is called the 

degeneracy temperatur e, n is the num ber of effective elec­

trons, and k is Boltzman1s constant. The dilation correc­

tion is usual ly assumed to be negligible. Thus, 



cv (electronic)� cp (electronic). 

determined from the v alue or 't 
particular value or n, 

The value of T 0 can be 

at low temperatures and a 

9 

The total theoretical specific heat can now be obtained 

by adding the lattice and electronic contributions, which 

gives the expression 

At tem pe r atures where T '-.< T0 the above expression reduces 

to 

(13) 

The v alue or )/ is obtained by making a plot or 

Cp/T versus T2 and extrapolating to T equals zero, the 

Cp/T intercept givin g the value or � • Dilation measure­

ments give the values of e . 
' 

II. THE EFFECT � COOPERA�IONAL PHENOMEN� ON SPECIFIC 

HEAT AND1KINETICS OF TRANSFORMATIONS 

•' 

The process or cooperation is in general the ability 

or units to join forces in opposition to disruptive intluen�a, 

like thermal agitation, and is greatly enhanced by any in­

crease in the existing degree or cooperation. Thus when the 

disruptive forces are not large the units establish a 
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cooperational s tate ( 37 ) .  

Cooperational phenomena cause "abnormal" behavior in 

propert ie s .  For example ,  change s in the degre e of coopera­

tion with t empe rature lead to heat  effects  whic h cause 

"abnorma l" spec ific he at behavior . That is , the specific  

heat has a cont ributi on in a ddi tion to lattice  and electronic 

cont ribut ions . This cont ributi on can b e  due to ferromagnet ­

i sm or order-di sorder tran sformati ons i n  me tal sy stems. 

Ferromagnet i sm 

Ferromagneti sm is the alignment of elec tron spin in 

atoms having unfi lled elec tron bands in a manner.that caus e s  

the magne tic  moment s o f  the electrons t o  b e  additi ve. The 

effec t  of thi s electron spin ali gnment is  to c ause  a magnetic 

behavior in the metal. The alignment is brought about by 

electro static interacti ons b e tween adjacent atoms  and i s  

rela ted to tempera ture . At low temperatures thi s alignment 

i s  favorable , where t he prob ability of a thermal fluctuation 

sufficient to upset the s tate i s  low. Howe ver , a s  the t em­

perature increa se s the dis ruptive  force s become greater and 

tend to de stroy the c ooperati on . At a c haracteri stic temper­

ature ( Curie  tempe rature ) the dis ruptive  force s  c ompletely 

de stroy the electron alignment and the m agnetic  effe ct as  so ­

ciate d with it . 

This ferromagnetic  effect int roduce s  an anomalous 
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behavior int o  the speci fi c  he ats of meta l s . The electro-

static  interacti on ene rgy, the e lec tronic energy, and the 

latti ce e ne rgy change with the spin sy st em and thus  on heat­

ing so does the specifi c heat . This ferromagnetic beha vi or 

can be studi ed  by analyzing specific heat data. 

The theori e s  propo sed  to explai n  the fe rromagnetic  

behavi or depend on the proper de scripti on of the atoms and 

the ir interacti ons . Thi s involve s an a nalysi s from solid 

state phy sic s whi ch is beyond the scope of  thi s thesi s and 

thus only the results of the propo sed theorie s wi ll be noted .  

The theo rie s are b as ed on a spin syst em and t he atoms con-

taine d in that syst em . 

Hei senberg (19) as sume d that the mo lecular interactions 

were independent of di s t anc e indi cating extremely long-range 

interac ti ons . That is , t he atoms  c lose together have the 

same inte ractions a s  atoms  far apart in magne t i c  materials. 

This s implified  model re sulted in the expre s sion 

3 snk Tc 
Hm = 2 ( s+l ) ' (14) 

where am i s  the energy of the magneti c ordering, n i s  t he  

number of magne tic  at om s ,  Tc i s  the Curi e temperature , k 

i s  the Bolt zman1s constant , and s i s  the spin per at om .  

The theoretic al entropy of mag neti c order i s  obtained  

from Boltzman1s ( 29) defi nition of  entropy appli ed to  a spin 
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syst em of n atoms, each of spin s,  giving 

� = nk ln (2s+l ) • (15) 

Now that approximate methods of the determination or 

the theoretical energy and entropy of the magne ti c trans­

formation exi st ,  it is necessary to apply a model as to the 

spin per atom and the number of at oms c ontained in  the spin 

system . 

Order-Disorder Transformations 

An order-disorder transformation is  where the rela ­

ti onship between solvent and solute atoms pass from a pre­

ferred atom arrangement to a random arrangement.  Plausible 

explanations for non-random behavi or of atoms in  alloys have 

been based on the i nteratomic  forces between like and unlike 

atoms by Bragg and Willi ams {5 ) ,  Bathe { 4 ) , Kirkwood ( 24 ) ,  

and Pe ierls ( 42 ) . Recent reviews of or der-disorder trans ­

forma tions have  appeared in Soli d State Physics, one in 1955 

by Muto and Takagi {35) and the second i n  1956 by Guttman 

(18). 

Solid solution alloys a� usua lly thought of as having 

atoms randomly locate d throughout the mat rixe However, if 

the int eraction energi es of li ke atoms are c ompared to unlike 

atoms the e nergi es ar e different and thus generate a tendency 

to r som e type non-random arrangement , or ordering. Due to 



1.3 
the thermal energy of t he  atoms , they have a t endency to move  

about. Since these  ene rgi e s  are tempera ture dependent , a 

charact eristic  degree of order is  expe cted at a specifi c  tem-

perature. 

Bragg and Williams (5) have  looked at the simple st  

case where the order is  considere d to be  "long-rangeo" If 

the l at t i ce i s  compo se d of A and B atoms which  are placed 

on 0( si te s  and � :-·sit e s ,  r espec tiv ely, Bragg and Wil ­

liams give a parameter S whi ch rela te s the degree of long­

range o rder by 

(16) 

where WB i s  the fraction of � s it e s  wrongly occupied by 

A atom s and FA is  the fraction of A atoms . When the 

atoms are randomly located, S equals  zero. However, when 

the alloy is perfec tly ordered no A atoms are wrongly 

located and S equal s 1. The effect of tempe rature was 

relate d  by the Bolt zman factor . Their detaile d s tudies were 

for stoichiometric ratio s such as AB and AB3. 

Bethe's ( 4 )  theory wa s to eliminate some of the weak­

ne sses  of the Bragg and Williams propo sal,  whi ch were macro­

scopic in natur e. Bethe made a mo re detailed  study of the 

interaction of for ce s  betwe en pa ir s  of at oms.  He further 

a s sumed tha t  the interaction energy between pair s or atoms 
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fell off rapi dly wi th di stance and thus he consi dere d  only 

nearest  neighbors as interacting. This interaction is  calle d 

"short -range" or der.  Chang (10) has ext ended Bathe 's work 

to next neare st  ne ighbors . Kirkwood ( 24 )  and Peierls' (42 ) 

c ontributi ons to the theory of order-dis order reacti ons have  

also  be en  extens ions of  Bathe's work . Bethe define s a 

short-range order param eter  01 by 

= 

q - <lz. 
(17) 

in order to have the same limit s as the p arameter, S, de-

fined by Bragg and Williams . The paramet er C) indicate s 

how on the average each atom is  surrounded  by unlike atoms. 

The quanti ty q equa l� �-s/Q, where Q is the number of 

pairs in the latti ce and QA-B wi ll be the number of pair s 

of A-B atom s .  Thus, qm is  the maximum q ·po s sible and 

qr i s  the value of q at random po sit ioning of atoms on 

the l attic e .  The two theorie s predi ct tha t the parameters 

of ordering will vary wi th temperature as shown in Figure 1. 

The Bragg and Wi lli ams tre atment pre di cts  that at a 

critical  temp erature comple te di sor der i s  obtained, whe re as 

Bathe's treatme nt indi cates  some small amount of order wi ll 

exi st at higher temperatures .  The se pa ramet ers indicate the 

po s s i ble effec t that may re sult i n  the specific  heat at a 

particul ar temperat ure. Bragg and Williams' long -range order 
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should have no e ffect on t he s p ecific heat above the critical 

temperature, but Bathe's short -range order would s ince it 

continue s to exi st to a alight degree above the criti c al tem­

perature. The theory of long-range order indicates  tha t at 

the c rit ical  temper atur e  there should be no tendency for 

ordering and thus a random soli d  soluti on should exist .  At 

low tempe rature s where the atom i c  arrangement i s  stable there 

shoul d b e  no anomalous behavior .  If the se ideas  are correct  

it should be  po s sible to extrapolate low tempera ture speci fic 

heat data such that it will coinci de wit h hi gh temperature 

spec i fi c  heat data. The short-range order theory indi c at e s  

that there i s  som e degree of  order remaining above the crit i­

cal t emperaturei which should prevent extrapolation of low 

t emperatur e data to  meet the high temperature data. Short� 

range or der ing is  usually favor ed for non-stoichi ometri c 

comp ounds. 

The above treatment s of order-di sorder transiti ons 

have been tor systems i n  an equilibrium s tate. The change 

from order to di sorder has b een accompanied  by an  e nergy ab­

sorption . However, in c ases  not under equilibrium condi ti ons, 

th e trans iti on may mani fe st a vari ed effect  on the specific 

he at cu rve . Such a co ndi ti on would be the variation of 

sp ecifi c  heat with temperature for a previously quenche d 

sample.  Quenching from above the crit i cal temperature would 

quench-in a di sordered state as oppo sed  to a stable, ordered 
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s ta te. Thus, upon hea ting there would be a tendency for 

ordering to  oc cur . Vacanci es would al s o  b e  available to con-

tribute to the rate at whi ch any ordering or di s ordering 

might o ccur. An evolution of ene rgy would be expected as the 

quenched-in di s order t akes on the equilibrium degree of order 

charac teri stic of a t empe rature. The speci fic hea t curve s  

for the que nched and non-quenched s tate s wi ll coincide only 

at t emp erature s where there is no atom exchange ( at low tem­

peratures ) and above the temperat ure at which the equilibrium 

degree  of order has be en e stabli shed. 

III .  THE SPE CIFI C HFAT OF NI CKEL 

Nicke 1, a tm nsi tion metal,  experi enc e s  a ferromag-

netic tra nsformation whic h i s  manifeste d  by heating to a 
temperature abov e its Curie temperature. Specifi c heat 

mea surement s show the character o f  such a transformati on • 

.. 
The or igin of the ferromagnetic effe ct i s  in the alignment 

of elec tron spin whi ch is  energeti cally favorable at temper-
. 

ature s below the Curi e point a s  a re sult of partially tilled 

"d" bands . Thi s alignment become s unfavorable at  higher 

temperature s .  

Models have been propo sed  t o  explai n theoreti cally the 

phe nomena a s sociated with the f erromagne ti c transformation . 

A te st for the s e  model s  is  the c omparison o f  experimentally 

determined magnetic  energy to the theoreti cally pre dicted 



value s .  The c reation of e lectron band mo dels  has taken up 

the ma jor portion of the theoretic al study of ferromagnetic 

transiti ons. 
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Model s have be en a dvoc ate d to de signate the spin sys­

tem that exi st s  in the nic ke l  atoms . Van Vleck ( 52 ) has 

propose d a mo del for ni ckel that appli e s  a single or zero 

3d  hole per ato m  of n=0. 6NP and a spi n, s1 of 1/2 . Both 

Mott a nd Jones ( 33 )  and Mott  and Stevens ( 34) have proposed  

that ni ckel should have two or  zero hole s per atom in the 3d 

l evel. A "clus ter approach" by Brown and Lut linger ( 8 ) con­

siders that only short-range  int eractions are c ontrolling. 

These mo del s  that expla in the spi n  sys tem can  be  used in 

c onjunc t ion with Equ ations 14 and 15 to pre di ct the theoreti­

cal energy and ent ropy, re specti vely, for the magnetic 

tran sformati on . Some va lue s of the quant itie s from the se  

theo rie s are reported i n  Table I. 

The specific he at of nickel is  compo se d of three com­

pone nts:  lattice, ele c troni c ,  and magne ti c contributions . 

By a s suming that the s e  contributions are addit ive , the total 

specifi c hea t  of nic kel ca n be found by dete rmining each of 

its component parts separa tely, and adding them . Present ly, 

there are models  to pre dic t the contri butions of the la ttice 

and elec tronic nature which show reasonable agre ement wi th 

experiment al specific heat s of me tals experienc ing no anoma­

lous behavior. Equation 121 which give s  the sum of the s e  



Source 
Calculated 

the ory, 

Calculated 
theory, 

Calculated 
theory ,  

Calculated  
the ory� 

TABLE I 

THEORETICAL VALUE S  OF ENERGY AND ENTROPY 
FOR THE MAGNETIC DISORDERING OF NI CKEL 
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Energy joulea/gm-atom Entropy Joules@i-atcm� 
on Hei senber� 
n=0. 6N0,  s= 1561 3.474 

on Hei senberg 
n=0. 3N0, s=l 1155 2. 729 

on clus ter 
n=0. 6N0, s=i 2252 3.474 

on cluster 
n=0 . 3N0 , s=l 1465 2. 729 



contributi ons , c om es from such a model . In order to make 

the se  c alculat ions , value s of )I, T0 , F( 8/T ) ,  r and 

� (T )  for nickel are required . From the defi nition of ¥ 
a va lue of T0 i s  obtai ne d .  The Gunei sen c onstant ( r) 
ha s  a value of 1.9 ( 2.5) . The v alues  of � ( T )  and 

� ( 390°KJ are determined  from table s� referenc es ( 21 )  and 

(44), re spectively . 

