
JOURNAL OF RESEARCH of the National Bureau of Standards- C. Engineering and Instrumentation 
Vol. 65C, No.1, January- March 1961 

Enthalpy and Specific Heat of Nine Corrosion-Resistant 
Alloys at High Temperatures 1 

Thomas B. Douglas and Andrew C. Victor 

(Septem ber 1, ] 960) 

Specific heats from 0 to 900 °C that are believed to be accurate in general to within 
± 0.3 percent are reportcd for two alloys: 90 Ni- l0 Cr and stainless steel, type 316. These 
values were calculated from cnthalpics measured with a drop method and a precision Bunsen 
ice calorimeter. For reference and comparison, high temperature specific h eats of seven 
other base-metal alloys, determined similarly at the Bureau and previously published, also 
are tabulated. These seven alloys are 80 Ni- 20 Cr, 76 Ni- 15Cr- 9Fe (three slightly different 
samples) , stainless steel, types 347 and 446, and :\1 onel (67 % Ni, 30 % Cll). 

1. Introduction 

Certain base-metal alloys which ar c rela tively 
res istan t to cOlTosion find practical applications f\,t 
elevated temperaLures, where a knowledge of their 
specific beats and other physical proper tie is often 
needed. For DH),UY of these, specific heats only a L 
01' ncar room temperature have been reported . 
During the past few years the specific h eats of nine 
such alloys have been measured accurately (from 
o to 900 °C in all bu t one case) at the N a,tional 
Bureau of Standards. The values for seven of these 
alloy and complete details have been published 
previously [1, 2] 2, but for re})'ciy rci'erence EWcl com
parison are tabulaLed here alo ngside the newly l'C'

ported values for the oLb er two alloys. Scveral of 
these alloys arc so similar in chem ical composit ion 
that the comparison of their specific heats may 
afroI'd some assistance when it is desirable to esti
mate values for analogous composiLions. It should 
be poin ted ouL, however , that the specific heaLs of 
many alloys depend appreciably on their previous 
histories, and in many cases sm all changes in compo-

I The measurements on 90 Ni-lO Cr were supported by the Diamond Ordnaoce 
Fuze Laboratory, Departm ent of the Army, Washington, D.C. 'l'hose on stain
less steel type 316 were supported by the Wright Air Development Center, De
pa rtment of the Air Force, Wright-Patterson Air Force Base, Ohio. 

' Figures in b rackets indicate the literature references at the end of this paper. 

s i tion introduce into thc specific-heat - temperature 
curve large anomalies attributable to the appearance 
of phase chan ges. 

2 . Alloys Recently Measured 

Enthalpy measurements were made on three 
s}lmples (A, B , C) of the alloy 90 Ni- 10 01' (com
mercially designated as Chl'omel P ) and on one 
sl),lllple of stainless steel type 316 (Am. Iron & SteC'l 
In st. designation). Table 1 gives t he co mposit ions 
of these alloys as determined by Lheir analyses at Lhe 
BurecHl ,3 and also affords a co mparison with Lhe 
ranges of composition associated with the nominal 
designations "Cll P " [3] and "SS 316" [4]. No 
il.LLe mpL was J1h),de to conecL the measured en Lhal
pies Lo Lhe basis of a dift'erent composition. 

The en thalpy measuremenLs on 90 Ni- lO Cr 
were made on rolled strips. As indicated in section 
4, a few of these measurements were on specimens 
t lH),t had been previously ann ealed by heaLing to 
approximately 1,100 DC for abou t 5 minutes [5] . 

3 The samples of90 Ni-IO Cr were analyzed by chemi cal methods . T he analysis 
of the stainless steel ty pe 316 was determined speetroehemi call y, and is to be coo· 
siciCl ecl a pproximate onl y , s ince suitable spectrochemical stand ard samples were 
not available. However, the enthalpy and specifi c heat of the latter alloy are 
illscnsiti ve to errors in compOSition, sin ce the llcai capacit ies per unit mass of the 
three principal elements (iron, chromium, aod ni ckel) are approximately the 
same. 

T A BLE 1. Chemical composi tions of the alloys thermally measured and oj the corresponding nominal alloys 

Alloy desig- Sample 
nation 

------r ,"'''''d (A ) ___ Ch P ________ ____ do ___ (J3) ___ 
____ do ___ (C) ___ 
NominaL ______ 

SS 310 __ __ __ {1\fcasured ______ 
NominaL ____ __ 

a Not determined . 
b :\iaximuJ1] . 

