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THERMOCOUPLE RESEARCH TO 1000°C - FINAL REPORT 

J. F. Potts D. L. McElroy 

1. SUMMARY 

One o f  the fundamentals o f  physical measure- 
ment i s  that any sensing devi-ce affects the quan- 
t i t y  being measured. A thermocouple i s  a valuable 
and powerful tool which tends to  minimize tem- 
perature errors in nearly inaccessible places. 
Advantages o f  a thermocouple as a temperature 
transducer might be l i s ted  as: (1) compactness, 
(2) ease o f  fabrication and installation, (3) sensi- 
t i v i t y  o f  indication o f  temperature, and (4) rela- 
t i ve ly  low cost. Disadvantages and error sources 
exist  and might be l is ted as: alterat ion o f  thermo- 
electr ic characteristics caused by (1) installation, 
(2) the environment of the system, (3) nonuniformity 
o f  the in i t ia l  materials, and (4) changes occurring 
wi th in the system other than those due to environ- 
mental changes. Any o f  the foregoing may tend to 
decrease the effect ive l i f e  o f  the device, or alter 
the balance between l i f e  and compactness. 

When studying the magnitude o f  the effects 
causing changes i n  thermoelectric characteristics, 
one f inds that a thermocouple assembly may not 
be total ly separable from the environment o f  the 
space i t  occupies. Indeed, a thermocouple as- 
sembly (thermoelement wires, insulat ing refrac- 
tories, and protection tube) may create i t s  own 
environment which can be quite different from that 
o f  the entire system. Th is  research was generally 
confined to an environment o f  air for tests with 
some consideration o f  these unique local environ- 
ments. 

In the present research, attempts have been made 
to isolate and control certain o f  these variables 
during investigation o f  thermocouple behavior. 
The results of these studies are summarized be- 
low. 

T E M P  E R A T U  R E S T A N D A R D S  

A s  a cr i t ical  evaluation o f  standards measure- 
ments, a number o f  fixed-melting-point samples, 
two platinum resistance thermometers, and a 90% 
Pt-10% Rh, Pt  thermocouple (al l  cert i f ied by the 
NBS) were intercompared and used to  calibrate 
two other 90% Pt-10% Rh, Pt thermocouples from 
0 to  960OC. Care i n  instrumentation, circuitry, 
and experimental procedure al lowed th i s  work to  
obtain the accuracy and reproducibi l i ty cert i f ied 
by the NBS for these secondary standards. 

The melting points determined by the resistance 
thermometers agreed with the cert i f ied values to  
wi th in 0.05OC. I The resistance thermometers 
agreed with each other to wi th in 0.02OC at these 
points, wi th a reproducibi l i ty o f  0.01"C. The 
measured thermal emf o f  the NBS 90% Pt-10% Rh, 
Pt thermocouple and the cert i f ied values at  the 
aluminum and si lver points were wi th in 3 p v  o f  
each other. A difference o f  only 0.002°C was 
found for the dist i l led-water- ice point for either 
clear or cloudy distilled-water-ice. Calibrat ions 
on a four-wire 90% Pt-10% Rh, Pt  thermocouple, 
using various combinations o f  the thermocouple 
legs, gave emf measurements which agreed to 
wi th in k0.2 pv, the l im i t  o f  resolution o f  the 
potentiometer. Homogeneity tests o f  wire used 
for these thermocouples indicated a fluctuation o f  
+2 pv, much o f  which was due to the test ing ap- 
paratus. The melting-point cal ibrat ions were 
checked by a comparison cal ibrat ion to within 
0.5 pv. Leakage-resi stance tests on thermocouple 
insulat ion at  the s i lver point suggested a cause o f  
errors but gave no clear correlation o f  the emf 
variations found in the thermocouples at  that 
point. 

T H E R M O C O U P L E  O X I D A T I O N  

Oxidation o f  thermoelements i s  apparently one 
o f  the direct causes o f  the isothermal dr i f t  o f  
thermal emf and the ult imate fai lure o f  nickel-base 
thermocouples. Consequently, measurements were 
made of isothermal weight gain result ing from ex- 
posure to air a t  700, 800, 900, and 1000°C for 
t imes up to 500 hr on a number o f  commercial and 
laboratory-prepared nickel-base al loys. The re- 
sults, though not refined, distinguished the role o f  
a l loy composition on reaction rate. Supplementary 
data on diameter changes, microstructures, and 
thermal emf were obtained. A s  expected, minimum 
oxidation was noted at the lower temperatures. 

On al loys o f  similar composition to that o f  
Chromel-P beneficial effects were noted for ni -  
obium additions, refined grain size, reduction o f  
iron content, and removal of manganese. Al loys 
containing 18 to 20% chromium oxidize less by a 
factor o f  10 than do the 9 to  10% chromium alloys, 
such as Chromel-P. Alumel oxidizes s l ight ly 
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faster than pure nickel  and reacts about three 
times faster than does Chromel-P. If the manga- 
nese, silicon, and aluminum in Alumel are replaced 
by s i l icon only, as in the a l loys  Special Alumel, 
Geminol-N, and Kanthal-N, oxidation resistance 
approaching Chromel-P i s  obtained. 

A l loy  diameter changes due to  oxidation at 900 
to  1000°C for 500 hr c lassi fy the tested materials 
i n  three groups: (1) h ighly al loyed materials 
showing less than a 1% change, (2) Chromel-P- 
type al loys and binary Ni-Si al loys having 2 to 15% 
changes, and (3) Alumel and pure nickel  showing 
changes o f  15 to 50%. The microstructures o f  
tested materials show the oxidation to be uniform 
in a l l  cases, except for Alumel, i n  which an inter- 
granular reaction i s  operative, and for Chromel-P 
in certain unique environments. 

Chromel-P, Alumel, Geminol-P, and Geminol-N 
wires were isothermally heated i n  air a t  1000°C 
for times up to 500 hr and calibrated at the si lver 
point (960.8OC). The cal ibrat ion changes were 
correlated with the oxidation results. Alumel 
showed a posi t ive drift, ref lect ing an approach to 
the thermal emf o f  n ickel  as i t s  constituents were 
oxidized. Changes in Geminol-P, Geminol-N, and 
Chromel-P were as predicted by the composition- 
emf curves, but s l ight ly more than the expected 
drift occurred i n  Geminol-P. 

P H Y S I C A L  P R O P E R T I E S  

Addit ional changes in the thermal emf o f  a 
material may be associated w i th  changes in i t s  
physical state caused by cold-working, re- 
covery, and recrystal l izat ion. Measurements o f  
hardness, electr ical resistance, and thermal emf 
(by Calibration, drift, and homogeneity tests) have 
been made and correlated with the emf changes 
o f  the thermoelements. Most o f  the emphasis has 
been on Chromel-P and Alumel, but work wus done 
on other nickel-base al loys as well. There i s  
some published quali tat ive data regarding the 
effect o f  physical properties on the thermal emf 
o f  nickel-base al loys. However, we found very 
l i t t l e  information on the isolated effects o f  the 
various properties or states. The work reported 
here was deemed necessary to  approach quanti- 
ta t i ve ly  an understanding o f  cause-effect rela- 
t ions in thermocouples. 

Results o f  the physical-properties studies sug- 
gested the fol lowing conclusions: 

1. As-received thermocouple wire i s  generally 
cold-worked less than 5%. 

2. Depending on the composition o f  the alloy, 
the percentage o f  cold-working, and the time at 
temperature, the recrystal Ii zation temperature 
range o f  the nickel-base thermocouple al loys i s  
between 500 and 750OC. The recovery temperature 
range i s  between 250 and 450°C. These values 
are tabulated for 12 thermoelements. 

3. The electr ical resist iv i ty o f  certain o f  the 
al loys decreases with increasing cold work, sug- 
gesting metallurgical changes such as ordering 
induced by cold-working. 

4. Cold-working causes greater changes i n  the 
thermal emf o f  Chromel-P than i n  Alumel. For 
Chromel-P the emf shif t  increases with increased 
cold-working. For Alumel the thermal emf f i rst  
increases and then decreases as cold-working 
increases. 

5. Heat treatment designed to  produce the re- 
covered state in or ig inal ly cold-worked material 
causes a recovery o f  nearly 90% of  the error in- 
duced by cold-working in Chromel-P and somewhat 
less i n  Alumel, pr incipal ly because the in i t ia l  
change in Alumel i s  less. 

6. A unilateral temperature gradient apparatus 
proved to be a very sensit ive and expedient tool 
in detecting thermal emf changes associated with 
variat ions in the physical state o f  individual 
wires. Effects due to  cold-working, annealing, 
and oxidation were readi ly detectable, and the 
results were shown to be interpretable i n  terms o f  
thermocouple ca I i brat ion errors. 

Generally, the effects real izable from cold work 
produce cal ibrat ion shi f ts o f  less than 10°C in 
ni ckel-base therrnocoupl es. 

D R I F T  T E S T S  

A large number of d r i f t  tests were performed 
under both stat ic and time-varying temperatures 
from 150 to 1000°C on a variety o f  nickel-base 
a1 loys, some commercially avai lable and some 
prepared by the authors. Unsuccessful attempts 
were made to quanti tat ively correlate observed 
dr i f t  rates wi th the isolated physical and corrosion- 
resistant properties o f  the al loys. Quali tat ive 
correlation i n  most cases was possible. It was 
establ ished that to wi th in +l0C, there was no 
evidenced advantage o f  any one o f  the base-metal 
thermocouples to  390OC. For any o f  these ma- 
ter ia ls i n  swaged-sheath construction, one i s  
faced with the tedious problem o f  careful prepa- 
rat ion and nondestructive test ing o f  sheath and 

2 
. 



junction integri ty prior to use. Tests at  tempera- 
tures up to 700°C indicated that to  wi th in k2"C 
there were no adverse effects o f  the lack o f  use 
o f  special handling techniques in preparing ther- 
mocouple assemblies. In spite o f  th is  conclusion 
from the tests performed, the authors s t i l l  think 
it unwise to  not exercise a l l  reasonable caution 
in handling and assembling thermocouples. Above 
75OoC, the advantages o f  using meticulous care 
in preparation and handling were borne out by 
results here reported. Over the range 750 to 
lOOO"C, the advantage o f  a nickel-s i l icon binary 
al loy such as Special Alumel over Alumel i s  made 
obvious. Further, the advantage of thermocouple 
construction wi th swaged sheath and dense-packed 
insulat ion i s  established from the point o f  view o f  
l i f e  expectancy for a given wire size. A proved 
technique for simultaneous sheath closure and 
junction manufacture was demonstrated for base 
metal thermocouples. A valuable data-handling 
technique was developed for use in performance 
test ing o f  large numbers o f  thermocouples. 

Some preliminary test ing at 1000°C o f  thermo- 
couples i n  long refractory tubes containing metal 
powders i s  reported. 

SUMMARY O F  A P P E N D I C E S  

The appendices contain results and discussions 
o f  revised thermal-emf tables, chemical analysis 
o f  alloys, special calibrations, and several short- 
range studies on thermocouples. 

Discont inui t ies in NBS Circular 561, Table 6, 
for Chromel-AI umel thermocouples have been re- 
moved to within k0.5 p, and useful smoothed 
tables for Chromel-Alumel, Chromel-platinum, and 
Alumel-platinum are presented from 0 to  1370°C. 
A similar table smoothed from second-difference 
calculat ions i s  presented for copper-constantan 
from 0 to 60°C. These tables are not better rep- 
resentations than the NBS tables but are somewhat 
more regular. A cursory evaluation o f  the exist ing 
Driver-Harris Company table for Geminol-P/N 
and o f  a derived table indicates that more data i s  
needed before a standard curve can be established. 

Wet chemical analyses obtained on commercially 
avai lable thermoelements show suff icient varia- 
t ions that manufacturer's differences introduced 
for "curve matching" cannot be detected for the 
same nominal compositions. Wet chemical analy- 
ses of Special Alumel (Hoskins No. 194 alloy), 
Chromel-P + Nb, Vacominus, and Vacoplus are 
presented. 

The thermal emf o f  a l loys o f  n ickel  with 0 to 5% 
si l icon has been studied at four temperatures. 
Addit ions o f  s i l icon up to  2% produce thegreatest 
changes in the thermal emf o f  nickel, and a 3% 
s i l i con  addition produces the most linear emf-tem- 
perature relation o f  the compositions tested. Mis- 
cellaneous thermal emf's o f  ten nickel-base nega- 
t i v e  thermoelements and seven nickel-baseposi t ive 
thermoelements are reported. The more oxidation- 
resistant posi t ive thermoelements produce less 
thermal emf than Chromel-P, relat ive to  platinum. 

A study o f  the effects o f  isothermal heat treat- 
ments from 500 to 800°C in helium on Chromel-P, 
Chromel-P + Nb, Kanthal-P, and Geminol-P showed 
that once recovery and recrystal l izat ion are com- 
plete, only small random changes occur in the 
calibration. Significant cal ibrat ion deviations 
were noted in wires wi th thin oxide coatings, 
which resulted from oxygen leaks into the helium 
system. 