If the spec ific heat without the anomalous behavi or 

i s  determine d from the s e  cons tants and compared to specific 
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heat data determined experimentally� the energy and entropy 

of t he magne tic  transforma ti on can be obtained.  The differ-

enc e in the area under these two specific  heat curve s  i s  the 

energy of the magneti c transform at ion. The entropy i s  deter­

mined in a similar manner from plots  of Cp/T versu s T, 

The values  obta ine d permit a comparison to value s predicted 

according  to pa rticular model s ( Table I), whi ch indi ca te s  

the valid i ty of the mo del. 

I V. THE SPECIFIC HEAT OF NICKEL-20 WEIGHT 

PER CENT CHROMIUM ALLOY 

The sp ecific hea t  of a solid  solution alloy can be 

determi ned  approximate ly from the Kopp-Neumann rule ot 

( 18) 

where Cp is  the spe c ific heatp x is  t he weight per cent ,  
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and A and B denote the re specti ve com ponents of the alloy. 

Thi s rule only holds whe re the bonding energy or A-B can be 

neglected .  When thi s is  involved cooperati onal phenomena 

oc cur and an ordered state is  more stable. This tendency to 

order at va rious temper ature s c ause s  an anomalous effec t in 

the specific heat, whi ch may be considere d as the deviation 

of the �e c ifi c heat from the Kopp-Neumann rule, The deter­

mina ti on of t he specif i c  heats  or s olid solution  alloys ex­

peri enc ing the anomalous behavi or aida i n  spe cifying the type 

of  ord er a s soci ated with the anomaly, long-range or short-

rang e .  

Anomalous behavior in the specific  heat of s oli d 

soluti on ha s be en reported for a number of alloys ( 12, 31, 

1, 28, 30, 39), wi th l imite d data on ni ckel-chromium alloys 

(2, 51, 17 ) o  However ,  the explanati on of t he abnormality in 

the nic kel -chromium alloys ha s been c ompli cate d by unc ertain­

ti es in the ph ase diagram . 

Work by Williams (53), Taylor and Floyd (50), and 

St ein and Grant ( 47 ) , have  obtaine d agreement as to the 

solubi lity of chromium in nickel at temperatures above 500°C . ,  

where the so lub ili ty i s  greater than 30  atomic  per cent. 

Baer ( 3 )  repor ts a super structure of Ni2Cr between approxi­

mately 25 and 36 atomic p er c ent c hromium at t empera ture s 

below 500°C . wi th chromium being s oluble at lower composi tkns . 

The c ombinati on of the se re sult s insure s that the anomaly 
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appearing in the ni ckel-20 weight per cen t  chromium is  not 

attri buted  t o  pre cipit ation or a phase transrormation. In­

fo rmation of the lowering of the Curie temperature of nickel 

by the additi on of chromium has been reported by Hultgren 

and Land ( 20 ) . Their survey shows the compl ete di s appearance 

of the ferromagnetic anomaly in  alloys  of 11 atomi c pe r c ent 

and above; Chevenard ( 11 )  pla ce s this l imit at about 1 
atomic  per cent . 

The anomaly observe d in the nickel-20 weight per c ent 

alloy ha s  been a ttribute d to short-range order . Recent work 

con cern ing this anomaly ha s been re search by Taylor and Hin­

ton ( 51 )  us ing electrical re si stivity� spe ci fic heat , and 

x-ray me asurement; by Nordhe im and Grant (38) using electri ­

cal resi stivity measurement s ;  and by Kos ter and Rocholl ( 26 )  

using el ectrical resi stivity and Hall constant determinations . 

X-ray me asurements  are the only method of me asuri ng short­

range order directly� the other methods bei ng  indirect. 

However, due to the similari ty of the atomic  s cattering ot 

the nic kel and chromium, it  i s  difficult to  me asure the type 

and degre e of order . Taylor and Hinton ( 51 ) , making x-ray 

studie s of the ternary all oy Ni15Cr4Al, detected long-range 

order . Because of the similarity of the behavior in proper­

ties of thi s alloy to the binary Ni3Cr, they c oncluded that 

the anomalous behavi or i s  due to long-range order . However, 

Nor dheim and Grant (38) interpre te d the ir re sult s of · 



resis ti vity data to conclude that short-range order i s  

re spons ible for the anomaly. 

Taylor and Hint on (51 ) , Arledge ( 2 ) , Hultgren and 
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Land ( 20 ) ,  and Grover and Hut zenlaub ( 17 )  report the only 

known calorimeter data on ni ckel-chromi um solid  solut ions. 

However, Taylor and Hinton and Arledge ma de the only reliable 

sp eci fi c heat me asurements tor nickel-chromium alloys. 

Taylor and Hinton made determinations on the ni ckel-25 atomic 

per c ent all oy . They report informa ti on on thi s  alloy fol­

lowing thre e particular heat treatments. Figure 2 shows 

the ir sp eci fic  he at data. Curve ( a )  i s  for a sample quenched 

from 1150°C .  wher e di s order is trapped due to a lack or 

atomic mobility . Upon rehea ting, the atomic mobi l ity in­

crea sed  to a poi nt at whic h  a part of the di sorder quenched­

in re-ordered, giving off energy and thus causing a decrease  

i n  the s pe ci fic hea t curve. An e quilibrium degree or order 

�obtain ed and upon further he ating disordering occurred. 

Curve s ( b )  and ( c ) show the e ffe ct  or sl ow cooling. The 

specimen t hat was more rapi dly cooled showed le s s  or an 

anomaly due to a le s s  degree or order pri or to reheat ing. 

Under all conditions the anoma ly was ob served to  be at ap­

proximately 550°C . The curve s a lso show a tendency to co­

incide at  high tempera ture s where the same equilibrium degree 

or order may b e  obtained. 

Arledge made more det aile d  studi es  of the alloys 
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5, 10, and 20 weight per c ent  chromium . The 5 we ight per 

cent alloy did not show an anomaly while the 10 and 20 weight 

per c ent alloys did. A decre ase in magnitude o f  the anomaly 

i s  shown for the 10 pe r cent alloy . The app earance of t he 

anomaly is  at e s s enti ally the same temperature as that ob­

serve d· by Taylor and Hinton (51 ) in all ca se s . This support s 

the short-range order explanation. If long-range order were 

the c ase ,  the anomaly would appe ar at lower  temperature s tor 

lower c omp o s itions . A lack of extrapolati on o f  the low tem­

perature curve to meet the curv e at temperature s above the 

anomaly als o support s s hort-range order. Theory predict s  

that if long-range order i s  present then complete di sorder 

i s  obtain ed at the cri tical temperatur e .  I n  thi s case, ex­

trapolati on of low temperature specifi c heat data should 

co inci de with data abo ve the cri tical temperature. 

Anot he r  argument indi cating short-range order i s  the 

low magnitude of the energy of di sordering. It i s  the dif­

ferenc e in the bonding energies of short-range order a s  c om­

pare d to long-range order that causes thi s. The energy of 

dis ordering is determined experime nt ally by the difference 

in area under the experimenta l specifi c  he at curve and a 

curve representing only latti ce  and ele ctronic contributions 

( i . e . , Kopp-Neumann curve ) . In alloys showing long-range 

order and for Which the energy ha s been determined (48, 49 ) ,  

the energy i s  about 5 time s greater than that for the 
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nickel-chromium a lloy s . 



CHAPTER III  

THE NEW DYNAMI C ADIABATIC CALORIMETER 

AND ITS OPERATION 

The opera tion o f  physi cal systems at elevated tempera­

tures  ha s alw ays pre s ented  an experiment al probl em to the 

inve st iga tor . This proje ct ,  likewi se, experi ence s such dif­

ficulty . The c onstruc tion and operati on of a c alorime ter 

from which thermodynamic quantities  c an be o btaine d  suffers 

significantly from radiative heat transfer problems at high 

temperature s. The dynamic adiabatic calorimet er ha s be en 

incorporated  at The University of Tenne s see  due to the ad­

vantage s in eliminating the radiative heat transfer problems  

to  an extent that data c an be  obt ained o ver a wide  range  of  

te mpe ratures . There are o ther advantage s a s soc iate d with 

this  type calorimeter such as the reproduc i bility of data,  

the small c orre cti ons that have to be applied and the wide 

ran� of c onditi ons under which data can be o btained. Thi s 

inve stigati on was concerned wit h the mea surement of specific 

heats  from the calorimeter . The spe ci fic heat is u sually the 

quant i ty obtaine d from a dynamic adiabati c calorimeter . Thi s 

quan ti ty can then be us ed  to relate other thermodynamic quan­

t itie s .  

27 



I .  GENERAL CONSTRUCTIONAL AND OPERATIONAL SCHEME 
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The dynami c adi abatic calorimeters that have been used 

at The Univer si ty of Tenne ssee have been continuously im­

proved s ince the program was initiated in 1950. Prior to 

this investigation, the calorimeter was essenti ally that 

del!lcribed by Stansbury et ll• (45 )  and Nauman ( 36 ) .  The 

oper ational scheme has remained basi cally the same . 

The calorimeter consists of an adi abatic surrounding 

.into·whlch a highly po1il!lhed spe cimen i s  suspended .  The 

spe cimen is heated wi th dire ct current power ;  the tempera­

ture of the I!IUrrounding shie lds is force d to follow the 

temperature of the l!lpe cimen to wi thin �0 . 05°C . by tempera ­

ture monitoring a t  a point on  tne spe cimen and a t  a point 

on each shield with p1atinum:platinum-13 we ight per cant 

rhodium thermoc ouples welded directly to th ese points . The 

thermal emfs are compared us ing a modified  Dauphinee ( 14 )  

circuit as described by Stansbury , Nauman, and Brooks (46 ) . 

The differences in emfs are amplifie d and the re sulting 

potentials are caused to acti va te contro 1 sy stems whi ch 

supply power to the heaters on the various shi el ds .  The 

sys tem approa ches an adi abatic conditi on during the  proc ess 

of hea ting the sample . The sys tem is evacua ted to a pres­

sure  of lo-4-lo-5 Torr in order to el iminate conve cti onal 

he at transfer and oxi dati on .  The time nec essary to  



raise  the t empera ture of the spe cimen a pres et amount i s  

mea sured.  By mea suring the power to the s ample heater and 
, 

the we ig ht of  the s ample, the average sp ec ific heat i s  c al­

culate d .  A c orrection for the we ight of  t he heat er i s  

usually unne ces sary if the heat er weight i s  small in com­

pari son to that of the sample . A technique devi s ed by 
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Pawel (40) i s  used for correcting for non-adi abatic  condi­

ti ons . A schematic  diagram of the calorime ter prior to thi s 

inve stigation i s  shown in Figure 3 .  The new calorimeter was 

obtained from a simi lar system by employing numerous modifi-

�ati ons as dis cus sed  later .  

II . THE NEW CALORIMETER 

The c onstruction of a new calorimet er ha s been under-

taken to make improvements primarily in connect ion with the 

adiabatic  surrounding s and in increa sing the range of temper-

ature withi n which spe cific heat data can be  taken, while 

sti ll ma intaining a high degree of reproduc i bility. Pre -

vious ly, the problems encountered at elevated temperature s 

( 7ooo -Booo�) have be en the lack of  s ensiti vity of response 

of  the surrounding s as conditions deviate from a di abatic  be­

havi or . This pr events the maintaining of adi abatic  conditions 

and t hus it is impo ssi ble to make applicable correct ions. 

Low r eproduc ibi lity is attained s ince the condi tions c hange 

between runs. The problem has b een attribut ed to the mas si ve 
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surrounding s and the heat transfer characteris tics  of the se  

surroundings. The major improvements  have  been  c oncerned 

wit h  thi s pro blem, even t hough ot her improv ement s have b een 

ma de such as the use of new controlling e quipment and change s  

in the thermocouple cir cuit. 

The new calorime ter and its c ontrol panel are shown 

in Figure 4 .  The pic ture denote s the re spective parts of 

the c ont rol panel . The actual calorime ter i s  shown in the 

lo wer le ft-hand cornere 

Adiabatic  Surroundings 

The adiabatic system i s  c omposed  as shown in Figure 5. 

A 39-inch long inconel cylinder is  suspended from the top and 

make s up one of t he insulating shields. The incone l  tube has 

mounted on its outs ide perimeter a hea ter so a s  to maintain 

a tempera tur e wi thin a desi red range of t hat of the spec imen. 