573960~61--5 

Ki Cr F e 
---

89. 1 9. G 0.63 
89. 3 9. 3 . 3 ... 
89. 4 9. 3 . 35 
90 10 - - - --

12.6 17. 0 (0 ) 
10- H IG- 18 ------

Chemical composition (,,'eigh t percent) 

Si Zr Co Cu Mn Nb 1\10 C Total 
---- - - ---------------------

O. 42 O. 12 O. 08 O. 01 O. 01 ------ - - -- 100. 0 
. 4~· 1 1 .03 . 0 l . 02 0.26 - - - -- 99. 8 
. -16 11 .0:3 .01 .02 .26 - - - -- 99. 9 

- - - -- - - -- - - - - - -- - - - -- - - - - -- 100 

. 4 (a) (a) (a) 1.4 (a) 2. 0 (a) ------
b l. 0 h 2.0 -- - --- 2- :3 b 1. 0 -- -- -------- - - -- ------
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All the enthalpy measurements on stainless steel 
type 316 were made on the sample (sawed from a 
large ingo t) in the condition in which it was received, 
without further hcat or mechanical treatment. 
Thc thermal history of the sample is unknown, but 
supposedly it had been annealed by heating in a 
salt bath and quenching, which is the stand ard pro
cedure for austenitic stainless steels [4J . 

3. Calorimetric Procedure 

The apparatus and method used in measuring the 
en thalpy were described in detail in a recent paper 
[6]. Briefly, the sample in a helium-filled container 
of the alloy 80 Ni-20 Or was held inside a silver
core furnace in an atmosphere of helium until, rtS 
determined by prelirninary " relaxation-time" tests , 
the sample had t ime to reach the furnace temper
ature within 0.01 deg O. The sample and container 
were then dropped into a precision Bunsen ice 
calorimeter, the heat they delivered in cooling to 
o °U being determined by the mass of mercury 
en tering t he calorimeter because of the reduction 
in volume caused by the melting of ice. Similar 
n1.eaSUl'ements wen' made on tbe empty container to 
account accurfl.tely for (a) the part of the heat due 
to the container when a sample was present, and 
(b) the hcat lost outside the calorimeter during the 
dro p. 

The furnace temperature, whicb was held constrtl1 t 
to ± 0.01 deg 0 during a heat measurement, was 
mefl.sured up to 600 °0 by a stmin-fl'ee platinulll 
resistance thermometer and above 600 °0 by fl. 
platinum - platinum-lO-percent rhodium thermocou
ple. Both instruments were actually read up to 
600 °0 in order to be able to detect any unusual 
departure of either from its ct11ibra tion . The ther
mocouple had been calibmted on tllC Internfl.tional 

'l'empemture Scale of 1948. The calibration factor 
of the ice calorimeter was taken to be 64 .646 defined 
thermochemical calories 4 per gmm of mer cury, which 
is based on hundreds of electrical determinations 
made earlier at the Burcau [6]. 

4 . Enthalpy and Specific Heat of 90 Ni-IO Cr 

The mean observed values of enthalpy relative to 
o °0 are shown for the four samples in columns 2 to 
5 of table 2. For each case where more than one 
run was made on the sample fl.t a given furnace 
tempemture, the standard deviation of the mean is 
stated as a tolemnce, an d tal-::es in to account no t 
only the precision of the runs with sample but also 
that of the runs on the empty container at the same 
temperature . (N 0 runs were fl.ctually made on the 
emp ty container at 350 and 650 °0, but the enthalpy 
values used at these tempera tures wer e obtained from 
smooth deviation plots of the runs at the other tem
peratures.) The few values in columns 3 to 5, which 
were run to compare several similar samples, differ 
by 0.15 pel'cent or less from the values in column 2 
(amounts within the accuracy of the measurements), 
and will no t be fur ther considered . 

The values in table 2, column 2, show smoothly 
varying differences up to and including 600 °0 , but 
in comparison an anomalous rate of incrcase with 
tempenLture between 600 and 700 °0. Three em
pirical equations were cleri ved to fit the enthalpy in 
the respective temperature ranges 0 to 600°, 600 to 
700°, and 700 to 900 °0 , and their deviations from 
the mean observed values are given in the last column 
of table 2. The coefficients of the enthalpy equa
t ion for 0 to 600 °0 wcre derived by the method of 
least squares; t hose for the equation from 700 to 

' The "defined" thermoellemi cal calorie (=4.1840 absolu te joules) is t he uni t 
of heat used t llronghou t t his paper. 