Some o f  the methods and understanding developed 
in  the course o f  th is  research were used to define 
the precision attainable from Chromel-Alumel at 
400°C. Agreement o f  homogeneity and cal ibration 
results on wire from a given heat-treating schedule, 
which was primari ly designed to  accomplish re- 
covery, revealed 30 gage wire unsatisfactory, but 
24 gage wire suf f ic ient ly stable to al low absolute 
measurements to  no worse than LO.5"C a t  400°C. 
Thermocouple dr i f t  data indicates that th is  toler- 
ance could be achieved for a t  least 5000 hr at 
400°C. 

A study was made o f  the change i n  thermal emf 
o f  Chromel-P i f  a l l  the carbon normally found in 
Chromel-P (<0.03%) were to  precipitate as chro- 
mium carbide. Metallographic and cal ibrat ion data 
obtained refute th is  as a potential internal cause 
o f  thermocouple drift. An external source of 
carbon can lead t o  extensive precipitat ion of chro- 
mium carbide i n  Chromel-P and a 20% dri f t  in 
thermal emf at 750°C. 

G E N E R A L  C O N C L U S I O N S  

In addition to the above conclusions the authors 
would l i k e  to  present the fol lowing as their answers 
to  certain recurring questions regarding thermo- 
couples and their applications. 

It i s  possible to  purchase Chromel-P and Alumel 
thermocouple wire which i s  quoted as being within 
$% of  the accepted Chromel-Alumel table, whereas 
normal Chromel-Alumel i s  wi th in %% o f  th is  table. 
It i s  important that the user real ize that the %% 
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material has less in i t ia l  cal ibrat ion error on heat- 
ing and that th is  does not i n  any way imply that 
the dr i f t  performance w i l l  be superior to normal 
?4% material. Dr i f t  tests conducted on both types 
o f  material have borne out these statements. 

If certain compromises are allowed, th is  re- 
search indicates that a beneficial choice of avai l-  
able thermoelements exists to obtain dr i f t  per- 
formance superior to that  o f  the conventional 
Chromel-Alumel thermocouple. A s  a substitute for 
the Alumel, it hos been shown that the binary 
Ni-Si al loys show superior oxidation resistance 
without a sacri f ice in thermal emf. A s  a substitute 
for Chromel-P, several choices exist: (1) the 
highly al loyed Hoskins al loys 875 or 825, or 
al loys of a higher chromium content, as in Gemi- 
nol-P, show better oxidation resistance but have 
less thermal emf; and (2) the oxidation resistance 
i s  somewhat improved without a sacri f ice i n  thermal 
emf i f  the Chromel-P + Nb i s  chosen. Certain o f  
these al loys demand further study to  ensure the 
reproducibility avai lable i n  Chromel-P and Alumel. 
The  ult imate l im i t  avai lable in Chromel-P and 
Alumel i s  probably +l0F. Whether th is  i s  attain- 
able i n  these al loys i s  contingent also upon a 
study o f  the short-range-order effects known to 
exist  in the 80% nickel-20% chromium al loys and 
suspected in Chromel-P. 

Future dr i f t  tests should be so planned as to 
investigate fewer variables per test. By  increas- 
ing the family size, decreasing the type dif fer- 
ences, shortening the part icular test  time, and in- 
cluding more auxi l iory diagnostics to  isolate the 
cause of  observed changes, the value of  a given 
test series i s  tremendously increased over that of 
the one to  two year tests described herein. The 

tools for accomplishing these obiectives have 
been developed by the present research but were 
not completely avai lable unt i l  the very last low- 
temperature tests were being planned and exe- 
cuted. 

Exempli f icat ion o f  th is  need exists i n  the lack 
o f  correlation found between the basic studies and 
the observed thermocouple d r i f t  performance, 
especial ly in the early stages o f  a dr i f t  test, 
where recovery and recrystal l izat ion are opera- 
t ional. Future tests should be designed to more 
closely fol low these stages and to  incorporate a 
means o f  deciding the  source o f  observed changes 
or o f  compensating effects. Lack  o f  correlation 
has also been found in tests where mass tronsfer 
was thought to be the cause o f  observed changes. 

In spite o f  the fact that tests were done i n  air, 
evidence has been found on tube tests and on 
swaged assemblies which indicates the presence 
o f  a gradient i n  potential oxidiz ing power in the  
confines o f  the thermocouple. Loosely packed and 
t ight ly packed swaged assemblies have shown 
oxide growths i n  local areas which were suff icient 
to cause the  Chrome1 thermoelement (wire sur- 
rounded by the  oxide) to  be magnetic. This looms 
as a potential ly serious problem for a thermo- 
couple functioning in a system subject to large 
temperature changes and should be studied in 
more detai I .  

The whole area o f  the  relat ive advantage o f  the 
various refractory oxides as thermocouple in- 
sulators was no t  seriously considered and should 
be the  subject o f  further investigations along 
with, o f  course, development o f  stable thermo- 
couple material s for higher-temperature use. 
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2. INTRODUCTION 

H igh-temperature-research programs have increased 
the need for meaningful temperature measurements. 
To meet th is  need the Oak Ridge National Lab- 
oratory and i t s  subcontractor, the University of 
Tennessee, joint ly established a thermocouple 
research program. The program was to  provide 
a means for improving the art o f  thermoelectric 
measurement through a better understanding o f  the 
basic behavior of thermocouples. Th is  i s  op- 
posed to  the l imi t ing approach o f  establ ishing 
confidence i n  a given measurement situation by 
closely dupl icat ing service conditions. 

Basic studies have been directed toward the 
solut ion of two problems: (1) How rel iable are 
Chromel-P, Alumel thermocouples for measuring 
temperatures up to  1 O O O T ?  (2) Why i s  th is  com- 
bination good or bad? Does a better combination 
ex i s t  and, i f  so, why? Toward th is  end, a re- 
port ’  on the progress of the f i rs t  year’s effort 
was published. This report included a general 
discussion of thermocouple history, and that of 

’D. L. McEIroy, Progress Report I ,  Thermocouple 
Research, Report for the Period Nov. 1 ,  1956 to  Oct.  3 1 ,  
1957, ORNL-2467. 

Chromel-P, Alumel in particular, detai ls of exper- 
irnenta t equipment constructed for the thermocouple 
test  program, and results and conclusions from the 
in i t ia l  tests on various thermocouples. 

Generally the i n i t i a l  approaches have been 
extended, and, in addition, new ones have been 
undertaken in seeking the basic cause-effect 
relat ions for thermocouple behavior. The present 
report contains the results of detai led studies on 
(1) the consistency of temperature measurement 
standards from 0 t o  96OT; (2) the oxidation o f  
commercial and special thermoelements and the 
accompanying cal ibrat ion changes; (3) the physical  
properties, such as cold-working, recovery, and 
recrystallization, and their effects on calibration; 
and (4) the specific performance of commercial 
thermocouples as influenced by time and tem- 
perature of operation. In addition, a number o f  
diagnostic short-range tests are reported. It had 
been hoped that the results of these studies would 
lead t o  a thermocouple handbook; however, it has 
been found that th is was not possible, but the 
results do provide guidance t o  the solut ion of 
certain types of applications. 
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3. CONSISTENCY OF TEMPERATURE-MEASUREMENT STANDARDS FROM 0 TO 960°C 

. 

S T A N D A R D I Z A T I O N  O F  E Q U I P M E N T  

A cr i t i ca l  evaluation of standards measurements 
was made in  order to  establ ish the val id i ty of the 
presently used and of some contemplated methods 
o f  temperature-measurement ca I i brat ion employed at  
the Oak Ridge , National Laboratory Instrument 
Standards Faci l i ty .  A number o f  fixed-melting- 
point samples, two platinum resistance ther- 
mometers, and a 90% Pt-lO% Rh, Pt thermocouple 
(a l l  cert i f ied by the National Bureau o f  Standards) 
were intercompared by the use of precision electr ical  
instruments which had been careful ly calibrated 
against NBS-certified resistors and unsaturated 
standard cells. The ice, tin, lead, and zinc melt- 

ing points (0, 231.9, 327.4, and 419.593, respect- 
ively)  determined by the resistance thermometers 
agreed with the NBS-certified values to  wi th in 
0.05T. The two platinum resistance thermometers 
agreed with each other to  wi th in 0.02T a t  these 
points, with reproducibi l i ty of 0.01OC. Observed 
values of the melting point (63O.4Ocl not cert i-  
fied) of the antimony sample were reproducible 
wi th in 0.0293. The resistance thermometer indi- 
cation of the aluminum freezing point (660.093) 
agreed with the NBS-certified value within 0.1T. 
The maximum discrepancy was 3 pv  (approx. 0.393) 
between the measured thermal emf o f  the 90% 
Pt-lO% Rh, Pt thermocouple and the cert i f ied 
values at  the aluminum and si lver freezing points. 

Constant attention was paid to  every aspect of 
the instrumentation. The accuracy of the Mueller 
bridge used for resistance thermometer deter- 
minations, after calibration, was within ‘ two parts 

in lo5.  The potentiometer and the standard ce l l  
used with it were stable to  wi th in f ive parts i n  
105, wi th an over-all absolute accuracy of one part 
i n  I O 4  (approximately 0.1% wi th  the thermocouples 
used.) There was a maximum discrepancy i n  the 
thermocouple cal ibrat ions of 0.2T caused by 
insulator leakage resistance at  the s i lver freezing 
point. 

Ice-point checks with the standard resistance 
thermometers indicated that there was less than 
O.OO2T variat ion in the ice point in an air-saturated 
slurry of d is t i l l ed  water and ice made from d is t i l l ed  
water, irrespective of whether the ice was “cloudy” 
or clear. There was, as expected, as much as 
O . O I T  variation in the ice-point temperature in 

tap-water ice slurries. The former was used 
throughout these tests. 

From experience gained in  th is  standards work, 
c i rcui t ry should be employed for routine checks o f  
stray thermal emfs in order to  real ize the utmost 
accuracy o f  thermocouple calibrations. In addition, 
more than one thermocouple of common hot junction 
should be calibrated each time to  provide a veri- 
f icat ion of results by using a l l  possible algebraic 
combinations o f  emf (see Fig. 3.2). 

S T A N D A R D  M E L T I N G  P O I N T S  

In view o f  the apparent reproducibi l i ty (according 
to  preliminary tests) of the melt ing points of the 
pure metal samples, they were used in conjunction 
w i th  NBS-certified platinum resistance thermometers ’ 
and 90% Pt-10% Rh, Pt  thermocouples to  resolve a 
long-standing question a t  ORNL as to  the absolute 
accuracy and reproducibi l i ty real izable from these 
secondary standards. 

The furnaces and crucibles i n  which the metal 
samples were melted have been previously de- 
scribed.’ The samples and their assigned melting 
and/or freezing temperatures are shown in Table 
3.1. Included for later reference are the microvolt 
readings corresponding to  these temperatures for a 
90% Pt-10% Rh, Pt thermocouple, as taken from 
NBS Circular 561, Table 2. The measured melt ing 
points were determined by use of the resistance 
thermometers, t o  be discussed in the next section. 
The lead melting point temperature showed the 
greatest deviat ion from NBS value and proved t o  
be the least reproducible. Th i s  was primarily 
because there was no dist inct  arrest at  the freezing 
point of the lead used. 

R E S I S T A N C E  T H E R M O M E T R Y  

The two platinum resistance thermometers used 
in  the tests shown in Table 3.1 had been cert i f ied 

by the NBS at the ice, steam, and sulfur points, 
One of the thermometers, Leeds and Northrup 
Company type 8163 Special, ser ia l  No. 1052547 
(hereafter designated No. 1) was usable to  63093. 
At the conclusion of  th is  series of lower-temperature 
tests, No. 1 thermometer was used t o  veri fy the 

~ ___ 

ID. L. McElroy, Progress Report I ,  Thermocouple 
Research, Report for Period N o w .  I ,  1956 to  Oct.  31 ,  
1957. ORNL-2467, p 15. 

. 
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Table 3.1. Assigned and Measured Values of Fixed Points 

Fixed Point C0C) 

Sample Assigned Meas ured 90% P t  - 10% Rh, P t  E M F ( p ) '  

Tin, NBS 42e 
Me It ing 
Freezing 

Lead, NBS 49d 

Zinc, NBS 43s 
Melting 
Freezing 

, ,  

AntimonyC 
Melting 
Freezing 

Aluminum, N BS 44e 
Freezing 

Si Ivere 
Freezing 

231.91 
231.91' 231.86 

327.40' 327.35 

41 9.50 
419.5' 41 9.49 

630.41 
630.37 

660.0b 659.92d 

1709.3 
1708.9 

2567.2 

3437.5 
3436.1 

5536.1 
5535.7 

5842.0 

960.8' 91 19.8 

'Taken from NBS circular 561, Table 2. 
'NBS-ss igned value. 

CAssociated Lead Manufacturers, Ltd., 99.999% pure. 

dRes istance thermometer reproduc ibi I ity questioned. 
eHandy 8, Harmon, 99.999% pure. 
'lnternationa I ly  accepted value. 

aluminum freezing point, The second resistance 
thermometer, Leeds and Northrup Company type 
8163 Standard, serial No. 1 1  91768 (hereafter 
designated No. 2) was usable t o  50OT. A Leeds 
and Northrup type E 2  Mueller bridge was used to  
measure the resistance of the thermometers. Before 
use, the resistance bridge was careful ly calibrated 
agoinst a standard 10-ohm resistor, the value o f  
which had been cert i f ied by the NBS to  one part 
i n  105. Corrections, so determined, were applied to  
the observed resistance values. 