Thi s allow s ta ster re sponse of t he imme diate sample surround­

ings . The inc onel cylinder is  t hen surrounded by an insulat­

ing shie ld which ai ds in the prevent io n  of heat  los ses from 

the calorimeter. The insula tion i s  a fibrous pota s sium 

titanate mat erial mark eted by Dupont under the trade name 

•Tipersul." The new i nsulati on was us ed because of its  low 

the rmal conductivity and its  usefulne s s  at high t emperatures. 

A water-co oled  j acke t i s  mounted beyond this insulation to 

pr event heating of the ro om. Thus far� except for the 
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insulat ing s hield, the c alorimet er i s  as  prev iously con­

structed and repo rte d by Stansbury !i al. ( 45 ) .  
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The s p ec imen and its  imme di ate surroundings are lowered 

from the top into the 3 .50-inch inside di ameter inconel tube . 

Support i s  at the top � as  are all elec tri cal and thermocouple 

connecti ons . A 2-inch diameter cylinder of 0 . 010-inch thick 

nickel  sheet and two circular di sks of pl atinum at each end 

of the ni ckel cylinder serve as the immediate surroundings . 

The s e  nickel and pl ati num shields are of very low mas s ,  which 

allows rapid re sponse to heat impulse s .  The incone l  tube 

beyond the imme di ate s ample surroundings i s  of a large mas s ;  

thus its  temper atur e i s  not affected rapidly by impulses  of 

pow er . The combinati on of the low ma s s  shields and the sur­

rounding high ma s s  shi eld operate together t o  gi ve better 

adiabat ic  cont rol than either shielding method would give 

separat ely . By thi s conc entric shielding the advantage s or 

both me tho ds  can be  o btaine d.  

Heater s of  nichrome wi re are mounted  b ehind the se  

shi elds to serve as the ir sourc e of energy . The interior to 

the inc onel tube i s  made up of two suspensi on s ,  one fitting 

within  the other . Figure 6 shows these su spensions . Suspen­

si on A co ntains the specimen and top platinum shield, while 

Suspen sion B co ntains the nicke l  cylinder and bottom platinum 

shi eld . All power leads and thermocouple s are  carrie d to the 

top through high purity Al203 ceramic and inconel tube s ;  
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these latter tube s als o serve a s  support . Figure 7 show s  a 

top view of the  calorimeter wi th the sus pension unit in place ; 

all electri cal connection s  and the method of su spension can 

be not ed . 

Power Measuring Circui t 

There have been no changes  in the power mea suring cir­

cuit . The spe cimen is c onti nuous ly he ated at approximate ly 

a con sta nt he ating rate . Power leads from a dir ect current 

source  are carri e d  down the internal c alorimeter suspension 

where they are attached to the spe cimen heater . The spe cimen 

heater is c ompletely enclosed so that the heater leads are . 

allowed to achieve thermal equilibrium which prevent s 

thermal l eakage along the heat er l ead s .  A small nic hrome 

he at er i s  encl o sed in a quartz tube and in serted from the 

bot tom of the sample wher e power leads that  pa s s  through the 

sp ecimen are atta che d .  The l eads are large wi th l ow re­

s i s tance and by pas sing through the sample they re ach 

thermal e quilibrium which  makes the heat los se s along the 

leads very small . The design of thi s  he at er i s  di scussed in 

more detail by Brooks ( 6 ) .  The current is mea sured by ob­

t aining the voltage drop acros s a standard 1-ohm re s i stor 

located  in  seri e s  wi th the he ater . The voltage drop acro s s  

the sp ecimen heater i s  obtained by use of voltage t aps placed  

jus t abov e the surface o f  the s ample. The value s of voltage 



Figure 7 .  Top Vi ew or Calorimeter Showing All Ele ctrical Connections . 
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and current can be  r ead  directly by  us e of a pot entiometer . 

A suppres sor and multiple point recorder are us ed  to con­

ti nuou sly monitor these v alues. Due to l imit ations of the 

ra nge of t he potentiome ter, it is  nece s sary to pas s  the 

voltage acro s s  a volt age div ider that reduce s the voltage to 

values that can be rea d by the potenti ome ter . A reduction of 

10 per cent is nonnally used. From the potent i ome ter reading s 

and by making use of the s uppre s sor it i s  po s sibl e  to recor d 

the vol ta ge to the thir d dec imal place and the current to the 

fo urth decimal pla c e .  The pro duct o f  the voltage and current 

gi ve s  the power fe d to t he calorimeter specimen. A small 

correction fa ctor is a pplied  due to the vo ltage di vi der re­

duction and s tandard re s i s tor as de scribed by Brook s ( 6 ) . 

Thermocouple Circuits  

All thermocouple c ircuit s ,  both those  used  in  direct 

mea surem ent and as  dif ferential thermoc ouple s ,  are platinum: 

platinum-13 weight per cent rhodium. This type thermocouple 

is used due to t he high accuracy which is re ta ined ev en to 

temperatures as high a s  l000°C . I t  is  we ll known that such 

the rmocouple s ge nerate only small emfs , thus re quiring a 

sensitive method of mea sure ment . A potentiometer designed 

by Dauphine e i s  used which enable s the a ccurate measurement 

ot emfs to +0 . 1  microvolt , corre sponding to a temperature 

equi va lent of +O . Ol°C . The a ccurate emf mea surement i s  



ne eded t o  in sur e a spe cific temperature interval in taking 

data . 

The c alorimeter the rmocouple system i s  compo se d of 
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six t he rmoc oup le s ,  placed as temperature s ensing devi ce s .  

Four of the se thermocouple s are attache d t o  the four shields 

surrounding t he  specimen and the other two are att ached to 

the sp ecimen . Of the two specimen thermocouples� one is used 

a s  the temperat ur e  sen s ing device  for the control circuit 

whi l e  the oth er is  use d  for dire ct temper ature mea suremen t 

during operati on . Th e thermocouple s running from � �  G2, 
G3 ,  cylinder, an d specimen {Figure 8 )  are c ontained  in 

ceramic and quart z tubing while i ns i de the calorimeter to  

pre vent both con tamination from vapori zing met al s or other 

source s and the o ccurrence of short circui ts . From the 

c al orime ter , they pas s  to an ice-water reference  junction 

where the platinum: platinum-13 weight per cent  rhodium wires 

are joine d  to copper leads which pa ss  to a thermal-free 

swi tching s tati on . The switching sta tion i s  c onstructed  such 

that all temp eratur es can be read dire ctly o Thermal emfs 

can be picked up by tes ting emf value s between the specimen 

platinums and spec imen rho diums . Part of the se  thermocouple 

wire s then pa s s  out of t he switching s tation to the control 

c ircuit ,  which i s  di scus sed  in the following se ction , 
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Control Circuit 

It is th e contro lling method that make s pos sible the 

opera t ion of a dynami c  adiabatic  calorime ter. As  the name 

implie s ,  th e system must  be so constructed that adiabatic  

conditions  exi st conti nuously a s  the t emperature of  the 

s ample change s. 

The thermocouples  from each s hi eld and from the 

specimen pas s  into a comparator circuit as desi gned and 

built by  Nauman ( 36 ) and dis cussed  by Stansbury, Nauman, 
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and Brooks ( 46 ) . The comparator is  compo sed of  low leakage 

capacitors  which s tore thermocouple emfs . A chopper exi sts  

that allow s  two thermocouple s '  emfs to be alternately s tore d  

in suc h  a manner that the ir di fference can b e  compared .  

Thi s allows c ompari son of t �  thermocouple s w1 thout direc t  

contact between the thermoc ouple s .  Th e c omparator circui t 

made it po s si ble to compare thermo couple s at different 

ground pote ntials . Further i t  prevented current le akage 

from the spe cimen from creating false  emfs in the thermo­

couple s .  There are four separate comparator uni t s  in the 

control sy s t em, one for each shi eld.  The emf in th e thermo­

c ouple ' from the re spective  shi eld is compared to the emf of 

the spec imen thermocouple . Thi s  c omparing sy stem the n act s  

as  a differ ential thermocouple . The emf di fference , if  any 

exi st s ,  i s  fe d to a di re ct current mi crovolt-amplifier,  which 

sends the amplified difference  to  a Speedomax recor der .  When 
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the re spe c tive  shield is at s ome temperature othe r than the 

spe cimen te mperature , the recorder see s thi s difference and 

operate s  a Leeds and Northrup three-acti on, conti nuous acti on 

type ( C . A . T . ) control unit . Thi s la tte r  ins trument conta ins 

a cont rol setting devic e which  s ignals the he ater power source 

as  the mea sure d vari able t emperature difference deviate s !rom 

control  poi nt s etting . The heater power source  i s  a Labac 

which send s  a cont i nuous voltage acro s s  the r e spective heater 

ranging from zero to the maximum output avai lable . The 

C oA . T .  current output range s from zero to 5 milliamperes . 

The Labac re ceive s thi s current which acti vates  two soli d 

state diodes to  contro l the rel ative voltage output to the 

respecti ve hea ters . 



CHAPTER IV 

OPERATI ONAL DETAILS OF THIS INVESTIGATION 

I o CALORIMETER TECHNIQUE 

The experimenta l procedure of obtai ning re sult s i s  

carrie d  out as fo llow s .  The technique is to obtain an aver­

age of the spe ci fic heat over a small temper ature interval, 

instead of an instantaneous value for a re spe ctive tempera­

ture .  However, the a ctual procedure involve s problems tnat 

can be appreci ate d only by one who ha s carrie d out work re­

quiring the greatest degree of accuracy . 

The sp ecimen is fed a constant voltage , but due to 

vari ati ons in the heater r esi stance , the power that the 

spec imen re ceive s varies slightly. The averag� power and 

time nece s sary to rai se the temperature some pre-specifi ed 

interval is noted. Thi s interval is usually e ither 100 or 

20°C . ,  depending on the expected varia ti on of the spe cifi c 

heat within that temperature int erval and the heat ing rate .  

Clo cks are us ed to record the t ime to  heat over the tempera­

ture interval . The emf corre sponding to a temperature i s  set 

on the thermofre e potenti ome ter and as the sample obtains the 

temp erature ,  as not ed by a null-point detector which is con­

ne cted in conjunct ion with the potent iometer, the clocks are 

swi tche d such that one s tops and simultaneous ly another 
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begins o The next temperature is set on the pot enti ometer and 

the proce dure repeated .  Thus , the clocks report the t ime 

nece s sary to heat through the sp eci fic int erval . 

Wi th the time nece s sary to heat through a sp eci fi c 

temperature interval and the a verage v alue s o f  the voltage 

and current , it i s  po s sible to o btain  an average value of the 

specifi c heat a s  giv en by 

( 19 )  

In the above e quation for the a verage spe cifi c  heat , E and 

r are the average voltage and current fed to the spec imen 

over the tempe rature interval A T, A t  is time requi red to 

pa s s  through thi s interval , w i s  the combined weight of the 

spe cimen and its he ater, and f is a factor whi ch correct s  

for errors in E and I , a s  di s cus sed later o The value s 

are re corded in unit s such that the average or apparent spe­

ci fic he at ha s units of joules/gm . -°C o 

The value of the s pec ifi c he at obtained by the above 

equati on will be t he true specifi c heat only provided that 

adia batic c onditi ons exi st and that all power fed to the 

spe cimen i s  re corded by the vo ltage end current measurement s �  

Ext ensi v e  s tudie s have been made by both Pawe l ( 40 )  and 

Bro oks ( 6 )  to characteri ze all s ources of error and, in ca se s  

where the se errors are s ignif i cant , provide a means of 



corre c tio no This is di scus sed in more detail later . 

II . SPECIFIC HEAT CORRECTIONS AND ERROR ANALYSIS 
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The value of t he s peci fic heat obta ined by Equation 19 

will be the true speci fic heat only if there are no correc­

ti ons t o  be applie d. Howev er �  the re are three corrections 

that must be applie d to obtain the true speci fi c heat. One 

of these� the f a ctor f� is already incorporated into 

Equati on 1 9 o  The other two corre ctions are for lack of main­

taining truly adiabatic conditi ons and the fa ct that not all 

the power fed to the sample is consumed in he ating it o All 

other sources of error have b e en shown to be negligible by 

Pawel ( 40 )  and Brooks ( 6 ) . 

The pr evi ous dis cus sion of the specimen power c i rcuit 

should re adily indi cate corrections nece s sary there o The 

factor f corrects the r ecorded voltage and current due to 

errors inherent in the specimen power ci rcuit and the way the 

voltage and current ar e me asured .  This facto r include s the 

effect due to the st andard resi stor not having a re si stance 

of exactly 1 ohm and the voltage divi der not di vi ding 

exactly by 10 . 