T A BLE 2. R elative enthalpy of 90 Ni-l0 Cr 

Mean observed ent halpy, H ,- lIooc " 
Furnace 
tempera-

ture I Sample A Sample A Sample B 
u nannealed annea led unannealed 

°C cal g- 1 cal g- 1 cal g- I 
100.00 10. 75 ± 0. 005 ------------ ------------
200. 00 22. 08 ± O. 020 ------------ ------------
300. 00 33. 91 ± O. 010 - - -- ------- ---------- -
350. 00 40. 01 ± 0.005 - - -- ------ -------- - --
400. 00 46. 20 ± O. 025 ------------ ------------

500. 00 58. 87 ± O. 005 58. 87 ± O. 005 58. 82 ± 0. 015 
600. 00 71. 93 ± 0. 010 ------------ -- ----------
650. 0 78. 78 ± 0. 030 b ------------ ------------
700. 0 85. 8 1 ± O. 020 b . e 85. 86 d 85. 68 ± O. 045 
800. 0 99. 84 ± O. 025 ------------ ------------

900. 0 114. 28 ± 0. 0 10 --------- - -- ------------

a Each value represen ts the mean of two runs on the sample except where otherwise indicated . 
b The mea n of three runs on the sample at this temperature. 

Mean observed 
(col 2) minus 

smoot hed 
Sample C enth alpy 
annealed 

cal g- I cal g- 1 

--- ---- ----- O. 00 
------------ - . 01 
-------- - -- - . 01 
-------- - -- + .01 
------------ + .01 

58. 90 ± O. 065 . 00 
------------ - . 01 
-------- - -- - .03 
85.75 d .00 
--- - ------- - . 00 

------------ . 00 

c A fourth run on the sample, discarded because of very inferior preciSion, is not included in the tabulated mean or its stated tolerance. 
d Only one nm was made on the sample at this temperature. 
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900 ° were obtained by direct su bst i Lu Lion of the 
ex perimental points. The equation for 600 to 700 
DC was tben derived by requiring co n t inuity of 
entlhtlpy and specific heat at 600 and 700 DC with 
Lhe equations represen ting the other two Lemper ature 
r egions. 1. he enthalpy and cOITespondiJlg specific
hecl L equations (in terms of cRlories per O"1"am fL nd at 
t DC) are: 

o Lo 600 DC: 

H t-lIo oc= 0.11680t + 1.652 (lO- bW 

-8. 11 10glO [(t + 273. 15)/273.15] (1) 

Cv= 0.1l680 + 3 .304 (1O- 5)t - 3 .52/ (t+ 273. 15) (2) 

600 0 to 700 DC: 

IIt- Ho oc= 182.977 - 0.74:319t + 1.33]0 (10 - 3)12 

- 6.680 (1 0- 7)t3 (3) 

Cp = - 0.74319 + 2.6620 (l0 -3)1- 2.0040 (10- 6)[2 (4) 

700 to 900 0(': 

JI t - Ho oc= - 0.92 + 0.] 0955t+ 2.050 (l 0- 5)[2 (5) 

Cp = 0.10955 + 4. 100 (l 0- 5)1. (6) 

The specific heaLs r eprese nted by eq (2) , (4) , and 
(6) nre shown by the solid curve in figure 1, and th e 
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FI GURE 1. Specific heat oj BONi-l 0Cr. 
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"obser ved " points were compuLed h om s Ll ccessive 
differen ces in table 2, column 2, with H.ppI im t ion of 
corrections for c urv~tt ure de1' i ved fro III eqs (2) and 
(4) . Though it is obvious t ha t Lhere i a local lllflX

imum between 600 a nd 750 DC, I he enLIHllpy IVa 
measured at too few temperatmes Lo define H.('C U

rfLtely the course of the specific-heat curve ill this 
te mpera t ure region ; the particular curve fo rmulate 1 
is, however , consisten t with all the eHLIt~t lpy cla.ta. 
obtained. The Curie temperfLture of this alloy lies 
below the range of m easurem en t [8]. HOlVever , 
similar "anomalous" increases in heat capaciLy in 
the temperature range 500 to 800 0 C h ave been ob
served in many nickel-rich fL110ys con taining ('l1ro
mium [1,2,7]. The effec t is paralleled by irregulari 
ties in other physical properties of th e sam e ~l11oys, 
etnd h as been attributed by some authors to t he dis
orderin g of a lattice of s l ~ ort-range order in Lhc 
neighborhood of tlJC composit ion Ni 3Ur [8]. 