The Collendar equation was used to calculate the 
temperature corresponding to  the measured resis- 
tance. The Callendar equation, 

R t  - Ro + 
- 1) L * 

100 
t = -  

' C  

where C = ( R  ,oo - R,)/lOO, was used in  calculat ing 
these values. The coeff icients used in the Callendar 
equation were those specif ied i n  the respective 
NBS certificates, w i th  the exception of the Ro term 
(the resistance of the thermometer at  the ice point, 

093). This value could have changed due to  aging 
o f  the thermometers or a discrepancy in the absolute 
cal ibrat ion of the Mueller bridge. Since the resis- 
tance-temperature relat ion for these thermometers 
involves the rat io of the resistance a t  an unknown 
temperature to  that at  the ice point, the R ,  value 
determined during these tests was used. The 
discrepancy between the R ,  (NBS) and the R ,  
(here measured) was approximately 0.001 ohm, 
depending upon whether dist i l led water and dis- 
t i l led-water ice or tap water and ice were used, 
The difference noted due to  the dist i l led-water ice 
being clear or cloudy was less than 0.0005 ohm. 

The results of the melting point determinations 
are tabulated i n  Tables 3.2 and 3.3 for the two 
thermometers in the order in which the measurements 
w r e  made. D is t i l l ed  water and ice were used for 
R ,  determination. 

Figure 3.1 i l lustrates the variation observed in 
the respective thermometers at  the assigned melting 
points. This plot  serves to summarize the results 
presented in Tables 2.2 and 2.3. 
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T a b l e  3.2. F i x e d - p o i n t  Determinat ions by No. 1 Resistance Thermometer, Arranged Chronological ly 

F i x e d  Po in t  Res is tance (ohms) Temperature* l°C) 

I ce  

T i n  (melt)  

T i n  (melt)  

T i n  (melt)  

Tin (melt)  

Tin (freeze) 

T i n  (freeze) 

T i n  ( f reeze) 

Lead (melt)  

Lead (melt)  

Lead (melt)  

Z i n c  ( f reeze) 

Z i n c  (melt)  

Z i n c  (melt)  

Z i n c  ( f reeze) 

Z i n c  (melt)  

Antimony (melt)  

Ant imony (melt) 

Ant imony (mel t )  

Ant imony (freeze ) 
Ant imony ( f reeze) 

Antimony ( f reeze) 

Z i n c  (melt)  

Z i n c  ( m e l t )  

Z i n c  ( f reeze) 

Z i n c  ( f reeze) 

Lead (mel t )  

Lead (melt)  

Lead (melt)  

T i n  (melt)  

T i n  (melt)  

Tin ( f reeze) 

T i n  ( f reeze) 

Aluminum (freeze) 

25.502 1 
48.2631 
48.2626 
48.2632 
48.2626 
48.2578 
48.2570 
48.2581 
57.1614 
57.1606 
57.1610 
65.4949 
6 5.4 962 
65.4969 
65.4950 
65.4969 
83.61 89 
83.6182 
83.6 169 
83.6162 
83.6130 
83.6126 
65.4 96 9 
65.4967 
65.4947 
65.4948 
57.1654 
57.1 61 4 
57.1622 
48.2632 
48.2630 
48.2559 
48.2550 
86.044 5 

231.926 
231.921 
231.927 
231.921 
231.870 
231.862 
231.873 
327.351 
327.342 
327.347 
4 1 9.487 
41 9.501 
4 1 9.508 
4 19.408 
419.508 
630.423 
630.415 
630.399 
630.391 
63 0.352 
630.348 
41 9.508 
4 1 9.506 
41 9.485 
4 1 9.486 
3 2 7.3 94 
327.351 
327.359 
231.927 
231.925 
231 -850 
231.849 
659.919 

. 

. 
*Calcu la ted  by means of the  Cal lendar equation, w i t h  

R o  = 25.5021 (UT), 
C = 0.00392554 (NBS), 
6 = 1.492 (NBS). 
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Tab le  3.3. F i x e d - p o i n t  Determinat ions by No. 2 Res is tance Thermometer, Arranged Chrono log ica l l y  

F i x e d  Po in t  Res is tance (ohms) Temperature* (OC) 

I ce  25.4997 

T i n  ( f reeze) 48.2530 231.830 
Tin (melt)  48.2605 231.909 
T i n  (freeze) 48.2531 23 1.831 
Tin (melt)  48.2606 231.91 0 
Lead (melt) 57.1589? 327.327 
Lead (melt) 57.1582? 327.31 9 
Lead (melt)  57.1 598? 327.336 
Z i n c  (melt)  65.4966 419.499 

Z i n c  (melt)  65.4968 4 1 9.501 

Tin (melt) 48.2601 231 e905 

Z i n c  (freeze) 65.4955 4 19.487 

Z i n c  (freeze) 65.4956 41 9.488 
Lead (melt)  57.1 603 327.341 
Lead (melt)  57.1630 327.371 
Tin (melt) 48.2600 231.904 
T i n  (freeze) 48.2588 231.891 
Tin (melt) 48.2595 231.899 
T i n  (freeze) 48.2574 231 ..877 

I ce  2 5.4 997 
Z i n c  (melt)  65.4961 41 9.494 
Z i n c  ( f reeze) 65.4943 4 1 9.473 
Z i n c  (melt)  65.4 959 419.492 
Z i n c  ( f reeze) 65.4944 41 9.474 
I ce  25.4996 

i ce  25.4997 

*Ca lcu la ted  by means of the Cal lendar equation, w i t h  

Ro = 25.4997 (UT), 
C = 0.00392612 (NBS), 
6 =1.4914 (NBS). 

A 
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Fig. 3.1. Variation Observed in Resistance Thermometers Nos. 1 and 2 at F ixed  Points. 

T H E R M O C O U P L E  THERMOMETRY 

Four 90% Pt-10% Rh, Pt thermocouples were 
cal ibrated in a series of tests at  the tin, lead, zinc, 
antimony, aluminum, and si lver points. Thermo- 
couples 1 and 2 were simultaneously calibrated, 
using a common junction (see Fig. 3.2). Thermo- 
couples 3 and 5A were fabricated from the same 
spools of wire, but thermocouple 5A was previously 
cal ibrated at  NBS. With the exception of the NBS- 
cert i f ied thermocouple (No. 5A), which was ca l i -  
brated without disturbing i t s  junction or insulator, 
the thermocouple wires were washed with ether and 
then annealed a t  120092 in a i r  for 1 hr before being 
inserted into insulat ing tubes of v i t r i f ied alumina. 
The junctions were welded i n  a reducing oxy- 
acetylene flame. The thermocouple emf was 
measured by use of a Leeds and Northrup Company 
type K-3 potentiometer and a galvanometer wi th 
a long optical lever arm providing a deflect ion 
sensi t iv i ty of 0.1 pv/cm. 

In a l l  the measurements, the residual thermal emf 
o f  switches and connections was accounted for by 
removing the thermocouple leads from the mercury 

. 
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Fig. 3.2. Common Junction for Thermocouple Coli-  

brat i on. 
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tubes i n  the reference temperature bath and shorting 
between the two sides of the c i rcui t  wi th a copper 
wire. The residual emf thus measured was sub- 
tracted algebraica I l y  from the total  thermocouple 
emf, and it i s  th is corrected emf which is presented 
i n  tabular form. 

The f i rst  series of cal ibrat ions was made on a 
B&S 20-gage 90% Pt-lO% Rh, Pt thermocouple a t  
the tin, zinc, lead, and antimony points to  establ ish 
the val id i ty of the method. The results o f  th is  
cal ibrat ion appear in Table 3.4 (thermocouple No. 
3) and are summarized graphical ly i n  Fig. 3.3. 

Next, the dual thermocouple system was checked. 
In th is  series o f  tests advantage was taken of the 
possibi l i ty  o f  obtaining emf measurements on the 
various combinations of thermocouple legs, since 
the four wires terminated in a common junction. 
I n  general these intercomparisons produced a ta l l y  
t o  wi th in k0.2 pv, which i s  the l imi t  of resolution of 
the K-3 potentiometer. Samples of wire adjacent t o  
those from which thermocouple No. 2 was fabricated 
were checked for inhomogeneity in the unilateral 

gradient furnace after an anneal similar t o  the one 
describdd above. This test  indicated emf fluc- 
tuations o f  about +2 pv. in both the 90% Pt-lO% Rh 
al loy and the platinum. Since the test was done 
a t  3OOOC and the wires were ful ly annealed, it i s  
fe l t  that a considerable amount of th is  +2 pv f luc- 
tuation could have been induced by the furnace 
traversing mechanism. Th is  possibi l i ty  was 
evidenced by the distort ion in the wire after the 
gradient test. 

The results of the calibrations of the dual thermo- 
couples appear in Table 3.5, which presents the 
data i n  chronological order. This data is summa- 
r i zed  graphical ly in Fig. 3.4. The rather poor emf 
reproducibi l i ty of +2 pv improved to  + O S  pv in the 
series a t  the end of the test wherein the thermo- 
couples were cycled f ive times between the alum- 
inum and si lver freezing points. There is no 
explanation for the improved reproducibility, 

The NBS-certified thermocouple No. 5A was next 
cal ibrated at  the same points. The results o f  th is  
work appear i n  Table 3.6 and are summarized 

Table 3.4. Fixed-point EMF Values for Thermocouple No. 3, Arranged Chronologically 

Fixed Point Measured EMF (pv) 
Deviation from Values in NBS 

Circular 561* (pv) 

Tin (freeze) 1713.3 +4.4 
Tin (melt) 1713.8 +4.5 
Zinc (freeze) 3441 .O +3.6 
Lead (freeze) 2571.8 +4.6 
Lead (melt) 2571.8 +4.6 
T in  (freeze) 1712.7 +3.8 
Lead (freeze) 2571 .O +3.8 
Zinc (melt) 344 1.3 +3.8 
Antimony (melt) 5539.3 +3.2 

Antimony (freeze) 5540.5 +4.8 
Z inc (freeze) 3441 -5 +4.1 
Antimony (melt) 5539.2 +3.1 

Tin (freeze) 171 3.5 +4.6 
Antimony (freeze) 5540.5 +4.8 

Zinc (freeze) 3441.4 +4.0 
Tin (melt) 1713.5 +4.2 

Zinc (freeze) 3441.3 -63.9 

Lead (freeze) 2571.1 +3.9 

Zinc (freeze) 3441.3 +3.9 

Lead (melt) 2572.1 +4.9 
Zinc (melt) 344 1.4 +3.9 
Lead (melt) 2572.0 +4.8 

*See standard values, last  column, Table 3.1. 
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Table  3.5. F i x e d - p o i n t  EMF Va lues  for Thermocouples 1 and 2, Arranged Chrono log ica l l y  

Thermocouple No. 1 

F ixed Po in t  Measured EMF Dev ia t ion*  Measured EMF 

Thermocouple No. 2 

Devio t ion* 

(PV) (WV) (PV) (WV) 

Ice point  

Tin (melt)  

T i n  (freeze) 

T i n  (melt)  

T i n  (freeze) 

T i n  (melt) 

Tin ( f reeze) 

Lead (melt)  

Lead (melt)  

Lead (melt)  

Z i n c  (melt)  

Z i n c  ( f reeze) 

Ant imony (melt)  

Ant imony (freeze) 

Z i n c  (melt)  

Z i n c  ( f reeze) 

Lead (melt) 

T in  (melt)  

T in  ( f reeze) 

I ce  point  

I ce  point  

Lead (melt)  

Ant imony (melt)  

Ant imony (freeze) 

Lead (melt) 

Ice point  

Aluminum (freeze) 

Aluminum (melt)  

Aluminum (freeze) 

S i lver (me I t )  

S i l ver  (freeze) 

Aluminum (melt)  

Aluminum (freeze) 

- 0.6 

1711.2 

171 2.6 

171 2.4 

1712.6 

1712.3 

1712.5 

2569.9 

2572.7 

2573.9 

3442.8 

3442.4 

5538.4 

5540.0 

3443.2 

3442.5 

2573.8 

1715.1 

1714.8 

- 0.8 

- 0.5 

2573.9 

5539.9 

5540.7 

2572.8 

- 0.6 

5848.4 

5848.5 

5848.5 

91 19.0 

9119.1 

5846.6 

5846.8 

+1.9 

+ 3.7 

+3.4 

+3.7 

+3.0 

+3.6 

+2.7 

+5.5 

+6.7 

+5.3 

+5.0 

+2.3 

+4.3 

+5.7 

+5.1 

+6.6 

+5.8 

+6.0 

+6.7 

+3.8 

+5.0 

+5.6 

+6.4 

+6*5 

+6.5 

-0.8 

-0.7 

+4.6 

+4.8 

- 0.2 

171 3.3 

171 4.5 

1714.3 

1714.4 

1714.3 

1714.4 

2572.8 

2575.7 

2577.1 

3445.6 

3444.7 

5543.0 

5543.1 

3442.9 

3442.2 

2572.9 

1714.7 

1716.6 

- 0.8 

- 0.7 

25764 

5546.7 

5547.3 

2575.6 

- 0.9 

5855.7 

5855.8 

5855.8 

91 30.3 

9130.1 

5853.9 

5853.8 

+4.0 

+5.6 

+5.0 

+5.5 

+5.0 

+5.5 

+5.6 

+8.5 

+9.9 

+8.1 

+ 7.3 
+6.9 

+ 7.4 

+5.4 

+4.8 

+5.7 

+5.4 

f7.7 

+9.2 

+10.6 

+11.6 

+8.4 

+13.7 

+13*8 

+13.8 

+ 10.5 

+ 10.3 

+11.9 

+11.8 

. 
13 



T a b l e  3.5. (continued) 

Thermocouple No. 1 Thermocouple No. 2 

F i x e d  Po in t  Measured EMF Dev io t i  on* Measured EMF D e v  io t ion* 

(ccv) (WV) (WV) ( P )  

A luminum (me I t )  

Aluminum (freeze) 

Aluminum (me It) 

Aluminum (freeze) 

Aluminum (melt) 

Si lver (freeze) 

S i l ver  (freeze) 

S i l ver  ( f reeze) 

Aluminum (freeze) 

Aluminum (freeze) 

Aluminum (melt)  

Aluminum (freeze) ~ 

A luminum (melt)  

S i l ver  (freeze) 

S i l ver  (freeze) 

S i l ver  (freeze) . 