It is nece s sary to apply a correcti on for the heat re ­

quir ed to he at the sp ecimen he ater ov er the same tempera ture 

range that the specimen i s  heated. Pawel ( 20 )  ha s obtained 

a rel ati on that expre sse s  the hea t nece s sary to he at the 



heater and i t s  c omponent s ov er any tempera ture  range . ·  Fran 

thi s  a corre ction can be appli ed readily to correct for tbe 

he at er as gi v en b y 
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( 20 )  

where �Ps i s  the aver age specifi c heat of the spe cimen, 

�p i s  the total average specific he at ( from Equation 19 ) 9  

wH i s  the wei ght of the heat er and Ws i s  the weight of the 

spec imen .  Thi s equati on i s  derived from a he at balance during 

some time interval Ll t .  Pawel estima ted a re lati onship 

between the chang e in temperature of the s pecimen a s  related 

to a change i n  the temperature of the heater , which was shown 

by Brooks ( re ported in Referenc e ( 36 ) ) t o  be applic able .  The 

small change in the s pecific heat of the  heat er and i ts c om-

ponent s with temperatur e al lowed the use of a constant v alue 

for i t s  spe cific heat . Thi s value was 0 . 858 joule s/gm . -00 .  

In c a s e s where WHfw8 i s  les s than 0 . 01 the c orrec� 

tion is u sually l e s s  than 0 . 1 per cent and c an  be  neglected .  

This cri teri on was u sed  a s  the basi s a s  to whe ther a correc -

ti on for the he at er wa s  to be appli ed. 

A correct ion, known a s  a "drift c orrection, " was nec e s -

s ary for the deviat ion from adiabatic c ondit ion s .  The name 

of the correction i s  derived  from the method by which it i s  

determine d. The drift i s  mea sure d by remo ving the power fed 
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to the s ample and allowing the s ys tem to come to s teady state 

conditions . The stea dy state drift in  t emper ature of the 

s ample i s  note d .  This heat los s i s  the n appli ed a s  a correc­

tion, when taking data at thi s same t emperature . 

The lo cati on of the various thermocouple s i s  very 

crit i c al a s  to what thi s correction i s .  Sinc e the se thermo-

couples  are the controlling metho d for the adiabati c  condi ­

tions , only the regions in the immedi ate vi cini ty of the 

thermoc ouple s  are at the same t emperatur e a s  the specimen . 

It is expec ted that v ari ous temper atur e gradient s will be set 

up along the various shi elds , depending on the heat transfer 

of the sys tem .  The use of the thin nic ke l  shield was an at-

tempt to decrease the se gradi ents . The temperature gradian� 

on the shields act to ei ther add or  remove heat from the 

sample by radi ati on . The sys t em under use and study experi ­

enc ed  a los s  in heat from the s ample at all time s .  

There is some concern as to whether the drift correc -

tion i s  val id  under dynamic operati on . The gra dient s  under 

dynamic operation have been a s sumed to be the same as those 

under st at i c  operatio n .  Pawe l ( 40) ha s appli ed the drift 

co rrection to  data taken under dynami c operations by the 

equation 

c 
p 

- �p R ( T )  
1---�---

k 

( 21 )  



where cp i s  the "true " sp ecifi c heat , 

or average spe cific he at ( Equati on 20 ) ,  
ra te and k i s  the energy imput rate . 

C i s  the apparent p 
R ( T )  i s  the drift 
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There i s  suffi cient basi s to allow the a s sumpti on that 

static drift and dynami c dri ft are the same for temperature s 

below 600°C . However, abov e 600°C .  thi s corre cti on ha s not 

always be en found to be appli c able . If spe ci fi c heat data 

c ould be taken with an infinit e  heat ing rate there would be 

no dri ft corre ction, s ince under that co ndition there would 

be no time for drift to oc cur .  An indirect me thod can be 

taken to obtain the spec ifi c  heat under an infinite heating 

rate . Specific heat data are taken for at le ast three vari-

ous energy imput rate s .  The s e  runs must  be taken under con-

stant calorimet er vari able s ,  except for the heating rate o 

It i s  then po ssible to c onstruc t plots of Cp ver sus Cp/k 
for vari ou s t emperatures ,  where k i s  t he energy imput rat e . 

A set of cur.ve s  is obtained, one curve for each tempera ture . 

An extrapola tion of eac h of these curve s t o  where Cp/k 
equa l s  zero give s  the t rue specific heat at that tempera­

tur e ,  as would ha ve b een ob tained  if the he at ing rate ha d 

be en infinit e .  In thi s  inve sti gation above 600°C . �  Equati on 

21 wa s not applicable and the above method had to be appli ed .  

The specifi c heat data determined in thi s manner agre e with 

the value s  obtained from Equa tion 21 for temperature s below 

600°C . Appendix A cont ains a more detai le d  di scus sion of 
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this me t ho d. 

Other sou rces of error exi st ed but they were not sig­

nific ant enough to re quire a correcti on si nce their magni­

tude wa s well wi thin the reproduc ibility of data . The se 

po ssible errors include suc h  things a s  accuracy of the 

pot entiometer measurement s of voltage , current , e nd tem­

perature , measureme nt of t he  sample weight , and measure­

ment of the time intervals .  Brooks ( 6 ) ha s ma de an 

. extensi ve study of t he se source s  of error an d  ha s found them 

to be well within the reproducibi lity of t he experimental 

data of +0 .5 per cent . 

III . SOURCES OF OPERATIONAL DIFFICULTY 

Calorimeter operati on di d not cause any diffi culty 

unti l the la ter stage s of the i nve stiga ti on . A problem arose 

as a result of continued opera ti on at high temperature s (7� 

800°C . ) .  The method of corre cti on of data in th i s  t empera­

ture range re quire d c onstant c alorimeter vari able s ,  i . e . ,  th:l 

same drift conditions . This wa s found not to exi st .  The 

drift c orrec tion was changing b etween and during runs ,  which 

prevented the correcti on of data . The problem was related 

to c hange s in  the t hermocouple s '  emf charac teristi c s ,  which 

re sulted in c ontinually changing tempera ture gradi ent s in the 

surroundings .  The c ause of su ch change s in the emf charactel"­

isti cs had to be a result of thermocouple c ont amination, 
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either exi sting on or wi thin t� ir surfa ce . 

Communica tion w1 th McElroy ( 32 )  of t he Oak Ridge 

Nati onal Laboratory indi cate d that he had previously had 

simi lar thermocouple problems . He was c onc erned wi th the� 

conduct! vi ty measurement s  of inconel at high temperatures 

( l000°C . ) .  Platinum : platinum-13 weight per cent rhodium 

thermocouple s ,  enclos e d  in high puri ty aluminum oxide cerami� 

were  used to re cord tempera ture s .  He believed tha t the 

chromium was vapori zing from the inconel and depo siting on 

the av ailable aluminum oxide , causing a reaction that al lowed 

alumi num to c ontaminate the t � rmocouple s .  Thi s was based 

on chemi cal analy si s  of the thermocouples  whi ch showed as 

high a s  0 . 4  per cent aluminum 1 n thermocouples wb:i  ch had 

errors as high a s  90°C .  at l000°C . in t tE ir  calibration . The 

probl em of thermocouple contamination enc ountered in the 

pre sent investigation was attributed to the same phenomena . 

Thi s was c onfirmed to some e xtent by comparing the v ari ous 

thermocouple s to each other .  They were found not to agree 

in emf reading s .  

A method which would el iminate or reduce the exi sting 

problem was considered. An attempt was made to comple tely 

enclose tho se thermocouple s being. contaminated by placing 

them in a protect ive tube and making el ec trical connections 

to the  shi elds by the use of pure plati num whi ch surrounded 

the th ermocouple s ' effective junction .  Improvement s 



re sult ed t o  allow the completion of t hi s  the si s . A pro je ct 

is being undertaken at the present to repl ace the i nc onel, 

which wa s initiating the pro blem, with ni ckel . 
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CHAPTER V 

ANALYSIS OF SAMPLES USED IN TEE 

PRESENT INVESTIGATION 

Thi s inv e stigation wa s involve d wi th the study of the 

specific heat of four c alorimet er sample s , which were samples 

used pr eviou sly at The Unive rsity of Tenne ssee . It might be 

of same value to giv e  a bri ef his tory of the sample s used .  

A s  already ment i oned, there we re two copper sample s 

employed having di fferent weight s and si zes , The smaller 

sample ' s  wei ght ( inc luding heater ) is 172 . 794 grams and it 

has out side dimensions of 2 . 125 inches long and 0 . 875 inch 

in diamet er. This sample was cast by Pawel ( 40 )  but he makes 

no menti on of the me lting proce dure , It s s pecifi c  heat has 

been determined  by Pawel { 40 )  and Brooks { 6 ) . The larger 

copper s ample was produced by Brooks . It s weight { inc luding 

heater ) i s  368 . 778 grams and it ha s out side dimensions of 

3 .00 inches long and 1 . 125 inche s in diameter . The s ample 

was produce d by melting high-purity electrolyti c  copper in a 

high purity graphite crucible .  The size o f  the crucible  was 

about 1-1/4 inche s inside diameter and about 8 inches deep 

with a cap at it s top . Molten copper was melted to a depth 

of about 5 inche s leaving a gap between the metal and the 

top whe re a re duc ing carbon monoxide-c arbon dioxide atmosJ:be:re 

was generate d from the crucible and oxygen , which prevented 
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oxidation of the melt . The molten metal was chill c ast  into 

a round copper mold giv ing an ingot from whi ch the sample was 

machine d .  Table II give s  the chemical ana lysis  of the s e  

c opper samp le s .  The tabl e shows a purity o f  greater than 

99 . 99 per cent for both s ample s .  The two copper sample s  were 

studie d  t o  denote  the effe c t  of sample si ze on the data  ob­

taine d .  

The nickel s ample employe d  was  al so tha t prepare d and 

us ed by Pawel (40 ) . This s ample wa s m achine d from a commer­

cial hi gh-puri ty plating electro de .  Its dime nsions are rather 

small and similar to tho s e  of t he  sm all c opper sample . It s 

wei ght ( including hea ter ) i s  182 . 59 grams , It has dimensions 

of 2 . 625 inche s l ong and 0 . 875 inch diameter . It s specific 

heat has been inve sti gated by Pawel (40 ) ,  Nauman ( 36 ) , Alig 

( 1 ) ,  and Arledge ( 2 ) .  The chemi cal c omposition i s  no t as 

high purity as that  of the coppe r s amples  ( Table II ) .  

The n ick el-chromium alloy s tudied was secure d from the 

Hoskins Manufacturing Company and i s  marketed  by them under 

the name or a Chromel A alloy . They indic ate d its  composi­

ti on to be  1 .5 per cent silicon, 20 per  c ent chromium, 

and the ba lance ni ckel . However, a qua li tative spectrographic 

analysi s gave a somewhat different result a s  reported in  

Table II . This analysi s  shows the pre sence of  a c onsiderable 

amount of mangane se , Micro scopic ally, there exi sted a 

s egregation-fre e matrix contai ning a v ery small amount of a 



TABLE I I  

ANALYSI S OF SPECIMENS 

Specimen Cu Hi C� .. _F'e�� _A_g 

Large 
Copper 

Smal l 
Copper 

Nickel 

Bal . 

Bal . 

O . OOX Bal . 

O . OOOX* O . OOX 

o . oox o . oox 

o . oox 

Ni-20�r o.x 79. 32 18 . 94 O.X 

Mn 

1 .5  

Co  Si Al 
El ements Che cked 

But Hot Found 

Si , B, Ni , Cd, In, Bi , Sb,  
As , P , Pb , Sn, Th, Ga, Ge , 
Al , Ti , Mg, Zr, Mn, Ni ,  
Cr, C o , Mo, V,W, Ca, Ba ,  
Na , sr . K, Li 

A s , Sb, C d, In, Ga, Th,  
Ge , P , Si ,Mg, Al , Ni ,  
Co, Cr,Mo , W , Ti , V,Mn, 
Na, Ca, K, Li , Ba , Sr,  
Pb, Sn, Zn, Bi 

O . OX O . OOX QOOl Mn, C r, Ti , Mg, W, V, Mg,  
Zn, Pb, Sn, Bi , As , Zr, 
Nb , Na , Ca , K, Li , Ba , Sr 

o .x o . x O . X  Zn, Cd, In, Bi , Sb, A s ,  
Sn, �l, Ga , Ge ,Mo , V,W,  
Mg, Ti , Zr , Ag 

*X means that the number here is rrom 1 to 9 weight per cent.  

¥! 



second pha s e  ( 2 ) ,  po s si bly due t o  the pre s e nc e  of other 

el ement s,  s ince 20 per c ent chromium i s  comple tely so luble 

in  nickel . The weight ( includi ng heater ) or the s ample i s  

259 . 308 grains and i t  ha s dimens ion s or 3 . 00 inche s long 

and 1 . 125 inche s diame ter . 