T be precision of Lhe en thalpy measurcments on 
90 N i-10 Cr a nd their dcvi~tL i on s from thc cmpirica,l 
equaLions used to represenL t helll a.rc indiccl ted in 
Lable 2. Considering also Lhe known so urccs of pos
s ible sy te maLic and illstrumen tal crrors, t he auLhors 
believe that eq (2) rc prcsen ts t he tru c specific he,LL 
betwcc n 100 a nd 600 DC wiLhin ± 0.3 pe rce nt. Bc
t ween 600 a.nd 700 DC Lhe un ccrtainty is mu ch 
greaLcr, for Lhc reasons indicetLcd abovc. Abovc 700 
DC Lite un ccl'LainLy should bc co mparable to Lha t 
below 600 DC. 

5 . Enthalpy and Specific Heat of Stainless 
Steel Type 316 

Thc JllC,tIl observed VetlUC of enLhalpy relaLivc 
Lo 0 DC arc given in t he sccond col umn of Lablc :3. 
E elCh stated Lolel'e1l1ce reprcscnts the stel.lldHrcl 
deviation of Lhe me,w , ancll'cnecLs the contribution 
from the lack of perfecL agreemenL for boLh t he cmpty 
con tainer and Lhe contclin cr witlt sample. The 
"smoothed" enth'llpy refcrrccl to in thc las t columll 
of the t,t ble is LhaL given by a n empirical cqUclLion 
whose coefficicnts werc deri vcd fro m tl1 c va,] lies ill 
Lhe seco nd column by thc Ill etbocl of leasL sq uarcs. 

T ABLE 3. R elative enthalp y of stainless steel ty pe 316 

F urnace temperature l\1ean observed enthalpy, Mean observed minus 
t H ,-fIooc' smoothcd cnthalpy 

° C cal y- I cal y- I 

100. 00 11. 43 ± 0. OJ5 + 0. 03 
200. 00 23. 46 ± 0. 010 - . 01 
300. 00 36. 10 ± 0. 020 + . 04 
400. 00 49. 07 ± 0. 015 - .03 
500. 00 62. 51 ± 0. 010 - .03 

600. 00 76. 32 ± O. 015 - . 06 
700. 0 90. 62 ± O. 020 + . 05 
800. 0 105. 21 ± O. 045 + . 08 
900. 0 119. 96 ± 0. 025 - . 06 

a Each value r epresents the mean of t wo runs. 



This equation and the corresponding specific-heat 
equation (in terms of calories per gram and at t DC), 
applicable over the whole range 0 to 900 DC, are: 

H I- H o 00= 0.12754t+ 1.512 (10- 5)[2 

- l1.08 loglO [(t+ 273 .15 )/ 

273.15] 

Cp = 0.12754 + 3.024 (10 - 5)t - 4 .81/ 

U+ 273.15). 

(7) 

(8) 

Considering both random errors and known somces 
of possible systematic errors, the authors believe 
that eq (8) r epresen ts the true specific heat between 
100 and 800 DC within ± 0.3 percent. 

The three cmves of figm e 2 represent the smoothed 
values of the specific heat of stainless steel type 316 
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FIGURE 2. Specific heat of stain less steel type 316. 
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as given by the present work, by Redmond and 
Lones [9], and. by Lucks and Deem [10]. Compared 
with the au thors' cmve (labeled "NBS"), that of 
R edmond and Lones agrees within their stated 
uncertainty of ± 5 percent, and that of Lucks and 
D eem agrees in general to better than ± 1 percent. 