Aluminum (melt) 

Aluminum (freeze) 

Aluminum (melt) 

Aluminum (freeze) 

S i l ver  (freeze) 

S i l ver  ( f reeze) 

5847.9 

5848.1 

5848.4 

5848.1 

5848.4 

9120.3 

9120.0 

9120.2 

5847.7 

5847.5 

5848.3 

5847.7 

5848.0 

9120.2 

91 20.2 

9120.0 

5848.5 

5847.9 

5847.6 

5847.5 

9120.0 

9120.0 

+5.9 

+6.1 

+6.4 

+6.1 

+6.4 

+0.5 

+0.2 

+ 0.4 
+5.7 

+5.5 

+6.3 

+5.7 

+6.0 

+ 0.4 
+0.4 

+ 0.2 
i-6.5 

+5.9 

+5.6 

+5.5 

t0.2 

+ 0.2 

5854.3 

5 854.2 

5854.8 

5854.3 

5 854.7 

9128.8 

9129.4 

9130.1 

5853.8 

5853.4 

5854.7 

5854.0 , 

5854.3 

9129.8 

91 30.0 

91 2 9.5 

5854.7 

5853.6 

5854.0 

5853.8 

9129.7 

91 29.6 

+ 12.3 

+ 12.2 

+12.8 

+ 12.3 

+12.7 

+9.0 

+9.6 

+10.3 

+11.8 

+11.4 

+12.7 

+12.0 

+12.3 

+ 1 0.0 

+10.2 

+ 9.7 
+12.7 

+11.6 

+12.0 

+11.8 

+9.9 

+9.8 

*See standard values, las t  column, Table 3.1. 
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Table 3.6. F i x e d - p o i n t  EMF Va lues  for Oak R idge Standard No. !+A Thermocouple A r r a n g e d  / Chrono log ica l l y  2 

F i x e d  Po in t  
Dev ia t ion  from Values in NBS 

Ci rcu la r  561* ( ~ v )  Measured EMF (pv) 

I ce  point  

T i n  (melt)  

Tin ( f reeze) 

Z i n c  (melt)  

Z i n c  (freeze) 

Ant imony (melt)  

Ant imony ( f reeze) 

Z i n c  (melt) 

Z i n c  (freeze) 

Lead (melt) 

T in  (me I t )  

Tin ( f reeze) 

Ice  point  

Z i n c  (melt)  

Z inc (freeze) 

Ant imony (melt)  

Ant imony ( f reeze) 

Z i n c  (melt)  

Z i n c  (freeze) 

Ice point  

Aluminum (melt)  

Aluminum (freeze) 

S i  lver (me I t )  

S i l ver  (freeze) 

Aluminum (melt)  

Aluminum (freeze) 

+ 0.0 
1715.3 
1714.3 
3444.5 
3444.2 
5545.1 
5545.7 
3444.9 
3444.7 
2574.8 
171 6.0 
1714.7 
- 0.2 
3445.2 
3444.8 
5545.1 
5545.6 
3444.8 
3444.7 
- 0.1 
5852.4 
5852.5 
91 30.0 
9129.9 
5852.8 
5852.9 

+6.0 
+5.4 
+7.0 
+6.8 
+9.0 

+ 10.0 
+ 7.4 
+7.3 
+7.6 
+6.7 
+5.8 

+7.7 
+7.4 
+ 9.0 
+ 9.9 
+ 7.3 
+ 7.3 

+8.4 
+8.5 

+ 10.2 
+10.1 
+8.8 
+8.9 

*See standard values, last  column, Tab le  3.1. 
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graphical ly i n  Fig. 3.5, which also includes the 
NBS-certified values at  the standard melting 
points. In addition, there was a cert i f icate avai l -  
able covering an NBS comparison cal ibrat ion on a 
thermocouple from the same spools from which 
No. 5A was fabricated. This data i s  also plotted 
in Fig. 3.5. The results obtained here were re- 
peatable to  t0.5 pv and agreed with the NBS 
results to  wi th in k3 pv. It i s  noteworthy that the 
NBS comparison cal ibrat ion was a lso  i n  agreement 

TIN LEAD ZINC 

w i th  the NBS melt ing point cal ibrat ion w i th in  
approximately the same tolerance. 

After the melt ing point determination, thermo- 
couples Nos. 1 and- 2 were intercompared in  the 
rapid-heating furnace2 and their difference agreed 
t o  wi th in 0.5 pv wi th the difference determined by 
the melt ing point calibrations. 

2D. L .  McElroy, Progress Report I ,  Thermocouple 
Research, Report /or Period Nov. 1 ,  1956 l o  Oct. 31, 
1957. ORNL-2467, p 18-20. 

ALUMINUM 

UNCLASSIFIED 
ORNL-LR-DWG 48560 

Fig.  3.5. Calibration of Thermocouple No. SA at Fixed Points, with NBS Calibrations Also Shown. 
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T H E R M O C O U P L E  I N S U L A T O R  S H U N T I N G  
E F F E C T  

To disclose possible thermocouple cal ibrat ion 
errors brought about by the shunting effect o f  
insulators used in the work reported i n  the previous 
section, a series of tests were performed at  the 
s i lver melt ing point (960.8T). 

First,  the electr ical resistance of a number o f  
refractory tubes was measured by inserting a 

plat inum wire and a 90% Pt-1076 Rh wire (both 
B&S 24 gage) to  wi th in p4 in. o f  the end of a re- 
fractory insulator. The assembly was inserted i n  
the  melting point apparatus re-entry well. This 
simulated the conditions o f  contact between wires 
and insulator during thermocouple calibration. The 
measured electr ical  resistance was influenced by 
the  magnitude and polari ty of the applied potential. 
In addition, there was about 30 pv output from the 
opens i rcu i ted  “thermocouple.” Leakage current 
was measured with direct and reverse polari ty of 
appl ied voltages of 1.3, 4.0, 8.0, and 90 v. Results 
were more erratic wi th higher appl ied potentials. 

The resistance values obtained a t  1.3 v were 
reasonably consistent and are reported. The 
insulators tested are described in  Table 3.7. A l l  
the above materials came from McDanel Refractory 
Porcelain Company, Beaver Fal ls, Pennsylvania. 

Af ter  measuring the leakage resistance of the 
samples, a thermocouple junction was formed and 
the emf determined at  the melt ing and freezing 
points of s i lver (960.8‘ f 0.05“c) w i th  the suc- 
cessive use of the four insulator types. The 
results of both the insulat ion resistance and the 
thermal emf measurements appear in Table 3.7. 

There i s  no proportional correlation between 
cal ibrat ion change and leakage resistance, although 
the trend suggests some effect. The possible 
variations in intimacy o f  contact between wire and 
insulator would have a bearing on the results, The 
difference o f  1.8 pv between samples IV  and II 
indicates that the effect of insulators should be 
considered a t  the si lver melting point and higher. 
Checks made a t  98Or indicated a factor of 2 
decrease in shunt leakage resistance from the 
value a t  96OT. 

Table 3.7. Insulator Leakage Resistance Effects on Thermocouple Calibration 
__ ~~ 

Ins ulotor Leokoge Resistonce a t  Silver Point (960.8’C) 

960’C (megohms) EMF ( W V )  
Description* Sample No. 

I V  Type 4T046316, 4-hole round, 
/,6-in. OD x 0.046-in. holes, 
high-temperature porcelain 

I Type AV2T040316, 2-hole round, 
t 6 - i n .  OD x 0.04-in. holes, 
alumino 

Ill Type 2T078732, 2-hole round. 
TS2-in. OD x 0.078-in. holes, 
high-temperature porcelain 

0.72 

0.57 

0.3% 

91 19.4 

9119.1 

91 19.0 

. II Type AV2T040316, 2 h o l e  oval, 0.37 91 17.6 
0.156 x 0.094 x 0.040-in. holes, 
a lumina 

*McDanel Co. catalog data. 

. 
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4. OXIDATION STUDIES ON NICKEL-BASE THERMOCOUPLE ALLOYS 

The dr i f t  o f  thermal emf and the rate of fa i lure 
o f  thermocouples seem to  be direct ly related to 
the reaction rate o f  the thermocouple wire with 
i t s  environment. Th is  chapter reports measure- 
ments o f  isothermal weight gain due to oxidation 
i n  air at  temperatures o f  700, 800, 900, and 
1000°C for times up to  500 hr on a number o f  
commercial and laboratory-prepared nickel-base 
alloys. Two methods were used: (1) direct wire 
exposure in a furnace and (2) wires contained in 
refractory insulators exposed in the furnace. The 
methods were not highly refined but did effect ively 
dist inguish the al loys of minimum oxidation rates. 
The weight-gain, microstructure, and diameter 
changes o f  the oxidized wires were noted and 
compared with chemical analyses of the alloys. 
Changes in cal ibrat ion at  the si lver point 
(960.8OC) after various times o f  exposure at  
1000°C were measured on four alloys. 

The oxidation o f  metals and al loys i s  a complex 
and much-investigated subiect; theory, mecha- 
nisms, reaction rates, and control are a l l  o f  
interest i n  the development o f  more useful high- 
temperature components, and some results o f  
previous studies w i l l  be noted in interpreting the 
results o f  the work reported here. 

The ASM Metals Handbook’ has a section de- 
.voted to oxidation o f  metal s at  high temperatures. 
Some of the comments in th is  section are quoted 
below, wi th s l ight  changes: 

, 

1. The nature and ex ten t  of attack on metals and 

al loys,  when heated in ox id i z ing  environments, are 

determined la rge ly  by  the propert ies of  the  sca le  that  

i s  formed - i t s  structure, chemical  composit ion, me l t ing  

point, and bo i l i ng  point. The base metal  and gas 

environment are usua l l y  important o n l y  as they a f fec t  

the scale. At  h igh  temperatures, the ox ida t ion  of many 

meta ls  proceeds according to a parabo l ic  re la t ion :  

(1 )  2 x = kt 

where x i s  we igh t  or th ickness  of  metal  consumed or 

formed in to  scale, t i s  t ime and k the rate constant. 

The essent ia l  cond i t ion  for the v a l i d i t y  of the above 

equat ion was shown by P i l l i n g  and Bedworth to be the 

’B. Lustman (ed.), “The Res is tance of Metals to 
Ox ida t ion  at Elevated Temperatures,” p 223-27, ASM 
Metals Handbook, 1948 ed., American Society for 
Metals. 

format ion of a dense and adherent scale, a cond i t ion  

that ob ta ins  when the spec i f i c  volume of  the  ox ide  i s  

equal  t o  or greater than the spec i f i c  volume of  the 

metal; that  is, when 

> 1  (2) 
Md 

mD 
-= 

where M and D are the molecular we igh t  and dens i ty  of  

the ox ide  and m and d those of the metal. The va lue  

far n i cke l  i s  1.52; hence it should form a pro tec t ive  

oxide. 

2. In general, those metals forming oxides of  h igh  

mel t ing  po in t  are most use fu l  as  a l l oy ing  add i t ions  t o  

confer res is tance to  oxidat ion.  Scales general ly con- 

s i s t  of a layer l i ke  structure, each layer compris ing an 

ox ide  phase wh ich  i s  s tab le  a t  the  reac t ion  temperature. 

In al loys,  the added element may occur i n  the sca le  

i n  several  forms, depending on i t s  re la t i ve  ox id i zab i l i t y  

w i t h  respec t  t o  the base metal. Thus, when smal l  

amounts of  the add i t ions  form refractory oxides, the 

added element may occur i n  the  inner sca le  layer 

adjacent t o  the  base e i ther  as i t s  own ox ide  or as  a 

double oxide w i t h  the bose metal. The concentrat ion 

of such elements i n  the  inner layer of  the  sca le  may 

be as h igh  as four t imes the concent ra t ion  o f  the  
element i n  the al loy.  I n  the outer layers  of  scale, the 

added element may decrease t o  10% of i t s  concent ra t ion  

in the base metal. 

When metals are added that are l ess  reac t ive  w i t h  

oxygen than the base metal, the  added metal  i s  a l s o  

enr iched i n  the layer of  sca le  adjacent t o  the metal  

surface; however, in t h i s  instance the  added metal  

occurs as  f ine  me ta l l i c  par t i c les  embedded i n  the scale.  