All the sample s had a s imila r heater mounted within 

the s pe cimen to serve as its source  of power . Brooks ( 6 )  

repor t s  the general de si gn of  such calorimeter specimens . 

ss 



CHAPTER VI 

PRESENTATI ON OF DATA A ND  RESULTS 

I .  THE SPECIFIC HEAT OF COPPER 

The study of the spe cifi c he at or copper has been 

carried  out by many inve stigators . It s  spec ifi c  heat has 

been inve sti ga ted  here a s  a means of insuring accuracy or the 

new c alorimeter .  Copper ' s specific  he at , a s  for all normal 

pure met als where no t ra nsi ti ons occur until  the melting 

point ,  is  c ompos ed  or only lattice and electronic contri bu· 

tions . The la ttice c ontri bution comes from the energy added  

t o  at oms in increasing the amplitude and/or fre quency or 
osci llation about an e quilibrium site . The electronic c on­

tri bution is the energy c onsumed  by the out er valence ele c­

trons . It i s  the degree of lattice  vibr ati on and v al enc e 

electron energy that giv e such a pure metal i t s  re spoctive 

tempe rature . Thus , it s sp eci fi c  heat will be co ncerne d with 

the energy absorbed  in inc rea sing the energy wi thin each of 

these component s .  

The sp eci fic heat can thus be dete rmine d  by the energy 

suppli ed  in  heating through some finite tempe rature range , 

Thi s approa ch, as de scri b ed ear lier, wa s use d  to measure the 

spe c i fic he at within t he temperature range from l00°C ,  to 

8oooc .  The data obtai ne d for t hi s  inve stigati on were 
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dete rm ined under a wide range o f  opera ting conditions avail­

abl e wi thin the limitati ons of the calorimeter and it s c or­

re sponding control system . Figure 9 shows the se data and 

those  o f  othe r inve stigators at thi s Univ ersity .  The circle s 

indi cate all the data poi nt s taken . The bla ck dot s indi cate  

the data p oi nt s  taken during one run . A variation of about 

t0 . 2  per cent from a smooth curve was always obta ined for a 

giv en run . Two samples  were use d wi th a large differenc e  in 

si ze . One of t he samp le s  weighed 368 grams and the other 

we ighed 173 grams . The G2 heater ( back-up he ater ) was held 

at  250 and 50 Akv . ' s  behind tha t of the remaining adi abatic  

sys tem. The lower the t emper atur e of the G2 heater was ,  a s  

compa red t o  the remainder of the adiabatic surrounding , the 

higher the dri ft rat e .  The increa sed drift rate c aused the 

applic ation of larger percentages  of the speci fic heat as  a 

co rre c ti on. The vari ation of the G2 thermoc ouple sett ing 

caused t he greatest  v aria tion of data between runs . Vari ous 

power imput ra te s ranging from 39 to 159 joule s/gm . -hr . were 

used .  The se power imput rate s correspond to heating r ate s 

of approximately 1 . 5° to 6 . 0°C . /min .  Under these  variables ,  

a v ariation of +0 . 7  per cent was  experience d i n  the specific 

heat data . Pawel (40 ) used t he  173-gram sample  and Brooks 

( 6 )  us ed both the 173-gram and 368-gram samples  to obtain the 

spe c ifi c heat data also  reported  in Figure 9 . Any difference 

tha t oc curs between one of the se inv e st i gators and t he pre sent 
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inve stigatio n mus t  be explaine d by the m etho d or ins trument s 

us ed in making thi s  inve stiga tion . 

The data of t he pre sent inve stigation indica te the 

same re sult s a s  obtained by Brooks ( 6 ) ;  Pawel 1 s  ( 40 ) data 

are a pproximately 1 per cent below tho se of Brooks .  An 

analysi s of the difference i n  the calorime ters us ed  by Brooks 

and Pawe l showe d that the difference in data c an be attri�d 

to the use o f  insulating tabs on parti cular thermocouples .  

Pawel , not uti lizing the comparator c ircui t ,  had t o  u se in­

sulating tabs whi ch cause a si gnificant difference  between 

the dri ft correcti on under dynamic  and s tatic operating con ­

ditions . The tab use d consisted  of a thermoc ouple junc ti on 

mount ed  in ceramic whic h was atta che d in the the rmocouple 

posit ion . This ha d the e ffect  or caus ing the effective 

t he rmocoup le junct ion to be approximately 1/16 inch  from the 

po siti on de sired .  It was  shown by Nauman ( 36 ) and Brooks ( 6 )  
tha t such a tab  did c ause  a temp era ture lag between the 

shi eld and the t hermocouple under dynamic c onditi ons which 

did not exi st under stat i c  conditions . The effe ct of the lag 

was to manifest an error in the drift corre ct io n  in a direc­

ti on such t hat the data would appear lowe r. 

The data above 600°C . for thi s inve stigation were 

correc ted by the extrapolation method as di scus sed earli er 

and Whi ch appears in more detail in  Appendix A .  

The data obtained by Pawel agre e well wit h  those 



obtai ned by other investi gator s such a s  the c ollati on of  

data by Kelley ( 23 ) and the University o f  California (44)  
and experiment al data from Syke s and Jone s ( 48 )  and Seekamp 

( 43 ) . These  data are c ompared in Figure 10 . 
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Both the data  obtai ned by Brooks and in this  inv e sti­

gation are approximately 1 per c ent above those of the other 

sour c es .  Due to the reproduc ibility of t he d a ta obtained  

here and the  explanati on offered by  Broo� concerning Pawel 1 s  

data it is  felt  that t he data obtained here are a true mea s -

ure of  t he  spec ific  he at o f  copper . The di s crepancy of other 

inve st igato rs with this work is prob ably a re sult of the type 

or sy stem and met ho d  of  inve stiga tion us e d .  

Figure 1 1  shows a c ompari son o f  a theore tic ally pre­

di cte d  cur ve to that of t he pre sent investiga t i on .  This 

th eore tical curve is b ased  on re cent v alue s of � ( 16 )  and 

� ( T )  � 21 )  and Equation 1 2 .  Analysi s shows that small 

error s in the values  for }} and � ( T )  have an appre ciable 

effe ct on the pr edicted  curve . The e xpe rimental data ob­

taine d  here agre e within 1 per c ent of the predicted curve 

ba sed  on the theoretic al data . The above compari son indicates 

close agreement to  the true value of the spe c ific heat of 

copp er . 

The s tudy of c oppe r  ha s be en of  tremendous importance 

in s erving a s  a t e st for the newly desi gned calorimet er . A s  

already report ed, the reproducibility of  t he data was 
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extreme ly good, c onsi dering the wi de ran� of variable s 

appli ed during operat ion .  T�e appearanc e of the dat a be ing 

high as c ompared t o  Pawel ha s be en attri buted to other cause s 

and not to the operati on o f  thi s  c alorimeter. 

The inc orporation of t b3 ne w  adi abatic surroundings 

and the use of better operative controlling equipment ha s 

aided in the a bi lity to operate at high temperature s whi le 

sti ll maintaini ng good a di abatic conditions . A s  a re sult , 

the sp e cifi c  heat curve for copper has be en extended to 800°C .  

with a reproducibility of +0 . 7  per cent . 

II . THE SPECIFIC HEAT OF NICKEL 

Nickel experi enc e s  a magne ti c tran sformation a s soci ­

ate d with a specifi c temperature . Experiment al inv e sti gations 

of thi s effect , as manifested in the spe cific heat curve , are 

of considerable intere st in propo s ing it s explanation . The 

experi ment al data obta ined he re between 100° and 800°C .  are 

shown in Figure 12 . The da ta were obt ai ned during thr ee runs 

with a range of he ating rate s from about 2 . 2° to 6 .4°C ./min . 

There was no notic eable effe ct of the heating r ate on the 

dat a as exemplified by the sma ll va riation of !0 . 2  per c ent 

from a smo oth curve . The data from 600° to 800°C .  were 

obtai ned from one run. 

The data of Pawel (40 ) and Ali g ( 1 ) are c ompared in 

the same figure . Their re spec ti ve data were obt ained on very 
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simi lar calorime ters under e s s enti ally the same condi ti ons . 

The differenc e in  the specifi c  he at curve s  experi enced here 

i s  of the same order a s  obtained for the copper data and . the 

same explanation applies . Kraus and Warncke ( 27 )  have ob­

taine d speci fic heat data of ni ckel for hi gh temperature s .  

Their data are wi thin ±0 .5 per cent at all temperatures 

studi ed to the data of thi s investiga ti on . Pre vi ously there 

have been cons i derable dis crepancies in the sp ecific he at 

curve in that re gion just beyond the Curi e temperature . 

Theore tically, there should not be any such tail after the 

Curie temperature a s  shown by the de ta, . but the spe cific heat 

should drop stra i ght down at the Curie tempera ture and the n  

hav e a steady ri s e  in the sp ecific he at wi th temperature at 

higher tempera ture s .  The tai l  i s  explained by the kineti c s  

o f  the di sordering . Heating a t  a cons tant rate pre vent s 

equi librium condi �ions from exi sting at any temperature . 

Thus , at the Curi e temperature and just be yond, the ali gnment 

of the elec tion spin has not completely broken up and is �ill 

giv ing a slight contributi on to the spe ci fic heat . It i s  

ne ces sary for t ime to pa s s  before the dis ordering re action 

comes  to completi on .  Once it doe s ,  the spe cific he at of 

nickel behaves in a manner normal fo r that of pure met als . 

The severi ty of this inherent problem i s  assoc i ate d wi th the 

calorimeter and the me tho d  of taking data .  Since the wi de 

vari ation in da ta in thi s  range i s  a problem o f  the rate at 



which the trans formati on take s place , the s lowe st pos si ble 

heating rate would be the mo s t  appropri ate . Rather slow 

66 

hea ting rate s  were u s ed he re to reduce thi s  effect . A small 

tai l  may exi s t if one look s  at the Curie temperature as the 

tempera ture at which the atom s obtain enough energy to di s ­

rupt the el ectron ali gnment . Then there remains a stati st! -

cal chance that a port ion of the atoms will retain the 

elec tron ali gnment . 

The specific he at data obtained  in the high tempera-

ture range are crit ical since they are t o  be used i n  fi nding 

the cons t ant s  of Equat ion 12 such tha t it be st fit s  the high 

temperature curve . Equation 12 i s  the spe cific he at of a 

metal with only latti ce and electronic contributions . The 

value s of '(/ and � ( T )  fo r ni ckel are very critical in 

determining the theoreti cal predicti on  of the spe cifi c  heat 

without the magnetic c ontri buti on. In det ermining the energy 

and entropy of the magnetic transformation , it i s  nece s sary 

that the experimental spe cifi c hea t curve and the theoretical 

specific heat curve 'Wt thout the magnetic trm sformation coin­

ci de at temperature s below where the magnetic effect con­

tribute s  to the spe cific he at and at temperatures abo ve where 

the magneti c  effec t has subsided . Thi s ne c e s sity re­

empha size s  the importance  of ha ving ac curate hi gh t emperature 

data, si nce the valu es of � and a ( T )  are cho sen to 

force the theoreti cal curve to coinci de at these high 



67 
temperature s .  There i s  little v ariation of the  specifi c heat 

with � and {3( T )  at low temperature s .  The v alue . of ;)> 
i s  the more critical of the se two values due to i ts wei ght 

in Equati on 12 and the pos sible error involved in i ts deter­

minati on. Its det ermination r equire s the u s e  of low temper­

ature spe c ific heat data, which are highly sub ject to error , 

and an extrapolation of a curve making use of the se low 

temperature data . The value s  of 0 ( T )  ( 21 ) used are ac­

cepted due to the accur acy wi th whi c h  they are determ�ned .  

There are two value s of � that have been cited 
3 I o 2 often. These va lues are 1 . 74x10- cal . gm . -atom K. ( 22 ) 

and 1 . 2$xlo·3 eal ./gm . -atom°K . 2 ( 9 ) . Their use in determin-

ing the theoretic al specific he at caus e s  at lea s t  a 3 . 0  per 

cent vari at ion at 77$°K. The value of 1 . 74xlo-3 cal ./gm . ­

atom'it.2 was used here si nc e i t  caus e s  agre ement o f  the 

spe c ifi c  heat curve wi th the pre sent data at temperature s  

abov e 775oK. and with the data o f  Busey and Giauque ( 9 )  below 

)00°K. . Figure 13 shows the compari son of thi s  theoreti cal 

curve from Equation 12 with that of the e xperimental curve , 

In the range between the data of Busey and Giauque and the 

pre sent investigati on there ha s been an extrapolation to j oin 

the data , The difference in  the area under the spe cific heat 

curve s constitute s  the energ� associated w1 th t �  magnetic 

tranafortlll ti on. Similar plot s  of Cp/T versus T were made 

to determine the entropy ( See Appendix B ) .  
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The i nte gration wa s carried  out mechanic ally by the 

us e of a planimeter. Table III re ports the value s of energy 

and entropy obtained here as well a s  tho se of other inv e sti ­

gators and the propose d  predi ctions of the theoretical model s .  

It i s  noted that the v alue s obta ined in thi s inve stigation 

are le s s  than that proposed  by any of the theoretical model s . 

However, due to the co nsi derabl e degre e of error that could 

po s sibly exi st in the experimental values  as a result of the 

us e of an improper value of � , the experimental value s 

ob taine d here are within the experimental error as socia ted 

with the value s of (f avai lable for us e .  