Because Lucks and D eem gave no unsmoothed 
values, estimates of accuracy, or sample analyses, 
there is no sound bas is for making a truly objective 
comparison with the NBS curve. However , it seems 
likely that a major cause of the small differences 
may be their use of a positive-power series (of the 
form Cp = A + Bt+ Ct2+ Dt3) to represent their 
smoothed values. As a general rule, if th is form of 
equation does not indicate, in the temperature 
range of measurement, a radical change of slope for 
which there is no experimental evidence, it very 
often does so when extrapolated to higher temper
atUl'es. Knowing that extrapolation of empirical 
equations is widely indulged in by their users , and 
not without some practical justification, the present 
authors prefer forms of equation (such as eqs (6) and 
(8) ) wh ich give extrapolated curves similar in shape 
to the majority of known cases. 

6 . Compilation of the Specific Heats of Nine 
Alloys as Determined at the National 
Burea u of Standards 

The purpose of t his section is indicated in the 
in troduction (section 1), where the original refer
ences to the seven alloys not discussed in this paper 
fLre cited. The chem.ical compositions as determined 
by chemical analysis are given in table 4, and t he 
smoothed values of specific heat are given in table 5. 

The a uthors thank several members onNBS who 
aided the present investigation : the samples of 90 
Ni- 10 Or were chemically analyzed by R. K . B ell 
and E . E. 11aczkowske, while the sample of stainless 
steel type 316 was fUl'I1ished by L . L . Wyman and 
spectrochemically analyzed by R. E . Michaelis. 

T A B L E 4. Chemical compositions of nin e alloys (in % by weight) 

------------
Stainless steel 9O Ni- lO Cl' 76Ni- I5 Cr- 9Fe b ______ Alloy 

Elemen t ______ 80 Ni- 20 Cr ~'vlo ll cl 

------------
316 347 146 Sample A Sample 1 Sample 2 Sample 3 

% % % Fe_ _______ _ ___ (a ) (a) (a) 
% % % % % % 

O. 6:~ O. 45 8.87 7.89 8. 17 1.6 
~ L _ _ _ _ _ _ _ _ _ _ _ 12. 6 11. 1 O. 32 89. 1 77.4 75.99 76. 45 75.64 G6. 9 
CL _______ ____ 17.0 18.3 25.58 9.6 19. 5 14.42 14.96 15. 32 ----------
C lL _ _ _ _ _ _ _ _ _ _ _ _ _____________________________ _ 0.0 1 -------- O. 22 O. 15 O. 19 29. 8 
Mn _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ l. 4 1. 30 O. 42 . OJ O. 5!) . 28 .26 .33 1.0 
N b _ ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ O. 86 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___________________ _ 
Si ________ _______ 0.4 .52 . 68 . 42 1.4 . 17 .J 9 . 2 1 0. 07 
C _ _ _ _ _ _ _ _ _ _ _ _ _ _ (a ) . 08 . 23 (a ) 0 04 . 02 . 07 . 11 . 15 
S___________ ___ _ ________ ________ . 016 __________ ____ _ _ . 007 .007 .007 ________ _ 
p _ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 01 Q _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ _ 
ZL ___ ____ ____ ___ ________ ________ ________ .12 _______ ___ ____ ________________________________ _ 
Mo _ _ _ _ _ _ 2. 0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____________ _______________ _____ _ 
Co _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 08 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _._ _ _ _ _ _ _ _ _ _ ________ _ 

Total accounted for, % ___________________________ _ 100.0 99. 4 99. 98 !)9. {l8 99. 98 99.5 

a Not determi ned. b Alloys co mmercIally prod uced as Inco nel. 
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T ABL85. Specific heats oj nine alloys (in cal g- I deg C- I)-

~'-... Alloy Stainless steel 90Ni-lOGr 

Tempcrfi-
lure (o G) ~ 316 3H ,14G Sample A 

'-... 

0 0.110 O. 11 0 O. 108 O. 1O.J-
25 . 1122 . 112 11 0 · J058 
50 . 1142 . 114 113 .1076 

100 · 1177 · 11 8 . 118 · 1107 
200 . 1234 · 123 · 129 · 1160 

300 · 1282 · 128 . 140 · 1206 
400 · 1325 133 · J 5 1 .12-108 
500 · 136.J- 137 · 163 · 1288 
600 .1402 14 1 .21 . 1326 
700 1438 1~ 5 170 138 

800 1·172 1.J-9 · J 63 · 142 
900 15 1 · J52 . 162 . 146 

a L ("al=4.1840 fibs joules. 8ee la ble 4 for chemical compositions of the alloys. 
b Alloys c01l1mercially produced as Inco nel. 
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