Thus, on  an i ron-nickel  a l l o y  conta in ing  5% Ni, me ta l l i c  

par t i c les  conta in ing  30% Ni or more are found i n  the 

scale. 

3. A number of  methods are a v a i l a b l e  for measuring 

the res is tance of  metals t o  a t tack  by o x i d i z i n g  atmos- 

pheres; the cho ice  of  method w i l l  depend on  the par- 

t i cu la r  app l i ca t i on  of  the metal  and on  i t s  p h y s i c a l  

farm. Methods that have been used are: 

Determinat ion o f  the increase in we igh t  of  speci-  

mens af ter  a g iven durat ion o f  exposure. 

Determinat ion of  the decrease in we igh t  af ter  re- 

moving the external  scale. 

Measurement of  the amount of gas consumed i n  the  

o x i d a t i o n  reaction. 

Determinat ion of the  t ime necessary for the de- 

s t ruc t ion  of  a g iven  s i z e  of mater ia l  (ASTM heat- 

coo l  c y c l e  w i re  tes t  i s  s im i la r  to th is) .  

, 
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(e) Metal lographic exominot ion o f  the  ox id ized  mo- 

te r io l .  

(Methods a and e were used in  the UT-ORNL ex- 
per irnen t s.) 

4. The pr inc ipo !  c r i te r ion  for on ox ida t ion- res is tan t  

a l l oy  i s  the  o b i l i t y  of the a l l oy  to  form on oxide sca le  

of low e lec t r i co l  conduct iv i ty,  wh ich  ind ico tes  a low 

rate of  d i f f us ion  of metal  ions, ond equo l ly  importont 

o h igh  mel t ing  point. In  general the higher the mel t ing  

po in t  of  on  oxide, the lower i t s  conduct iv i t y .  Presence 

of a l l oy ing  elements that  form low-melt ing eu tec t ics  or 

compounds w i t h  other const i tuents of  the sca le  must 

be ovoided, s ince  molten sca les  g ive  no protection. 

5. The most importont component of  heat-resistant 

a l l oys  i s  chromium, both because it forms o h igh l y  

re f rac to ry  ox ide  and because i t s  a l l oys  w i t h  n icke l  

and iron, or both, are workable even when the per- 

centoge of  chromium i s  high. [F igure  4.11 shows the 

e f fec t  o f  chromium content on the sco l ing  of o steel .  

The chromium content o t  w h i c h  o l o w  ro te  of sco l ing  

i s  obtoined denotes the composi t ion at  which  the sca le  

cons is ts  en t i re l y  of refractory Cr203; i t  may be noted 

that the proport ion of  chromium required increases w i th  

inc reas ing  temperature. 

6 .  The ox ida t ion  of  n ickel-chromium a l l oys  re la t i ve l y  

h igh  in chromium cannot be descr ibed by Eq. (1) for 

long durat ion of  exposure to  oxidat ion,  because such 

UNCLASSIFIED 
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0 2 4 6 8 
CHROMIUM (7’) 

Fig. 4.1. E f fec t  of Chromium Content on the Scal ing 

of  a Steel Conta in ing  0.15% C and 0.7 t o  0.9% SI. 
(From ASM Metals Handbook - Houdrernont’s data.) 

a l l oys  o x i d i z e  much more s l o w l y  thon would be ex- 

pected. For  comparison, it hos been found that 20% 

Cr o l l oys  w i ths tond 1200 in te rmi t ten t  heot ings t o  

1O5O0C, w h i l e  6% Cr a l l oys  stand o n l y  150. It i s  t o  

be noted tha t  smal l  add i t ions  of chromium decrease the 

res is tance of  n i cke l  to oxidat ion.  An add i t ion  o f  

about 0.25% Cr induces free spa l l ing  o f  the oxide. 

[ F i g u r e  4.21 shows the structures formed on i ron- 

chromium-nickel  a l l oys  a t  1000°C. Up to about 10% Cr, 

the ox ide  formed i s  NiO. With higher chromium contents 

the resu l t i ng  oxide has the c rys to l  structure of Cr 0 2 3’ 
which  i s  more refractory thon NiO and af fords greater 

protect ion.  The good res is tance to  ox ida t ion  of  n i cke l -  

chromium a l l oys  hos been a t t r ibu ted  t o  the  presence 

of the sp ine l  NiO.Cr2O3, wh ich  has been reported in 

a l l oys  conto in ing  15 t o  20% Cr. Add i t ions  of  carbon 

or manganese increase the ra te  of  sco l i ng  of these 

a l loys ,  w h i l e  s i l i c o n  and oluminum improve the re- 

s is tance t o  oxidat ion.  

7. It hos been found that the pur i ty  of the  in i t io1 

mater ia ls  hos a n  opprecioble e f fec t  on the l i f e  o f ,  

n ickel-chromium a l loys .  A l l o y s  mode of  e lec t ro l y t i c  

chromium fa i l ed  much more q u i c k l y  thon did those mode 

of  chromium reduced by the Thermit  reaction. Addi t ions 

of calcium, thor ium and cerium in amounts l ess  than 

0.5% improve res is tance to  sco l ing  t o  o degree out of  

proport ion t o  the amounts of odded element. Such 

improvement wos found t o  be general w i t h  add i t ions  

UNCLASSIFIED 
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Ni 0 Cr203 
A ,NiO 

v FeO.Cr,O, 

0 Fe203 

CHROMIUM (70) 

Fig. 4.2. Const i tuents  of Scale Layers  on Fe-Ni-Cr 

Al loys.  (From ASM Metals Handbook - Houdremont’s 

dota.) 
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of  the olkal ine earths and rare earth elements. The 

service l i fe  of nickel-chromium al loys in  American 

practice is  greatly extended by the addition of 0.01 to 

0.2% Cu, 0.01 to 0.5% Zr, and 0.01 to 1.0% AI.  This  

has been tentatively explained on the observation that 

those elements which have smoller atomic volumes 

have,  no effect. Presumably such minor impurities are 

to be considered as obstacles to the passage of nickel 

ions through'the scale. 

8. Any listing of alloys i n  their order of merit with 

respect to scaling must be considered as comparative 

only for given atmospheres, heating and cooling cycles, 

and other test.conditions. 

Recently, Zima2. has studied the oxidation of 
a series of Ni-Cr al loys of interest to this study. 
Zima's conclusion, that smal I chromium additions 
are detrimental, i s  mentioned in  point 6 above. 
Figure' 4.3 i s  a p lo t  of the rate constant Zima 
determined for the Ni-Cr alloys. At  9.5% Cr, 
the approximate composition of Chromel-P and 
Kanthal-P, more oxidation may take place on these 
al loys than on pure nickel: 

EXPERIMENTAL P R O C E D U R E  

Several different approaches were employed in  
order to deter.mine the relat ive oxidation charac- 
teristics. of posi t ive and negative thermoelements. 
These. were: 

1. weight-gain.determinations o f  bare wires freely 
supported i n  the furnace and wires in  refractory 
tubes; 

2. metallographic examinations of 'bulk diameter 
changes and oxide-metal microstructures. 

Weight Go i n 

The metal wire specimens were bent i n  a hairpin 
shape, weighed t o  k0.0002 g, and placed in  a 
specified posi t ion on the morganite rods of  an 
oxidation cel l .  Th i s  assembly was placed in  the 
furnace, brought to operating temperature for a 
set time, and the samples were then removed for 
weighing. This  method was later altered SO that 
the test specimens. could .be placed on the rods 
with the assembly at temperature.' The increase 
i n  specimen weight was noted after exposure, care 
was taken to catch any oxide which ,spalled of f  
on cooling, and the weight gain per un i t  area was 

2G. E. Zima, Trans. ASM 49, 933 (1957). 

I 0 
0 4 

UNCLASSIFIED 
ORNL-LR- DWG 48563 

: 
I 
I 
I 
I 
I 
7 
I 
1 

\ 
\ 
4 

\ 
\ 

e 

* 

CHROMIUM (at.%) 
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49, 933 (1957) - Zima's data.] 

. 

I 
0 

calculated and plotted. Generally, weight in- 
creases were about 0.003 g for 100 hr at 1000°C 
for specimens of 150-rnm2 surface area. Thus 
the average weight gain per un i t  area was about 
20 ,ug/mm2. Specimens were exposed for times 
up to 500 hr at 700, 800, 900, and 1000°C. The 
al loys studied and the resul ts obtained are given 
in  the next section. 

A weight-gain experiment i s  an isolated experi- 
ment which under a given set of conditions gives 
certain useful information about the oxidation 
of  specimens being tested. The fol lowing l imi -  
tations should be considered in analyzing the 
resu 1 ts: 

Uniform Nonspalling Oxide. - There i s  an 
assumption, particularly affecting the testing of 
bare wires, that a uniform nonspall ing oxide i s  ' 

being produced on the specimen. If spall ing of 
the oxide does occur, misleadingly low data w i l l  
be obtained which might lead to a false conclusion 
in  favor of a spall ing specimen. 
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. 
Type  of Oxide.  - There i s  no indication o f  the 

type or composition of the oxide being formed. 
In specimens where the al loy content strongly 
influences the thermal emf, th is  i s  o f  special 
consideration. The relat ive rates of oxidation 
of the components are of extreme importance be- 
cause they can influence the over-all composition 
o f  the specimen and hence i t s  thermal emf. 

Thermoelectric Properties of the Oxide.  - Such 
an experiment gives no information concerning the 
thermoelectric properties o f  the oxide. These 
properties may alter the emf o f  the thermocouple 
either direct ly or by changing the composition o f  
the base metal. 

Method of Oxide Attack. - This  type of experi- 
ment does not indicate the method o f  attack o f  
the oxidation. Th is  i s  a serious defect i n  those 
cases where intergranular oxidation occurs, since 
th is  could rapidly lead to  a complete surrounding 
o f  the individual grains o f  a metal by oxide, 
without appreciable weight gain. Furthermore, i f  
the oxide i s  not uniform, certain local regions 
may be more strongly attacked than others and 
ult imately lead to fai lure of the wire. If a series 
of oxides i s  formed, then the rate o f  oxidation 
may vary during exposure. Protective and non- 
protective oxides may form, and reactions may 
occur within and between the oxides ,which have 
formed. The latter has been suggested for Ni-Cr 
al loys i n  which NiO i s  reduced to nickel  by the 
oxidation o f  chromium. 

These l imitat ions indicated the weakness o f  
conducting only one type of weight-gain experi- 
ment. A second, and more simply performed, test 
was chosen in  which the specimens were inserted 
into a 3-in.-long, four-hole refractory of known 
weight and this assembly exposed to  oxidation at  
a constant temperature. The surface area o f  the 
specimen was calculated, and the net increase 
in weight of the specimens was determined by 
subtracting the weight o f  the refractory. An empty 
refractory was given identical exposures and 
weighed to determine any weight change due to  
reactions which might be occurring in the refrac- 
tory. This test  c losely approaches the true envi- 
ronment o f  a thermocouple wire in a refractory tube 
and has the advantage of trapping any spalled 
oxide for weighing. Because the specimens were 
cooled before weighing, there i s  the possibi l i ty  
that cool ing caused dif ferential stresses leading to 
spal l ing or cracking of the oxide. In such a case 

the weight gain might be higher on reheating than 
i f  the specimen had not been cooled. Weight gain 
i s  probably also affected by the posit ion of the 
wire i n  the refractory, since the bottom side o f  
the wire, touching the refractory, i s  somewhat 
protected from the atmosphere. One additional 
source of error inherent i n  such a test, but which 
i s  also typical of a thermocouple wire i n  actual 
use, i s  the possibi l i ty  o f  an oxygen gradient 
exist ing in the hole o f  the tube. Th is  would 
possibly lead to lower weight gains for the sample. 

Cross sections o f  exposed wire specimens have 
been examined by using a metallurgical microscope 
to determine (1) the diameter o f  the remaining 
metal wire and (2) the appearance of the remaining 
metal and oxide layer. The diameter measure- 
ments were compared with the original diameter 
to  check the weight-gain measurements. The 
microstructures o f  the specimens have revealed 
some characterist ics of the oxidation. 

Results of Weight-Gain Measurements 

Most o f  the commercial high-temperature thermo- 
elements and heating elements are nickel-base 
alloys. Sixteen o f  these al loys were tested, and 
some o f  the results enable correlation o f  al loying- 
element effects. In addition, a series o f  special ly 
fabricated Ni-Si al loys has been studied. Table 
4.1 summarizes some of the important facts and 
results. Table Ill in Progress Report l 3  and 
Appendix D o f  th is  report contain the chemical 
analyses o f  the al loys tested. 