The experimental data tend to suppo rt the mo del based 

on Hei senberg ' s  ( 19 )  theory where n=0 . 3N0 and s=l . Thi s 

case c an ar i se only when it i s  a s sume d that the nicke l atoms 

have either zero or two holes in the 3d band giving a 

0 . 3  frac tion of a toms having two holes . A di fference of 17 

per cent exi st s between the se  the oreti cal values and the 

experimental value s .  This degree of error could ari se from 

a 3 per cent error in the theoretic al spe cific he at curve due 

to the v alue of (I used .  Pawel et al . ( 4l ) and Alig ( 1 )  used 

1 . 38xlo -3 cal . /grn. -atom °K . 2 for � and their experimental 

value s of the e nergy and entropy were within 0 . 3  per c ent of 

the the oretic al prediction . The same electroni c model of 

n=0 . 3N0 and s=l ha s been proposed by Mott and Jone s ( 33 )  

and Mott and Stevens ( 34 ) . 



TABLE III 

COMPARISON OF EXPERIMENTAL VALUES TO THEORETICAL VALUES OF 
ENERGY AND ENTROPY FOR MAGNETIC DISORDERING OF NICKEL 
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Energy Entropy 
Source .1oulea/sm-atom joule s@-atom9K 

Cal culated o n  Hei senberi 
the ory, n=0 . 6N0 , s= 1561 3 . 474 

Calcula ted on Hei senberg 
the ory , n=O . 3 N0 , s=l 1155 2 . 729 

Calculated on cluster theory 
n=O . 6N0 ,  s=i 2252 3 .474 

Calcul ated on cluster theory 
n=0 . 3N0, s=l 1465 2 . 729 

Pawel et  al . ( 41 ) ,  
experimental data 1193 2 .512 

Alig ( 1 ) ,  experimenta l d ata 1206 2 .421 

Pre sent inve sti ga ti on 954 1 . 967 



III . THE SPECIFIC HEAT OF NI CKEL-20 WEIGHT 

PER CENT CHROMIUM ALLOY 

An alloy of nickel -20 weight per cent chromium was 

shown by Taylor and Floyd ( 50 ) ,  Ste in an d Grant ( 47 ) ,  and 

Baer { 3 )  t o  be a soli d solution alloy . Hultgren and Land 

( 20 )  have shown that such a nickel -chromium alloy doe s  not 

show the exist ence of any magnetic transformations above  
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room t empe rature . The addi tion of the chromium to the nickel 

has the effec t of suppre ssing the Curie  temperature of thi s  
t 

alloy, if one exi st s .  If the a lloy i s  a s oli d so lut ion alloy 

and there i s  no magne tic effect t o  be conc erned  with, the 

spec ifi c  heat of the alloy will not s how any abnormal be-

havior,  unles s  there i s  some t yp e  ordering of the component 

atom s  to cause  an anomalous behavior . When the di ffe rence 

in a tom s iz e s  of the solve nt and solute  me tal and the di t-

terenc e in bonding energie s are co ns idered, it is  recogni z­

able  that some preferred type of ordering may be  stable at 

various temperature s .  Such an ordering would affe ct  the 

specif ic heat t o  show s ome type anomalous behavi or . 

The speci fi c  hea t of nickel -20 weight per cent chrom­

ium was determine d and such an anomaly wa s found to exi st . 

The data are reported in Figure 14. There exi s t s  a variation 

of �0 . 75 per c ent in the da ta ,  based  on the three curve s  ob­

taine d whi le u sing various  energy imput rate s .  There wa s no 
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consi stent effect of heating rate , which leads one to belie ve 

that the vari ation in data is due to other c auses , such as 

difference s in pri or thermal hi s t ory . However, the sample 

was slowly co oled from 650°C . pri or to e ach run . The 

chemic al analysi s shown i n  Table II indi cates that the 

sample i s  s omewhat contaminated by small amount s of copper, 

iro n, cobalt , si li con, aluminum, and approximately 1 . 5  per 

cent mangane s e . When a portion of the specimen was analyzed 

mic ro scopi cally ( 2 ) ,  a segr egati on-free matrix containing a 

very small amount o f  a second p hase wa s found. A s light dif­

ferenc e in the thermal history of a sample c ont aini ng a 

second pha se could cause variations in  s pecific heat between 

runs . He at effects can re sult from pr ecipitation or absorp­

tion of the s econd pha se on heating. Howe ver , such a heat 

effe ct would probably not appreciably affect the magnitude 

of t he specific heat . 

Arledge ( 2 )  determi ne d  the speci fic heat of thi s s ame 

alloy. He obta ined  a simi lar variati on in data , wi th hi s 

data being o .5  per cent lower than that of the pre sent inve s ­

ti gation .  It  was thought that the v ar ia tion might hav e been 

a result of the calorimeter, but it is now felt that the 

effe c t  was due to the spe cimen used. 

The spe cifi c  he at data can sti ll be us ed to ai d in the 

understanding of the ordering mechani sm t aking place within 

the alloy . Long-range and short-ra nge order are the types of 
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order usu ally as sociated with anomalie s in the specific heat 

of binary s oli d soluti on alloy s where the re i s  no magne tic 

contributi on t o  the spe ci fic heat . The nickel -chromium sys ­

tem ha s be en s tudied only s lightly in re spect to o rdering 

phenomena . 

Taylor and Hinton (51 ) have s tudi ed the alloy sys tem 

using ele ctri cal re si s ti vi ty, spec ifi c  heat , and x-ray 

mea surement s .  Nordhe im and Grant ( 38 }  have s tudie d the 

system usi ng electrical re si s tivi ty measurement s .  The x-ray 

mea sur ement s by Taylor and Hinton on a terni ary alloy indi ­

cated t o  them that the ordering in Ni3Cr was of the long­

range type . Nordheim and Grant int erpreted the ir  re si s tivity 

data to conclude that short-range order i s  re sponsible for 

the anomaly .  The spe cifi c  heat da ta obtai ned  by Taylor and 

Hinton are similar to those of thi s  inve s tigation . 

Various analogie s c an be  drawn from the specific he at 

data to g ive support to a particular type of ordering . The 

analogi es are drawn by comparing previous experiment al deter ­

minat ions of the effec t o f  long-range and s hort-range order 

on the specific heat . If short-range order i s  pre s ent the 

critic al temp erature of the anomaly should remain almo st con­

stant with varia tiona in the solute content . The c ritic al 

temperature should decrease proportionally to decrea se s  in 

the so lute content . Arledge ( 2 ) has found o nly small v aria­

tions in the critical temperature with chromium content in 
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the nick el -chromium system . The critical temperatures ob­

taine d  b y  Taylor and Hinton { 51 )  for a 25 atomic  per c e nt 

sampl e ,  by Arl edge { 2 )  for 5 ,  10 , and 20 wei ght per cent 

alloy s ,  and that o f  t he pre sent inve sti gation for a 20 weight 

per cent sample are v ery c lose  to 575°C .  Thi s support s 

short -range order 

There are J��e r  analogi e s that c an a l so be  drawn to  

obtain similar conclusi ons . Short-range orderi ng i s  found 

to contribute to  the sp ecific heat abov e the c ritical tern-

perature as well as  below i t .  Thi s contribution appears to 

exist in the pr es ent data . Exper iment al det erminations of 

the e nergi e s  a ssoc iated wi th long-range ordering have shown 

them t o  b e  four or fiv e time s  that for short-range ordering . 

A long-range ordering e nergy of 23 . 02 jou les/gm . ha s been 

obtaine d fo r Cu3Au {48 ) and a value of 3 . 60 joul e s/gm . has 

be en obta i ned for the short-rang e ordering energy of 

o( -b�a s s  ( 13 ) .  An approximate value of the ordering energy 

�or the ni ckel-20 weight pe r cent chromium can b e  obtaine d  

by c omparing the experime nta l sp ecifi c  heat data to a curve 

without the anoma ly . Suc h  a curve can be ob t ained by use  of 

the Kopp-Neumann rule . Thi s rule  requires the us e of spec�c 

heat value s of the pure ni ckel and chromium without the 

pre sence of any trans formation.  The spe ci fic heat value s for 

nickel were obtaine d  from t he theoreti cal curve i n  Figure 13 . 

The value s of chromium were obtained  from tabl e s  ( 44 ) . The 



Kopp-Neumann cur ve obtained from the s e  data i s  shown in 

Figure 15, where it is compare d to the experim ental data of 

the alloy . Since the s e  curves do not co incide at any tem­

peratur e, it i s  ne ces s ary to extrapolate the lower porti on 

of the experimental curve, parallel to the Kopp-Neumann 

curve , t o  o btai n  a mea sure of the energy . The energy for 

the anomaly was obtained  by taking the area between the 

experi ment al curve and the extrapolated curve between 5ooo 

and 650°0 . A value of 4 . 71 j oule s/gm . was obtained .  Thi s 

compare s to a value o f  6 . 3 joules/gm . a s  obtained by 

Arledge { 2 )  and a value of 1 . 33 j oules/gm . a s  obtaine d by 

Taylor and Hinton {51 ) . The se energi e s  are smal l as c om­

pared to those usually obtai ned for long-range order . 

There s ti ll exis t wide di s crepanci e s  in the ex­

planation as t o  the type o rdering phenomena occurring in  

the all oy . Howev er , the �e cifi c he at data obtaine d  here 

favor that of short-range ordering . 
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CHAPTER VII 

CONCLUSIONS AND REC OMMENDATIONS 

A new and improved  adi abati c c alorimeter has been 

achi eved through vari ous modi fic ation s  such tha t da ta c an be 

obtained from 100° to 850°C .  with a reproduc ibili ty of ±0 . 7  

per cent . The pre vious calorimet ers were limi te d t o  around 

650°C . A new adi abati c  surrounding and changes in the con­

trolling inst ruments have made thi s  calorime ter beneficial 

for sp ecifi c  he at inve stigations to high t emperatur es .  

From the modifi cati ons on the calorime ter and the 

con trolling e quipment , the following co nclus ions are made . 

1 .  Operating on the principle that radia tive heat 

los s e s  are le s s  than conduc ti ve heat lo sses 

through opaque sub stanc e s ,  an insula ting shi eld  

was u sed i n  making improvem ent s i n  decrea sing  

the heat lo s ses from the adiabati c system .  

2 .  The use o f  conc entri c  hea ting enabled the holding 

of adi abatic condi ti ons at high t emperature s .  The 

out er shield wa s maintaine d  at s ome 50 to 25oc . 

colder than the internal shi eld .  This caused the 

ne ed for le s s  power t o  the internal shi eld and 

allowed better c ont rol of the surrounding s .  

3 .  The use of low ma s s  in the imme di ate sample sur­

rounding s all owed more  rapid re spons e ,  onc e  
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devi ati ons from adiabatic condit i ons occurred. 

4 · The comparing of all thermocouples to the 

specimen allowed the oper ator to bring the 

equipment into c ontrol wi th le s s  difficulty 

due to the independent operati on  of each shi eld. 

5.  The use o f  new c ontro lling equi pment made it 

po s sible to fe ed continuous power to the 

shi eld s .  Thi s pr evented impulses of power at 

vari ou s i ntervals to heat ers . With only minor 

change s occurring in the power imput to the 

v arious hea ters , it wa s found that each heater 

acted more independently of the others � i . e . � 

an inc rease in the power to one heat er di d 

not have an effect on the other part s of the 

s�t� . 

The new calorimeter wa s us ed t o  study the speci fi c 

heat of c opper, nickel , and a ni ckel-20 we ight per cent 

chromium alloy . The copper wa s studie d as  a te st for the 
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new cal orimeter since copper is a metal whose spe cific he at 

ha s been reported by many inve sti gator s .  The s peci fic heat 

of ni ckel was studi ed to obtain accurat e high t emp erature 

( 6ooo-8oooc . ) data so that the energy and entropy of the mag­

net i c  disorder could be obtai ned and the se value s used to 

explain the �in sys tem that exi s t s  in ni ckel . Simi lar spe ­

cifi c  he at data were t aken on nickel -20 we i ght per cent 



chromium to ai d in  c larifying the dis crepanc i e s  as to the 

type of ordering transforma tion that o ccurs upon he ating . 

The pha s e  of thi s  work conc er\ling the spe ci fic he at 
, ,  

of the above menti oned metal sys tems le d to the fo llowing 

results . 

1 .  The spe c ific heat of copper was obtained from 100° 

t o  80 0°C .  wi th a repro ducibility of +0 . 7  per cent . 

The se data were ver y clo se to those of Brooks ( 6 )  

but were approximately 1 pe r cent above those of 

Pawel ( 40 ) and other inve sti gat ors , as no te d in 

Fi gure 9 .  

2 .  The stati c drift correction appli ed by Pawel ( 40 )  

was found not to b e  applic able abov e 600°C . At 
. 

these temperature s it was nece s sary t o  us e the 

extr apolati on method as de scribed i n  Appendix A .  

3 .  The degre e of r eproduc i bility obtained under the 

extreme c onditi ons fo r whi ch da ta were taken in-

dicate s that the new c alorimeter is a si gni fi cant 

improvement over the previ ous calorimeter s .  

4 . The specific he at data of nickel were determined 

to 8oo0c .  The se data were us ed to determine ex-

perimentally the energy and entropy of the magne tic 

order for pure ni ckel to be 945 j oule s/gm· . -atom 

and 1 . 967 joule s/gm . -atom °K . , re spectively .  Com-

pari s on of these value s  to the theoreti c al value s 

80 



ba sed on spe c ifi c  spin  models for the spin 

system in ni ckel indi cates that nickel should 

have 0 . 3 nick el atoms wi th two holes  in the 

3d level wi th a spin of 1 .  Thi s arrangement 

ha s been propo sed by Mott and Jones ( 33 ) and 

later by Mott and Stevens ( 34 ) .  

5 .  An anome. ly wa s observed in the speci fi c  he at 

curve of the nickel-20 we ight per cent chromium 

alloy at approximat ely 575°C . The energy of 

the anomaly was approximately 4 . 71 j oule s/gm . 

The low energy of the anomaly and the behavior 

of the sp eci fic heat curve support the exi st­

ence of short-rang e order as compared to 

long-range order .  
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It wa s found that the new calorime ter would operate to 

obtain reproducible data . to 800°C . Howev er, toward the con­

clusi on of thi s  inv e s ti gati on a pr oblem a ros e due to the 

cont aminat ion of thermocouple s , apparen tly by the inconel 

tube , which wa s one of the adiabatic shi elds . A s  a re sult 

of thi s and the experienc e gained from operation of the 

calorimet er , the following recommendati ons are sugge sted t o  

further impro ve the calorimeter and control s ys tem . 

1 .  The removal of all inconel from the internal part s 

of the c alorimeter and t he incorporation of a pure 

metal such a s  nickel that will not cause 



contamination of the thermocouple s ,  

2 , The inst allat ion o f  a double set o f  thermocouple s 

suc h that when one became inoperable t he other 

could be use d without ceasing operation ,  At the 

pre sent when any one of the  six thermocouple s 

breaks loose from its po si ti on , t he c alorimeter 

must be co oled and the vacuum sy stem broken to 

repair the troubl e ,  

3 .  A prov i sion that would allow the  sa mple t o  be 

rapidly cooled following a he ating cycle would 

be advisable . Pre sently i t  t ake s  the sample 

about 8 hours to c o ol from 700°C , to room tem­

perature in vacuum . The pa s sing of an inert gas 

through the system would allow t hi s  cooling , 

4 .  A provi si on by whi ch the potentiometer cou ld be 

c onne cted t o  an e le c tri cal ci rcuit wi th the 

clocks in a manner to cause one clock to stop 

and another to start simultaneously at the time 

the spe cimen re ache s a temperature equivalent to 

the sett ing on the potentiometer . Brooks ( 6 )  

has shown that the manual ope rati on of t he clocks 

by the op erator intro duce s one of the large st 

error s  a s so c ia ted w1 th taking da ta , a lthough the 

error involved is probably only of the order of 

.:t.O . l  per cent . 
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APPENDIX A 

CORRECTION OF DATA ABOVE 600°C . 

The data obtained from the pre s ent calorimeter above 

600°C . showed an inabi li ty to be c orrected by the applic at ion 

of stati c drift .  The slower the heating rate, the le s s  ap­

pli cable i s  the dri ft correction. At the s e high temperature s  

( 600°-800°C . ) extremely large temperature gradient s  are set 

up causing hi gh drift ra te s .  The dri ft was found to be 

nearly linear wi th T3 , indi cating how rapi d the drift cor­

recti on increase s ;  for c opper the drift wa s a bout -l . 0°C .  

per hour at 300°C . and about -4 .5°C . per hour at 600°C . 

To circumvent the diffi culty of correcting data , a new 

method was introduc ed that would corre ct the data on the 

basi s of obtaining a value for the spe cific heat wi th an in­

fini te he ating ra te . Under an infinite heat ing rate one 

would be insured that all the power fed to the sample would 

be · consumed in heating the specimen. 

A method by whi ch data, c orre sponding to an infinite 

he at ing rate ,  could be  obtained was undertaken by arri ving 

at the method indirec tly . Dat a c an be obtained for three 

or more heating rat es while holding all other v ariables c on­

stant . Figure 16 show s  a plot of three runs of data between 

600° and 8oo0c . obtained under the sa me co ndi t ions wi thin the 

calorimet er . The data in Figure 16 are on a co pper sample 
90 
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and are repre sentati ve of data tha t can be obtained for any 

simi lar sample . By the u se of these thre e curve s ,  a plot of 

Cp v er sus Cp/K can be  obtaine d for all t emperatures  

within the giv en range . The new curve o f  Cp versus Cp/K 
for a c on stant t emperature gave approximately a straight line 

which could be extrapolat ed to Cp/K equal s zero and inter-

cept s the cP co ordinate .  When Cp/K equals zero , thi s 

indic ate s that K i s  equal to 00 and t hus the Cp int er-
cept wi ll correspond to the true spe cifi c  heat v alue for the 

c orre sponding temp erature . If Cp versus Cp/K plots are 

made for s everal t emperature s ,  a specifi c  heat curve versus 

tempera tur e can b e  obtained whi ch is equi valent t o  data being 

taken at an infinite heat ing rate . Such a curve i s  shown in 

Figure 16 . 

Due to limitati ons of the calorimeter , heating rat e s  

were ne ver gre ater than 175 joule s/gm . -hr . Heating rate s 

of this order leav e  a large area which i s  to be extrapolated 

through on the Cp versus Cp/K plot . It was shown by 

Brooks ( 6 ) that the s catter in the speci fic heat obtained by 

thi s extrapolati on metho d was ±0 .5 per c ent , a s catter 

simila r  to that ob tained in data below the se high tempera-

ture s .  



APPENDIX B 

DETERMINATION OF ENERGY AND ENTROPY OF 
. - .  

ANOMALOUS SPECIFI C HEAT BEHAVIOR 

The det ermination of energi e s  and entropie s  associated 

wi th anomalous specific heat behavior is benefi c ial  in allow­

ing explanations of the phenomena causing the anomalous 

behavior . 

The se thermodynamic quanti tie s  can be obtai ned by 

making compari sons of experimental spe cific heat data t o  

similar data wi thout the anomaly . Two such specifi c  heat 

curve s  c an be used to determine the he at of the transi t i on 

by 

( 22 }  

where Ll �  i s  the he a t  of the transition, �HTc i s  the 

heat of the trapsiti on at a reference temperature , Tc , and 

CPl and cp2 are the sp ec i fic he at s along the vari ous 

specific �e at curve s .  Specifi c  he at curve s of thi s type 

usu ally coincide both at low temperature s where the s pe cifi c  

heat i s  not affe cted and at high temperature s where random 

po siti oning of the a toms has de stroyed the tendency for 

anoma lous behavi or .  If these condit ions are met , Equati on 22 
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could be reduced to 

( 23 )  

where th e integral i s  taken over the tempera ture range where 

the spe c ifi c  heat curve s do not coincide . Thi s was done for 

ni ckel by use of Figure 13 . 

The ent ropy of su ch an anomalous behavi or in the 

spec i fic he at can be obtaine d by use of the re lati on 

or 

J T2 
�

S = 

A S  

. T 1 

=fT2 

'fl 

C
l2
( exp ) 
T 

C
E
( exp ) 

[
T2 

Cl2( theor ) 
dT - dT , T 

Tl 

- C
E
( theor ) 

dT • 
T 

( 24 )  

( 2.5 ) 

Plo t s  of Cp/T versus T for the exper imental data and theo ­

retical value s  without the anomalous behavior allow the de -

termination of entropy . Figure 17 shows such plot s for niclrel 

data , The integration a s  note d in Equa ti on 2.5 was carri ed 

out mechani ca lly to determine the entropy . 
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APPENDIX C 

TABLE IV 

SPECIFIC HEAT OF PURE COPPERa , b, c 

T , oc 
cP, 

jou1e slgm-OC 
T , oc 

K=73 . 12 jou1e s/gm-hr K=72 .37 

300 · o .421o 290 
320 0 .4240 310 
3�0 0 . 4245 330 
3 0 0 .4259 350 
410 0 . 4306 370 
430 0 .4332 390 
450 0 .4372 480 
470 0 . 4403 500 
490 0 . 4438 520 
510 o .

llit 
5�0 

530 0 .445 5 0 
565 0 .4473 580 
590 0 .4505 600 
610 0 . 4522 620 
630 0 .4536 6�0 
650 0 .4550 6 0 

aLarge c opper samp1� weight i s  368 . 778 grams . bG2 he ater was maintained at -5ouv . ccp i s  the true spe ci fic h ea t  as c orrected • 
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cP , 
jou1e slgm-°C 

jou1e s/gm-hr 

0 .42�4 
0 .. 42 5 
0 . 4280 
0 .4303 
0 .4309 
0 .4330 
0 .4411 
0 .. 4426 
0 .4454 
0 .4462 
0 .. 4488 
0 .4510 
0 .. 4528 
0 .45t8 0 .45 9 
0 .4591 



TABLE V 

SPECIFIC HEAT OF PURE COPPERa , b� c 

T� oc 
cP, 

Joul esZm-°C 
T � oc 

K=98 . 11 joule s/gm-hr K=t�:t�:.�6 

125 0 .4016 1 65 
1�5 0 . 4042 175 
1 5 0 .4059 185 
185 0 . 4094 195 
205 0 . 4112 205 
225 0 . 4127 215 

�� 
0 . 4127 225 
0 . 4150 235 

285 0 . 4205 245 
320  0 . 4236 265 
370 0 . 42 62 275 
390 0 .4277 285 
410 0 . 4300 300  
430 0 . 43 13 320 
470 0 . 4366 340 
490 0 .4369 370 
510 0 . 4385 390 
530 0 . 4110 410 
550 0 .4431 440 
570 0 .4449 455 
595 0 . 4477 465 
615 0 . 4492 475 
635 0 . 4517 485 
655 0 . 4539 495 

505 
515 
575 
585 
595 

a 
bLarge c opper sample , weight i s  368 . 778 grams . 

G2 he at er was maintained at -250�v . ecp i s  the true specifi c hea t as c orre cted .  
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c P, 
joule s/gm-00 

joule sLgm-hr. 

0 . 4034 
0 . 405 2 
0 . 4052 
0 . 4071 
0 . 4089 
0 . 4094 
0 . 41 09 
0 .4118 
0 . 4126 
0 . 4151 
0 .4173 
0 . 4171 
0 . 4195 
0 . 4217 

. 0 . 4229 
0 . 4256 
0 . 427 6  
0 . 4289 
0 . 4299 
0 . 4326 
0 . 4335 
0 . 4337 
0 . 43�4 
0 . 43 2 
0 .4361 
0 . 4382 
0 . 4460 
0 .4478 
0 . 4495 
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TABLE VI 

SPECIFI C HEAT OF PURE COPPERa � b � c 

cP ' 
- c · T� T� p ' 

oc j ou1es/gm-°C oc joules/gm-00 

K=�9 .�� joul esL8m-hr K=1�o06 ,1ou1esL5m-hr 

590 0 .4700 600 0 . 4606 
610 0 .4738 620 . 0 .4632 
630 0 .4776 6io 0 . 4661 
650 0 . 4805 6 0 0 .4691 
670 0 . 4858 680 0 . 4726 
690 0 . 4881 700 0 . 4760 
710 0 .4945 720 0 . 4795 
730 0 .5025 7i0 0 .4842 
750 0 .5084 7 0 0 . 4851 
770 0 .5161 780 0 .4912 
790 0 . 5231 Boo 0 .4952 

�Large c opper s ample , weight is 368 . 778 grams . � heat er wa s maintai ned a t  -50 JJ.. V .  
c� i s  the average spe cifi c  heat , no c orre ction. 