Figure 4.4 i s  a plot  o f  weight gain vs time a t  
temperature for the posi t ive thermoelements tested 
by the hairpin method. The weight-gain scale o f  
the various materials i s  different in various cases. 
The results are not total ly consistent wi th respect 
to time or temperature; however, reasonable in- 
terpretations may be made. The shape o f  the 
curves o f  weight gain vs time for the posi t ive 
thermoelements indicates that the oxide i s  gen- 
eral ly protective. Fortunately, for thermocouple 
uses, the observed weight gains are small at  700 
and 800OC. It i s  d i f f i cu l t  to  make firm com- 
parative statements about these data. Statements 

3D. L. McElroy, Progress Report I ,  Thermocouple 
Research, Report for Period Nov. 1 .  1956. to Oct.  31, 
1957, ORNL-2467, Table 1 1 1 .  
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h) N Table 4.1. Thermocouple Materials Tested and Summary of Results 

Wires Exposed in Refractory Tubes 

[(Do - Dl) /Do x loo%] 

Hairpin Weight Gain After 400 hr 

Gage ~ 

Weight Gain After 400 hr Diameter Change After hr Figure References 
to Microstructures 

800°C 900°C 1000°C 900°C 

Materia I Source* B'S ( p g / m m 2 )  
Ols/mm2) 70PC 80OOC 906C 1006C ~ ~ ~ 

1000°C 900°C 1000°C 

Hoskins alloy 875 H 20 3.7 7.5 5.5 0 0.5 4.1% 3 .13~ 

Hoskins alloy 827 H 20 ' 1.7 6.5 24 0 0.7 

Hoskins alloy 717 H 20 4.8 8.0 19 0 0.6 

Chramel-A H 20 2 0 0.4 8.0 25 

Geminol-P DH 20 3.5 2.0 1.5 -2.0 1.9 6.5 21 4.15b 4.13b 

Chrom-Nickel B V 20 + 2.5 

Chromel-P H 22 16 39 70 24 34 108 0 2.2 4.15d 4.1% 

Chromel-P + Nb H 20 15 31 63 18 3.2 13 72 1 3.5 4.15c 4.1% 

Kanthol-P K 22 10 15 16 22 3.8 7 42 1 5.2 4.15e 4.13e 

Vacuumschmelzer-P (100 hr) V 22 8.5 13 15 180 

Alumel H 22 19 49 160 320 49 133 269 15 48 4.15/ 4.13/ 

Scott NiAl S 22 '100 

Vacuumschmelzer-N (100 hr) V 22 6 15 45 116 

Kanthal-N 

Geminol-N 

Special Alumel 

Nickel (exp) 

Nickel-1% si I icon 

Nickel -2% si I icon 

Nickel-3% silicon 

Nickel-4% silicon 

Nickel-5% silicon 

Iron (approx. SAE 1010) 

Constantan 

Copper 

K 20 20 38 54 76 

D-H 20 15 26 26 44 

H 20 

UT 20 

UT 20 

UT 20 

UT 20 

UT 20 

UT 20 

L&N 20 

L&N 20 , .  

L&N 20 

40 

24 

39 

37 

27 

36 

26 

19 

17 

630 

390 

350 

55 

51 

73 

81 

85 

75 

59 

70 

45 

134 8 

90 5.4 

77 4.5 

184 11.5 

142 8 

98 

114 5.5 

106 

75 2.5 

9 4.15h 

13.5 4.15 

9 4.15, 

24 

12 

6 

3 

4.14i (800°C) 

4.14h (800°C) 

4.14g (8OOOC)  

4.13h 

4.13i 

4.13g 

4.14a 

4.14 

4.14~ 

4.14d 

4.14e 

4.14/ 

*H = Hoskins Manufacturing Co.; D-H = Driver-Harris Ca.; V = Vacuumschmelzer Co.; K = A. B. Kanthal Co.; S = A. C. Scott Co.; UT = University of Tennessee; L&N= 
Leeds & Northrup Co. 
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can be made about the data at  900 and 1000°C, 
although exceptions exist  here also, as follows: 

1. Increasing the chromium content of Chrom- 
el-P, as in  the case of Geminol-P and Chrom- 
Nickel B, results in less oxidation at a l l  temper- 
atures. It should be noted that i n  the 
oxidation-resistant materiqls, some spall ing o f  
the oxide i s  observed, which i s  indicated by the 
loss o f  weight. The formation o f  th is powdery, 
spalling, and, hence, nonprotective oxide i s  not 
serious in  these two alloys, since the inherent 
oxidation rates are low. 

2. Al loys of composition similar to that of 
Chromel-P behave quite differently from Chromel-P: 

a. Vacuumschmelzer P gave a higher weight gain. 
The cause for th is  may be associated with 
i t s  2% Mn content, not present in  Chromel-P. 

b .  The addition of niobium to Chromel-P (see 
Chromel-P + Nb) and the removal of iron from 
Chromel-P (see Kanthal-P) result i n  lower 
weight gains. The exact causes of these 
improvements or detriments can only be hy- 
pothesized from these apparent composition 
differences in  the alloys. Kanthal-P does have 
an appreciably finer in i t ia l  grain s ize than 
other al loys of the Chromel-P type, and th is  
might contribute to  the formation of a more 
prptective and adherent oxide and hence the 
lower weight gains. 

I f  one is  concerned primarily with thermoelectric 
power (sensitivity), the more sensit ive Kanthal-P 
seems, from the above data, to be the best posi t ive 
thermoelement. However, i f  the thermoelectric 
potential i s  o f  secondary importance, then 
Geminol-P and Chrom-Nickel 8, having better 
oxidation resistance, appear to be better choices. 

Figure 4.5 i s  a plot  of weight gain vs time at  
temperature for the negative thermoelements tested 
by the hairpin method. There appears to be more 
general consistency in  these results than i n  those 
for the posi t ive thermoelements. Generally, the 
oxides formed do not appear to be quite as pro- 
tect ive as those of the posi t ive thermoelements; 
that is, the weight gain continues to increase at a 
reasonably fast rate with time rather than taper 
off as for the posi t ive materials. Decreasing the 
temperature results in  less oxide weight gain, as 

i s  expected. Alumel and Vacuumschmelzer N appear 
to be the least suitable alloys, and both appear 
to oxidize faster than the posit ive elements. 

Geminol-N and Kanthal-N have appreciably lower 
weight gains than does Alumel. The Geminol-N 
i s  somewhat superior to the Kanthal-N, and th is  
i s  probably due to the s l ight ly higher s i l icon 
content in  the former, 2.75 as compared with 
2.40%. Thus the beneficial effects of s i l icon 
alone, as opposed to silicon, manganese, and 
aluminum combined, are apparent in  the oxidation 
results on these negative elements. The A. C. 
Scott NiAl material oxidizes at  a rate intermediate 
between those of Alumel and Kanthal-N and th is  
i l lustrates the effect of a lower si l icon content, 
1.50% as opposed to the higher s i l icon content, 
2.40%, of the Kanthal-N. In general, the best 
negative thermoelements oxidize at nearly twice 
the rate of the posi t ive thermoelements, prin- 
c ipal ly because the oxide formed i s  not as pro- 
tect ive. 

Final ly, some hairpin oxidation tests were fo l -  
lowed by measurements on the diameter of the re- 
maining metal. The results for l0OPC are plotted in 
Fig. 4.6. Because certain of these measurements 
were made as an afterthought, values for some o f  
the materials are missing. In general, these 
results show the extremely rapid attack on Alumel, 
as opposed to  the relat ively protective nature of 
the oxide on the Geminol-N. The results on 
Geminol-P, Kanthal-P, Chromel-P + Nb, and 
Chromel-P indicate the superior performance of 
the posi t ive thermoelements and the beneficial 
roles of chromium and silicon. 

Oxidation results obtained i n  refractory tubes 
are more self-consistent than those of the hairpin 
method. However, the general conclusions for 
the hairpin-test al loy apply also to the refractory 
tube tests. Figure 4.7 shows the beneficial 
effects of the al loying constituents on the high- 
al loy elements. Generally, the observed weight 
gains are & to  t o  as high as those for Chromel-P, 
which shows why these materials are used for 
heating elements and why they are potential ly 
excellent thermoelements. A l l  these materials 
apparently form protective oxides. 

Figures 4.7 and 4.8 show the results for Chromel- 
P, Chromel-P + Nb, and Kanthal-P at 800, 900, and 
1000°C. The beneficial effects o f  niobium and 
of removal of iron are readi ly seen in  the resul ts 
for Chromel-P + Nb and Kanthal-P respectively. 
The form of the plots indicates that these latter 
al loys form a more protective oxide than does 
Chromel-P. Increasing the temperature i s  seen 
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to increase the reaction rate in  a l l  these materials. 
The large weight-gain increase obtained by in- 

' creasing the temperature from 900 to 100O'C may 
indicate that the 900'C oxide i s  different from the 
1000°C oxide. 

Figure 4.8 also shows the results for the nega- 
t ive thermoelements at 900 and 1000°C. The 
poor performance of Alumel at 900 and 1000' i s  
apparently caused by the formation of a nonpro- 
tect ive oxide. The oxidation resistance of the 
negative element i s  considerably improved i f  
si l icon i s  used as the only al loying element with 
nickel, and th is  i s  graphically shown for the three 
al loys Geminol-N, Kanthal-N, and Special Alumel. 
A l l  the latter are nominally binary al loys of 
n ickel  and silicon, and there are only sl ight 
differences i n  oxidation reaction rates, with per- 
haps the Kanthal-N being the poorest material of 
the three. 

Experimental Alloys. - Because of the apparent 
superior performance of n ickel-s i l icon alloys, a 
series o f  solid-solution experimental a l loys were 
prepared, and the oxidation characteristics of 
these al loys were investigated. These results 
are shown in Fig. 4.9. The beneficial effects of 
increasing the percentage of s i l icon are seen in  
a cross plot  of th is data vs s i l icon percentage, 
which i s  shown in  Fig. 4.10. It i s  interesting to 
note that increasing the si l icon content causes 
the amount o f  oxidation to be continually de- 
creased at 1000°C, while at  9OOOC the weight- 
gain measurements show a SI ight increase before 
decreasing. At  lO0O'C l i t t l e  difference exists 
between the 2 and 3% si l icon alloys, and both o f  
these are better than the 1% si l icon al loy or pure 
nickel. These results are in agreement with the 
previously mentioned results found for Geminol-N, 
Kanthal-N, A. C. Scott NiAI, and Special Alumel. 
Final ly it i s  noted that Alumel oxidizes faster 
than pure nickel  at 900 and 1000°C. 

The possibi l i ty  of treating the nickel-si l icon 
data theoretically has been considered, but it has 
been fel t  that since the design of the present 
experiment was primarily to distinguish between 
the alloys, it i s  questionable whether suff icient 
data i s  avai lable for a complete theoretical ex- 
ten si on. 

From the above data it i s  apparent that Alumel 
i s  the weaker leg of the Chromel-Alumel thermo- 
couple i n  an oxidizing atmosphere. Improved 
performance could be attained by using a binary 
nickel-s i l icon alloy, and the resulting error in  

cat ibration differences from the Alumel-platinum 
emf table apparently can be minimized by proper 
al loy choice, at  least in  the high-temperature 
region. Alumel was developed primarily for 
sulfurous atmospheres, and i t  may be that in  th is 
type o f  atmosphere Alumel would perform better 
than the Ni-Si alloys. 

The oxidation resistance o f  iron, constantan, 
and copper was determined at 8OO0C, and the 
results are shown in  Fig. 4.11. Constantan used 
with either iron or copper oxidizes at a slower 

rate than iron or copper. It appears that copper 
oxidizes faster than iron, and that copper i s  com- 
pletely consumed in  300 hr, whereas iron lasts 
for about 400 hr. The photomicrographs also show 
this effect. In any case, the behavior o f  these 
materials at 800°C i s  poorer than that of Alumel 
at 1 OOO°C. 

Diameter measurements on the remaining wire 
after 500 hr at 900 and 1000°C are shown i n  Figs. 
4.12~ and 4.12b. These are drawn as straight 
l ines because of the lack of data at intermediate 
temperatures. The results bear out the previous 
conclusions based on weight-gain data at 900 and 
1ooooc: 

1. The high-alloy materials show diameter 
changes of less than 1%. 

2. The al loys having compositions near that o f  
Chromel-P and the binary Ni-Si al loys show 
diameter changes between 2 and 15%. 

3. Alumel and pure nickel show diameter 
changes from 15 to 50%. 

Photomicrographic' Examination 

The cross-section photomicrographs of these un- 
etched al loys after 500 hr at  1000 and 90OOC are 
shown in Figs. 4.13-4.15 respectively. 

Figures 4.13~ and 4.13b are typical for the al loys 
875, 827, 717, Chromel-A, and Geminol-PI where 
a small amount of oxide formed. Figure 4.13~ 
shows that a decrease in  chromium content, as 
in  Chromel-P + Nb, increases the amount of oxide 
formed. The beneficial effect of niobium in  re- 
ducing this somewhat i s  seen in  comparing Fig. 
4.13~ with 4.13d. Figures 4.13d and 4.13e show 
the similari ty between Chromel-P and Kanthal-P. 
Figure 4.13f shows the gross oxide formed on 
Alumel and the penetration of oxide into the wire. 
Figures 4.13g-4.13i show the similar behavior of 
the Special Alumel, Kanthal-N, and Geminol-N. 
Their superiority to Alumel i s  readi ly seen. 
Figures 4.14u-4.14f show the effect of increasing 
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penstration i n  Alumel (Fig, 4.lSf) is partioularly 
interesting and shows hat the attack i s  occurring 
both at tha suwface of the a lumd wire and probably 
interganularly. 

silicon on oxidation resistance, a d  only m i m r  
diffecauces are s m  from 2 through 5% silicon. 
The ieswlts fa Hoskirw No. 194, Kanthal-t4 and 
Ggainol-N Q.C similar to those 04 the 2 to 3% 
bisffy NiiSi dloys. i n  Figs. 414g-4.16' the 
behmiar of cnpper, cmstantam, and irm, respec 
tivelly, i s  seem after 400 hr at 8OOOC. Both copper 
mci iron me completely oxidized, and constantar 
slas s u h e d  a severe m k .  