TABLE VII 

SPECIFIC HEAT OF PURE C OPPERa , b, c 

T ,  oc 

600 
620 
640 
660 
680 
70 0 
720 

. 740 
760 
780 
800 

K=139.01 jou1es/gm-hr 

0 . 4.574 
0 .4.588 
0 .461.5 
0 .4628 
0 .4689 
0 . 4684 
0 . 4712 
0 .47.56 
0 .4763 
0 .4796 
0 .482.5 

aLarge copper sample , we ight i s  368 . 778 grams . 
ba2 he ater was maintained at - .50 .u.v . 
°CP is the ave rage sp eci fic heat , no corre c tion . 
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TABLE VI II 

SPECIFIC HEAT OF PURE C OPPERa , b 

600 
640 
680 
720 
760 
Boo 

K= oO 

0 . 4527 
0 .4551 
0 .4588 
0 .4630 
0 .4670 
0 .4710 

aLarge copper sample , weight is 368 . 778 grams . 
bcp i s  the true spe cific heat a s  corre cted by 

the extrapolation method; the data used 
are reported in T able s  VI and VII .  
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TABLE IX 

SPECIFICl -$AT OF COPPERa , b, c 

T ,  cP , T , c , p 
oc joules7e-0c oc j oules[gm-°C 

K=lll . 23 .1 oule s/gm-hr K=65. 6o joules gm-hr 

200 0 .4093 170 0 . 4037 
220 0 . 4102 190 0 .4077 
240 0 .4136 210 0 . 4081 
260 0 . 4156 230 0 .4104 
280 0 . 4174 250 0 . 4129 
300 0 . 4195 270 0 . 4152 
320 0 . 4224 290 0 . 4174 
360 0 . 4260 310 0 .4205 
380 0 . 4270 330 0 . 4224 
400 0 . 4285 370 0 . 42�1 
420 0 .4303 390 0 . 42 9 
41.1.0 0 .4327 410 0 .4283 
48 0 0 . 43 61 430 0 . 4309 
500 0 . 4375 450 0 . 4325 
520 0 .4403 470 0 . 4347 
5�0 0 . 4420 490 0 . 4375 
5 0 0 .4435 510 0 . 4402 
580  0 .4454 550 o .

m
3 

570 0 .44 3 
590 0 .4487 
610 0 . 4510 
630 0 . 4535 

asmal l copper s ample , weight i s  172 . 794 grams . bG2 hea ter was maintaine d at -50 .M.v . 
cap is the true specific heat as c orrected. 



TABLE X 

SPECIFIC HEAT OF COPPERa , b, c 

T ,  C'p, T, 
oc joules/gm-OC oc 

K=lll . 2� ,joulesLgm-hr K=65. 60 

580 0 .4535 590 
610 0 .4572 610 
630 0 . 4603 630 
650 0 . 4635 670 
670 0 .4667 690 
690 0 . 4684 710 
710 0 .4721 130 
130 0 .4760 150 
750 0 .4810 110 
110 0 . 4837 790 
790 0 . 4865 

a small copper sample , weight i s  172 . 794 grams . bG2 heat er was maintained at -50 JJ.v . 
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�p. 
joules/gm-00 

,joules/�-hr 

0 .4632 
0 .4668 
0 . 4708 
0 . 4784 
0 . 4822 
0 . 4881 
0 .�955 o. 025 
0 .5095 
0 . 5162 

cop i s  the average spec ifi c heat , no correction .  



TABLE XI 

SPECIFIC HEAT OF COPPERa , b, c 

T ,  oc 

580 
630 
650 
670 
690 
710 
730 
750 
770 
790 

K=l$8 .90 .1oules/gm-hr 

0 .4480 
0 .4557 
0 .4595 
0 . 4619 
0 .4654 
0 . 4671 
0 .4726 
0 . 4752 
0 . 4794 
0 . 4822 

asmall copper sample , weight i s  172 . 794 grams . 
bG2 heater wa s maintai ne d at -50 A-tv . 
0�p i s  the average specifi c  heat , no corre c tion . 
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T, oc 

600 
6uo 
680 
720 
760 
800 

TABLE XII 

SPECIFIC HEAT OF C OPPERa , b 

K= oiJ 

0 .4480 
0 .4530 
0 .4590 
0 .4650 
0 .4690 
0 . 4730 

asmall c opper sample , weight is 172 . 794 grams . 
bcp i s  the true specific heat as corrected by 

the extrapolat ion method; the data u sed  
are reported in Tabl e s  X and XI . 
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APPENDIX D 

TABLE XIII 

THEOREI'ICAL SPECIFIC HEAT OF COPPERa 

T, c
P , 

T, 'a'p , OK j oule s/gm-°C OK j oules/grn-°C 

8 0 , 0006 315 0 . 3889 
16 0 , 0042 373 0 . 3972 
24 0 , 0130 423 0 .4035 
32 0 . 0301 473 0 . 4086 

�� 
0 . 0841 523 0 . 4131 
0 . 1457 573 0 . 4178 

79 0 . 1993 623 0 . 4219 
95 0 . 2407 673 0 . 4261 

126 0 . 2964 723 0 .4303 
158 0 . 3299 773 0 .43�5 
189 0 . 3�99 823 0 . 43 7 
221 0 . 3  �6 873 0 .4429 
252 0 . 37 1 923 0 . 4466 
284 0 . 3826 

aCP value s were calcula ted from 

c = ( O . l78xlo-3T )  + [1 + 1 . 96 �T)T] (T/9 ) cal 
p gm-°C 

• 
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APPENDIX E 

TABLE XIV 

SPECIFIC HEAT OF PURE NI CKELa, b, c , d 

T , cP
, oc jou1eslgm-oc 

135 0 .4873 
150 0 . 4930 
170 0 .5023 
190 0 . 5126 
210 0 .5211 
230 0 .5314 
250 0 .5430 
270 0 .5562 
290 0 .5 689 
31 0  0 . 5831 
325 0 . 5969 
335 0 . 6076 
345 0 . 6215 
355 0 . 6273 
365 0 . 5625 
375 0 . 5494 
385 0 .5412 
395 0 . 5389 
405 0 . 5355 
415 0 .5334 

asamp1e weight i s  182 .59 grams .  
bG2 was maintained at -50 M. iJ . 
cK=74 .50 j ou1e s/gm-hr . 
dcp i s  the true specific he� t  a s  
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T , oc 

425 
435 
445 
470 
490 
515 
540 
560 
580 
600 
620 
6�0 
6 0 
68 0 
700 
720 
7�0 
7 0 
780 
Boo 

co rrected .  

c jj p 
jou1e a/gm-°C 

0 .531 6 
0 . 5317 
0 .5313 
0 . 5269 
0 . 53 07 
0 .5336 
0 . 5367 
0 .5375 
0 .5412 
0 .5414 
0 .5443 
0 .5473 
0 . 5513 
0 . 5520 
0 . 5561 
0 .5560 
0 .5615 
0 . 5622 
0 . 5682 
0 .5 682 



TABLE XV 

SPECIFI C HEAT OF PURE NICKELa, b , c 

T, 
oc 

cP , 
j ou1ea7§!-oc 

K=1!i6 .20 jou1esLgm-hr 

320 0 . 5910 
335 0 . 6057 
345 
355 

0 . 6224 
0 . 6259 

365 0 .5 616 
375 0 . 5479 
385 o .5407 
395 0 .5346 
405 0 .5327 
420 0 . 5310 

ft16g 0 .5288 
0 . 5286 

480 0 . 5287 
50 0  0 .5299 
520 0 . 5320 

asample we ight is 182 . 59 grams . 
bG2 was maintaine d  at -50�v . 

T, oc 

K=58 . 15 

135 
145 
155 
165 
175 
185 
195 
205 
215 
225 
235 
245 
255 
265 
275 
285 
295 
305 
315 

c cp i s  the true speciri c  heat as corrected . 
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cP, 
Jou1eszgm-oc 

.1ou1es/�-hr 

0 . 4892 
0 . 4928 
0 . 4975 
o .5o16  
0 .5056 
0 . 5097 
0 .5154 
0 .5199 
0 . 5248 
0 . 5294 
0 . 5350 
0 . 5406 
0 .5466 
0 .5.517 
0 .5600 
0 .5642 
0 . 5726 
0 . 5806 
0 . 5870 
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APPENDIX F 

TABLE XVI 

THEORETICAL SPECIFIC HEAT OF NICKELa 

T, ox. 
OP.' joulea/'p-OC T ,  ox oP, joulea7sm-°C 

9 . 75 0 . 00167 390 0 .463�0 19 .50 0 . 00670 423 0 .471 0 
29 . 25 0 . 01758 473 0 .48220 
39 . 00 0 . 03726 523 0 .49270 
58 .50 0 . 09795 573 0 .50230 
78 . 0  0 . 16700 623 0 . 5115 
97 .50 0 . 22690 673 0 .5174 

117 . 00 0 . 27420 723 0 .5241 
15 6 0 . 33910 773 0 .5308 
195 0 . 37930 823 0 .5371 
234 0 . 40520 873 0 .5433 
273 0 .42490 923 0 .5488 
312 0 .44040 973 0 .5534 
351 0 . 452.50 

acp value s were cal culated from 

Cp=l . 74xl0-3T [1-2 . 96 ( 3�7 )2] + �+1 . 9  (?>(T ) TJ F (3�0 )���C • 
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APPENDIX G 

TABLE XVII 

SPECIFIC HEAT OF NICKEL-20 WEIGHT PER CENT CHROMIUMa , b , c , d 

T .,  CP" T, CP ' 
oc j oules/gm-oc oc jou1ea/�-°C 

130 0 . 4801 470 0 .5571 
150 0 .4841 490 0 .5624 
195 0 .4951 505 0 .5685 
220 ·o .5012 520 0 .5813 
240 0 . 5078 . 535 0 .5989 
260 0 .5115 545 0 . 6104 
280 0 .5190 555 0 . 6225 
300 0 .5234 565 0 . 6280 
320 0 .5286 575 0 . 6334 
3�0 0 .5346 585 0 . 6324 
3 5 0 .5400 595 0 . 6323 
390 0 .5443 615 0 . 6287 
410 0 .5�98 625 0 . 6215 
430 0 .5 20 635 0 . 6 282 
450 0 . 5551 645 0 . 6212 

asamp1e w eight is 259 . 308 grams . 
ba2 was mainta ined at -50�v . 
CK=67 . 95 jou1es/gm-hr . 
de p is the true spe ci fic heat a s  corre cted . 
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TABLE XVIII 

SPECIFI C  HEAT OF NI CKEL-20 WEIGHT PER CENT 

T, c ' p oc j oule slgm-°C 

120 0 .4817 
180 0 .�971 
200 o .  010 
220 0 .5071 
2�0 0 .5155 
2 0 0 .5162 
280 0 . 52�0 
300 0 . 52 9 
320 0 . 5300 
3�0 0 .5357 
3 0 0 . 5405 
380 0 . 5450 
400 0 .5491 

asamp1e weight i s  259 . 308 grams . 
bG2 was maintaine d at -50AAV . 
cK=97 . 02 j ou1es/gm-hr . 

T , oc 

420 

�g 48 0 
500 
555 
565 
575 
585 
605 
615 
635 
645 

dcp i s  the true specifi c  he at a s  c orrected . 
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CHROMIUMa, b, c , d  

c ' p 
j ou1es/gm-°C 

0 .5535 
0 .5580 
0 .5610 
0 .5642 
0 .5700 
0 . 6093 
0 . 6259 
0 . 6312 
0 . 6375 
0 . 6329 
0 . 6281 
0 . 6280 
0 . 6312 
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TABLE XIX 

. SPECIFIC HEAT OF NI CKEL-20 WEIGHT PER CENT CHROMIUMa , b , c , d  

T ,  oc 
cP , 

joules/gm-°C 
liO 1 0 

0 . 480.5 
0 .48.54 

180 0 .4946 
200 0 .4952 
220 0 . 4983 
2i0 0 .5020 
2 0 0 ,.5091 
280 0 • .5134 
320 0 .5290 
3�0 
3 0 

0 • .53�2 
0 • .53 2 

400 0 • .5403 
420 0 • .5438 

-�g 0 • .5473 
0 • .5498 

asamp1e weight i s  2.59 . 308 grams . 
bG2 was maintained at -.50Uv . 
cK=l31 . 89 jou1es/gm-hr . 

T, oc 
480 
495 
50.5 
.51.5 
.52.5 
535 
.54.5 
.55.5 
.56.5 
.580 
.59.5 
605 
61.5 
62.5 
635 
64.5 

dcp i s  the true spe ci fic heat a s  corrected .  

cP , jou1es/gm-°C 

0 • .5.530 
0 • .5.566 
0 • .5.587 
0 • .5659 
0 • .5741 
0 .5811 
0 .5936 
0 . 6043 
0 . 6178 
0 . 6 219 
0 . 623.5 
0 . 620.5 
0 . 6190 
0 . 6193 
0 . 6182 
0 . 6190 



T, oc 
127 
227 
327 
427 
527 
627 
727 

APPENDIX H 

TABLE XX 

KOPP-NEUMANN CALCULATIONS FOR NICKEL-20 WEIGHT 
PER CENT CHROMIUMa, b, c 

CPA (11) CPB (Cr) Cp ot 
Ni -20 wt$ Cr joules/gm-°C joules/gm-OC joule s/gm-OC 

0 .4650 0 .4893 0 . 4696 
0 .4870 0 .5151 0 .4924 
0 .5060 0 .5296 0 .5105 
0 . 5210 0 .5376 0 .52�1 
0 .5340 0 .5489 0 .53 8 
0 .5�50 0 .5771 0 • .5511 
0 .5 80 0 . 6077 0 . 5675 

aSpeci fic heat value s for CPA ( Ni )  are from t he theoretic al 
nic kel data wi thout the magneti c transformati on 
( Table XIII ) .  

bspe cific he at value s for CpB( Cr )  w� obtained from 
reference s  (44 ) . 

cSpec ific heat v alue s fo r Cp of Ni -20 wt .% Cr were obtained 
from the relation 
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