The results in  Fig. 4.55 at 9OOOC show similar 
but lass o;ttock than those at IOCMPC. The oxide 

EMF CORRELATEON EXPERIMENT 

In  a further effort toward the understanding o f  
h i g h e m p a r a t w e  w o n  t h c n w o u p l e  ma- 
terials, as-received 2%- Geminol-P, h inol -N,  
Alumal, ond Chromel-P m e  strung into four-hole, 
1-in.-long ceramic refractories md placed i n  a 
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1000°C furnace with a normal air atmosphere. 
The assemblies were isothermally exposed for 
times up to  500 hr and cal ibrated against platinum 
at the freezing point o f  si lver (960.8OC). 

Figure 4.16 shows the percentage change in  
silver-point cal ibrat ions vs time at  1000°C. 
Alumel showed a nearly 17% posi t ive d r i f t  i n  
65 hr. Th is  i s  i n  good agreement with the oxi- 
dation results. Furthermore, data could not be 
obtained for Alumel for longer than 65 hr because 
o f  bri t t leness o f  the wires, and even with the best 
care in attaching the platinum to  the assembly, 
the Alumel wire broke into small pieces. The 
posi t ive d r i f t  for Alumel i s  i n  the direct ion o f  
the pure nickel calibration, possibly indicating 
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that silicon, manganese, and aluminum are being 
lost  by oxidation. 

Geminol-N changes only -1.5% in cal ibrat ion in 
500 hr. Again th is  i s  in agreement with the oxi- 
dation results, and furthermore th is  negative 
change i s  in the direction o f  s l ight ly less s i l icon 
content. The thermal emf o f  1 and 2% Si-Ni al loys 
i s  less than that for 2.5% silicon, so that i f  
s i l icon i s  lost  by oxidation th is  i s  the direct ion 
o f  change to  be expected. 

The dr i f t  o f  Chromel-P i s  surprisingly low, but 
indicates that chromium i s  being lost, wi th the 
dr i f t  going sl ight ly posi t ive then sharply negative. 
Th is  would be expected from the thermal emf vs 
composition curves reported previously4 i f  the 
composition o f  Chrome1 was sl ight ly over the emf 
peak o f  the composition curve. 

The dr i f t  o f  Geminol-P was posi t ive and much 
larger than expected. If the oxidation results are 
true, only a small posi t ive change in cal ibrat ion 
would have occurred. The posit ive change i s  
observed, but it i s  confusing that the isothermal 
d r i f t  results show such a large drift, compared 
with previous "nonisothermal" or conventional 
dr i f t  tests. This points up one more important 
factor in thermocouple research: the lack o f  
correlation which may exist  a t  times between the 
conditions designed to isolate a particular phe- 
nomenon and the operating conditions of a thermo- 
couple. Thus in the isothermal exposure, the 
region o f  the thermocouple located in the temper- 
ature gradient i s  oxidized Geminol-P; however, 
in a conventional d r i f t  test, the temperature 
gradient region might not have seen such severe 
exposure. The former condition serves to amplify 
the effects of the high-temperature exposure, 
whereas the latter condition, because of the law 
o f  intermediate materials, tends to minimize th is  
effect. 

41b1d., Fig .  7. 
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5. PHYSICAL PROPERTIES 

INTRODUCTION 

The thermoelectric effects discovered by 
Seebeck, Peltier, and Thomson plus accurate 
experimental measurements led to the three laws 
which encompass thermoelectric phenomena.’ 
The term “homogeneous” i s  found in  a l l  three 
laws; and this underscores the observable fact 
that a spurious emf w i l l  be developed in a thermo- 
electr ic c i rcu i t  i f  an inhomogeneous portion o f  a 
wire i s  in a temperature gradient. Thus, the 
thermal emf properties of a metal or an al loy may 
be altered by the existence o f  inhomogeneities. 

There has been some uncertainty associated 
with the magnitude and sign of the inhomogeneity 
emf o f  the wire i n  a temperature gradient. It has 
been frequently stated that, because o f  this un- 
certainty, l i t t l e  could be predicted about the net 
inf luence o f  inhomogeneity on the emf of a thermo- 
couple. Experiments have shown that an inhomo- 
geneity should be defined as being due to a vari- 
at ion o f  the mechanical state or the chemical 
composition o f  a wire along i t s  length. Th is  
definit ion i s  based on the fact  that a variation o f  
either o f  these w i l l  cause a spurious emf to be 
generated in a temperature gradient. 

A homogeneous mechanical state of a wire can 
be defined as that state which exists when no 
change in physical properties occurs after sub- 
ject ing a chemically homogeneous wire to  any 
temperature in the range over which it i s  used. 
Th is  definit ion excludes reactions which would 
change the chemical composition. Thus a wire 
which is, and remains, perfectly annealed and 
therefore contains no cold-worked regions repre- 
sents the ideal homogeneous mechanical state. 
Two notable metallurgical processes involved in 
producing a homogeneous mechanical state in a 
metal in the temperature range o f  interest are the 
recovery and the recrystal l izat ion o f  the cold- 
worked metal. Recovery i s  characterized by a 
restoration of the electr ical and magnetic proper- 
t ies of the cold-worked metal to those of an 
annealed metal, with no observed change in the 

’D. L. McElroy, Progress Report I ,  Thermocouple 
Research. R e  ort /or Period Nou. 1, 1956 to Oct. 31, 
1957, ORNL-f467, p 4. 

metal microstructure or other mechanical proper- 
ties. In the metals studied in th is  experiment, 
recovery i s  the predominant metallurgical process 
taking place below 500’C. The rate o f  recovery 
in a metal i s  o f  f i r s t  order with respect to the 
amount o f  unrecovered material present and in- 
creases exponentially wi th the absolute tempera- 
ture. 

The recrystal l izat ion o f  a cold-worked metal 
begins at a higher temperature than recovery does. 
It i s  characterized by the growth o f  new strain- 
free grains in part ial ly recovered metal with a 
restoration o f  the mechanical properties charac- 
ter ist ic o f  the annealed metal. The recrystal l i -  
zat ion temperatures o f  the metals used in these 
experiments are in the range from 400 to  700OC. 
Recrystal l izat ion rate theory states that it i s  a 
second-order process, depending on the amount o f  
unrecovered material present and on the degree of 
recrystallization. The  rate o f  recrystal l izat ion 
therefore increases exponentially wi th the absolute 
temperature. Since both recovery and recrystal I i- 
zation are nucleation and growth processes, their 
completion i s  dependent on time, temperature, and 
the original amount of cold work. 

A homogeneous chemical composition i s  best 
defined as  that state o f  the wire which exists 
when a l l  portions o f  the wire are chemically 
identical. Thermal emf i s  very sensit ive to compo- 
sit ion gradients, much more so than chemical 
analysis; so a most stringent test  for a homo- 
geneous chemical composition would be to expose 
a mechanically homogeneous wire to a temperature 
gradient. Zero emf would be indicat ive of compo- 
s i ti on h o mog en e i  ty . 

Changes in thermal emf o f  a material may be 
due to: 

1. oxidation, 
2. cold-working and annealing, 
3. precipitat ion o f  a new phase, 
4. grain growth, 
5. Soret effect, or 
6. composition conversion caused by thermal- 

Oxidation has been previously discussed (Chap. 4). 
Precipitat ion o f  chromium carbide i s  discussed in 
Appendix I. The effects on thermal emf o f  grain 

neutron irradiation. 
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growth and the Soret effect are thought to be ‘pyramid hardness was calculated i n  the normal 
negl igibly Irradiation damage i s  covered manner. A l l  heat treatments were done in air or 
in a separate r e p ~ r t . ~  Th is  chapter i s  con- helium. Cold-working was done by drawing wire 
cerned with the changes in physical properties through Carboloy dies a t  room temperature, with a 
of thermocouple wire caused by cold-working and subsequently removed lubricant. The amount of 
annealing and how these changes influence thermal cold-working was determined by wire diameter 
emf. measurements and calculated from 

P R O P E R T I E S  A N D  M A T E R I A L S  S T U D I E D  

Tukon hardness measurements have been made 
in order to determine: 

1. the hardness i n  the homogeneous physical state, 
2. the change in hardness with increased cold- 

working, 
3. the recrystal l izat ion temperature range for the 

materials, and 
4. the effect o f  additions of s i l icon to nickel  on 

these properties. 

Electr ical  resist iv i ty measurements have been 
made in order to  determine: 

1. the recovery temperature range for the materials, 
2. the effect o f  cold-working on electr ical resis- 

t ivi ty, and 
3. the effect of addit ions o f  s i l icon to nickel on 

these properties. 

Thermal-emf measurements, including calibrations, 
d r i f t  tests, and homogeneity tests, have been made 
in order to determine thermal-emf changes: 

1. in as-received materials, 
2. due to cold-working, 
3. due to anneal ings of  cold-worked materials, 
4. due to time-at-temperature o f  a cold-worked 

material, and 
5. due to oxidation of materials. 

The detai ls o f  the experimental procedures used 
and the materials tested are reported by Nichols4 
and Lewis;’ however, for the sake o f  completeness 
they are reviewed here. A l l  Tukon hardness 
measurements were made using a Vickers penetrator 
on specimens mounted in Lucite. The diamond 

2J. H. Crowford, Jr., ORNL, private communicotion, 
April 1959. 

3M. J. Kelly, ORNL, private communication, Nov. 11, 
1958. 

4J. Nichols, Spurious Thermal EMF’S in Thermo- 
couple Wire Subjected io Temperature Gradients, O R N L  
CF.59-6-60 (June 15, 1959). 

’A. E. Lewis ,  The Effect o/ Cold Working and 
Annealing on the Thermal EMF of Thermocouple 
Materials, ORNL CF-59-6-61 (June 15, 1959). 

A, - A 
x 100 , 

A0 

where A, i s  the original area and A i s  the f inal 
area. Recrystal l izat ion specimens were produced 
by heat-treating them in air in an lnconel block 
with holes dr i l led for the individual wire specimens 
and with a hole for a thermocouple for temperature 
measurement. The nickel-si l icon al loys were 
prepared in a molybdenum-wound, hydrogen- 
atmosphere resistance furnace. Melt ing was done 
in hydrogen, and after outgassing the melt in a 
vacuum it was chi l l -cast  into a copper mold. The 
cast ingots were homogenized in a hydrogen 
atmosphere for 72 hr a t  1000°C. Fabrication to 
18- and 20-gage wire from the ingots was done by 
the Hoskins Manufacturing Company. The wire 
was bright-annealed after drawing. Electr ical  
resistance measurements were made at OOC, 
using four leads and a Mueller bridge. Thermal- 
emf calibrations were made by the compari- 
son and melting point methods. The thermal- 
emf homogeneity tests were made using the 
uni lateral gradient furnace previously described.’ 
Nichols4 has extensively investigated the errors 
of th is  experiment and the optimum operating 
conditions. 

Vir tual ly a l l  the al loys l is ted in Table 4.1 were 
tested, with emphasis on Chromel-P and Alumel. 

f  

, E X P E R I M E N T A L  R E S U L T S  A N D  DISCUSSION 

Hardness Results 

The mechanical state of the as-received wire 
was determined by measuring the diamond pyramid 
hardness of the wire specimens in the as-received 
condition and after the specimens had been an- 
nealed a t  9OOOC in air  far times of 0.25, 0.50, 1, 
2, 4, 8, 20, and 70 hr. Figure 5.1 shows that a t  
9OOOC the hardness, in general, decreasgs with 
time. Geminol-N, Kanthal-N, and Alumel a l l  
showed rapid decreases in hardness for the f i rs t  
30 min, then a more gradual change unt i l  a minimum 
hardness was reached after approximately 2 hr 
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60 

20 

of  heat treatment, Kanthal-P and Chromel-P + Nb 
showed some hardness changes with time, with 
most o f  the change in hardness occurring after 8 hr 
o f  annealing, although a small change in hardness 
was observed for the Kanthol-P during the 
f i rs t  30 rnin. Essent ia l ly  no change in hardness 
had occurred in Gerninol-P. These results indicate 
that the as-received Gerninol-N, Kanthal-N, and 
Alurnel were in i t ia l l y  in a cold-worked state, with 
recrystal l izat ion having occurred rapidly at  900OC. 
It appears that Kanthal-P, Chromel-P + Nb, and 
Geminol-P were respectively in states o f  pro- 
gressively less in i t ia l  cold-working. 

The hardness (DPH) as a function o f  percentage 
o f  cold work has been plotted in Fig. 5.2 for the 
al loys discussed above. The in i t ia l  value o f  
hardness was determined after the wires had been 
annealed a t  9OOOC for 4 hr. From Fig. 5.2 it i s  
possible to determine approximately the degree o f  
work-hardening o f  the as-received wires. Th is  was 
done by correlating the hardness o f  the as-received 
wires shown in Fig. 5.1 with the hardness vs 
cold-working shown in Fig. 5.2. This  showed that 
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Fig. 5.2. Effect  of Cold-Working on Hardness. 

the as-received wires were cold-worked to the 
extent shown below: 

Chrornel-P + Nb 

Alurnel 

Kantho I-P 

Kanthal-N 

Gerninol-P 

Gem in o I-N 

2.5% 

3.5% 

4.5% 

12% 

0.5% 

5% 
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. 
The recrystal I izat ion o f  Geminol-P, Geminol-N, 

Chromel-P + Nb, Alumel, Kanthal-PI and Kanthal-N 
was studied after they were cold-worked 20 and 
70%. Figures 5.3 and 5.4 show the results. The 
recrystal l izat ion temperature was defined as the 

the in i t ia l  cold-worked hardness. The results o f  
these assignments for the recrystal l izat ion temper- 
ature are given in Table 5.1. The results were 

. temperature a t  which the DPH was 50% less than 
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consistent in that they showed higher recrystal l i -  
zation temperatures for shortened annealing times, 
less cold-working, and higher al loying content. In 
some instances the data for 1 and 4 hr of annealing 
ind i ca ted deviations from the expected behavior. 

Results of similar studies on a series o f  n ickel-  
si l icon al loys are shown in Fig. 5.5. Figure 5.52 
shows that the as-received hardness increased 
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Fig. 5.3. Recrystallization Curves for Geminol-P, Chromel-P + Nb, and Kanthal-P After 20 and 70% Cold- 
Working. 
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Tab le  51 .  Recrystal l ization Temperatures for Commercial Alloys Studied 

Alloy 

Recrystal l ization Temperature (OC) 
~~ 

20% Cold Work 70% Cold Work 

1 -hr 4-hr 1 6 h r  1 -hr 4-hr 1 6 h r  
Annea I Annea I Annea I Annea I Annea I Annea I 

Gerninol-P 725 715 705 640* 665* 640 

Chromel-P + Nb 695* 720* 7 05 735 71 0 655 

Kantha I-P 755 755 72 5 670* 670* 655 

Gernina I-N 700 635 580 61 0 5 90 530 

A lurne I 685 660 635 650 590 575 

Kantha I-N 64 O* 650* 590 590 52 O* 520* 

*Possible discrepancy in data. 
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Si in Ni; ( b )  hardness vs % cold-working for Ni-Si alloys; (c) hardness v s  annealing temperature eC) for 20% cold- 

working for Ni-Si alloys; ( d )  hardness v s  annealing temperature for 70% cold-working for Ni-Si alloys. 

with increasing si l icon concentrations as ex- 
pected, but also shows that the hardness after a 
4-hr anneal a t  9OOOC was somewhat lower than the 

b as-received hardness. Th is  indicates that the 
as-received al loys o f  3, 4, and 5 wt % S' I were 
cold-worked. Figure 5.56 shows the increase in 
hardness with increased cold-working. Severe 
hardening occurred in the f i rst  20% area reduction. 
Figures 5 . 5 ~  and 5.5d show the recrystal l izat ion 
data for 4-hr anneals a t  the indicated temperatures. 
The recrystal l izat ion temperatures (50% DPH) for 
the two percentages o f  cold-working are summarized 
in Table 5.2. 

Electrical Resistivity Results 

The measured electr ical resistance at  O°C 
( R o )  of  the thermocouple wire specimens with four 
measuring leads was assigned as the reference for 
al I successive treatments given the respective 
specimens. The specimens were treated for times 
varying from 0.5 to  18 hr a t  temperatures o f  100, 

225, 350, 470, and 6OO0C, in air. Changes due 
to oxidation a t  the higher temperatures were noted. 
A l l  resistance measurements were made a t  O°C 
after the various heat treatments. 

Barrett6 reports an electr ical resistance de- 
crease, A R / R ,  for 70% cold-worked nickel  after 
annealing in the range 200 to 400°C. Th is  indi- 
cates that the electr ical resist iv i ty o f  n ickel  i s  
increased by cold-working, which i s  attributed to  
local ly distr ibuted internal strains that cause 
scatter o f  electrons. Figure 5 . 6 ~  shows the results 
after 4 hr a t  temperature for Geminol-P, Kanthal-P, 
and Chromel-P + Nb. Figure 5.6b shows corre- 
sponding results for Geminol-N, Alumel, and 
Kanthal-N. The assignment of recovery tempera- 
tures from these data i s  dif f icult .  One can only 
assign ranges over which this phenomenon occurs, 

6C. S. .Barrett, Structure o/ Metals, p 375, McGraw- 
Hill ,  New York, 1943. 
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Table 5.2. Recrystal l ization Temperatures for Ni-Si Alloys 

Recrystal l ization Temperature ("C) 
Material  . 

20% Cold Work 70% Cold Work 

Nickel  315 245 

1% silicon, bat. nickel  32 0 2 90 

2% silicon, bal. nickel  350 340 

3% silicon, bal. nickel  430 360  

4% silicon, bal. nickel 475 435 

5% silicon, bal. nickel  4 95 44 0 
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Fig.  5.6. Change in Electr ical  Resistance a t  0°C after 4-hr Exposure a t  Temperature. A l l  wires had been 

ini t ia l ly  cold-worked 70%. 

and a temperature for complete recovery. These 
values are tabulated in Table 5.3. I f  the data 
interpretation i s  correct, the recovery temperature 
increases with increased al loying content in a 
manner similar to that for the recrystal l izat ion 
temperature. These assigned recovery temperatures 
are well  below the recrystal l izat ion temperatures, 
as would be expected. 

The above statements regarding recovery are as 
theory would predict, except i t should be noted 
that the data for Geminol-P, Chromel-P + Nb, and 
Kanthal-P indicate that the resist iv i ty o f  these 
cold-worked wires i s  less than that o f  as-received 

or annealed wire. Th is  i s  contrary to accepted 
theory. Measurements on Chromel-P + Nb, as- 
received and 70% cold-worked, gave resist iv i ty 
values o f  69.2 and 63.6 microhm-crn, respectively, 
a t  0°C. Th is  corresponds to a decrease in elec- 
t r ical  resist iv i ty o f  8'36, in agreement with the 
annealing data. A possible explanation o f  th is  
may exist  in a hypothesized ordering reaction for 
the Ni-Cr system, which occurs a t  25 at. '36 Cr-75 
at. % Ni  (20-80 wt 7%). Douglas and Dever7 report 

7T. B. Douglas and J. L. Dever, I. Resenrch Natl. 
Bur. Standards 54, 15 (1955).  
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Table 5.3. Recovery Temperature for the Alloys 

Tested a t  70% Cold Work 

Temperature 

for Maximum Temperature A l l o y s  

Range ("C) ARIR ("c) 

Geminol-P 500 >T>lOO 450 

Chromel-P + Nb 450>T>100 37 0 

Kantha I-P 400>T>100 330 

Gem i n o I-N 350>T> 50 290 

A lume I 40O>T>100 300* 

Kantha I-N 300>T> 50 225 

*Value may be in error. 
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values for the specif ic heat o f  the al loy 80% Ni-  
20% Cr from 0 to 900°C which show a discontinuity 
in the v ic in i ty o f  600°C. Although this dis- 
continuity was not explained, ordering could cause 
such an effect. 

Thus the causes for the observed decrease in 
resist iv i ty with cold-working could be twofold: 
(1) cold-working, per se, could cause it, but th is  
i s  highly improbable, according to the electron 
theory o f  metals; (2) a more probable cause i s  that 
cold-working induces short-range order, which in 
turn leads to the observed decrease. Th is  i s  to 
say that cold-working enhances local dif fusion and 
results in n icke l  and chromium atoms f inding 
preferred la t t i ce  sites. 

The electr ical  resist iv i ty at  0°C of the as- 
received nickel-s i l icon al loy wires was measured 

1 1  g. 5.7~. For pure nickel  the and i s  shown in 
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measured p o  = 6.63 microhm-cm i s  in good agree- 
ment with the previously published 6.84 microhm-cm 
a t  2OOC. The results show that s i l icon addit ions 
to nickel  produce a nearly linear increase in  
resist iv i ty a t  OOC. A s  previously described, 
attempts were , made to determine the recovery 
temperature range for these Ni-Si alloys. The 
results shown in Fig. 5.7b were small posi t ive and 
negative changes, d i f f i cu l t  to  interpret. In an 
attempt to  understand th is  erratic behavior, 
measurements of p o  for each o f  the al loys as a 
function o f  percentage o f  cold work were made. 
These results are shown in Figs. 5.7~-5.7h. 
Generally the resist iv i ty increased with increasing 
cold work; however, it was, noted that for 70% 
cold-working there was a sudden drop in resist iv i ty 
in a l l  a l loys except the 5% silicon. Th is  placed 
the 70% cold-worked resist iv i ty very near to  the 
as-received resist ivi ty. Thus, one would expect 
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only small changes on annealing. A choice o f  60% 
reduction might have led to  results more easi ly 
correlated with recovery. Again, it i s  very d i f f i cu l t  
to explain these relat ions except possibly that the 
wires were heated by fr ict ion during die-drawing, 
which caused some recovery to  occur prior to the 
measurement of Po; or an ordering similar to that 
proposed for the Ni-Cr al loys i s  occurring. Since 
the recrystal l izat ion temperatures for these al loys 
were determined, the temperature range for 
recovery could be approximated as about ha l f  the 
temperature for recrystallization. 

Resistance measurements were made on cold- 
worked iron, copper, and constantan for use with 
iron and copper, respectively. The A R / R  vs  
temperature for 4 hr o f  exposure are shown in 
Fig. 5.8. These results are somewhat more 
interpretable than those for the nickel-s i l icon 
series. However, the data on 20% cold-worked 
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con stantan i I lu strates the confusion encountered 
in the previous cases. For copper, recovery i s  
complete by 1 5 0 T  for 20% cold-worked but not 
unt i l  300°C for 70% cold-worked material. The 
sudden r i se  in resistance above 3OOOC was due to 
oxidation. The data for iron are masked by 
oxidation but indicate recovery was occurring a t  
15OOC. L i t t l e  can be said about constantan cold- 
worked 20%, but data for the 70% cold-working 
indicate that recovery was s t i l l  in progress at  
400OC. 

In conclusion, it appears that electr ical re- 
sistance recovery i s  an important factor to con- 
sider in studies on cold-worked thermoelements. 
At  least in Geminol-P, recovery may no t  be com- 
plete un t i l  a temperature o f  450°C i s  reached. 
Generally, for the other alloys, a 4OOOC anneal for 
4 hr results in complete metal lurgical recovery. 

Thermal-EMF Results 

The f i rst  o f  these tests was a short-time dr i f t  
test a t  7OO0C, in which the thermal emf’s o f  cold- 

worked and annealed wires o f  Chromel-P + Nb and 
Alumel were measured relat ive to platinum. The 
deviations o f  the cold-worked wires were obtained 
from the differences of their emf’s relat ive to  
platinum and from the average reading of two 
annealed wires relat ive to platinum. The error for 

20, 40, and 70% cold-worked wires a t  700°C i s  
plotted for Alumel in Fig. 5.9 and for Chromel-P + 
Nb in  Fig. 5.10. Figure 5.11 i s  a cross plot  o f  
these data showing the effect o f  cold-working on 
the in i t ia l  error, the steady-state error, and the 
difference o f  these a t  700OC. Cold-worked Alumel 
showed a rapid change for the f i rst  100 min o f  test  
and then a steady error was established. The 
in i t ia l  change was most l i ke ly  due to establishment 
o f  the posit ion o f  the “interfaces” between un- 
recovered, recovered, and recrystal l ized material 
in the original ly uniform cold-worked wire in the 
cal ibrat ing furnace temperature gradient. The 
changes observed as the amount o f  cold-working 
increased were part icularly interesting in Alumel. 
Less  than 40% cold-working caused the thermal 
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emf to  become greater than the thermal emf of the 
annealed Alumel, platinum. Cold-working more 
than 40% caused the thermal emf to  become less than 
the thermal emf o f  the annealed Alumel, platinum. 
Un l ike  predictions from the theory of metals 
for the effects o f  cold-working on electr ical resis- 
t ivi ty, the effects o f  cold-working on the thermal 
emf o f  metals were not found in the open literature. 
Therefore, the above data i s  presented without 
interpretation. The novelty o f  the observed change 
in emf o f  cold-worked Alumel i s  certainly deserving 
of  further study to seek the proper interpretations. 

The interpretation o f  the thermal-emf data i s  
further clouded when one considers the effects o f  
cold work on the emf o f  Chromel-P + Nb. The 
deviation increased with increased cold work, as  
i s  seen in Fig. 5.10. Thus, i f  one i s  to explain 
the results on Chromel-P + Nb from the electron 
theory o f  metals, then he  may be hard pressed to 
similarly explain the results on Alumel, since the 

two are in opposite direct ions for less than 40% 
cold work. 

Chromel-P + Nb i s  nearly f ive times as  sensi t ive 
to cold-working as Alumel. The two are compen- 
sating to a certain extent for higher percentages o f  
cold-working. At  70% cold work and a t  7OO0C, the 
expected deviat ion in a thermocouple o f  these 
materials i s  approximately 8OC, or nearly 1% low. 

A more extensive study o f  possible errors i n  
Chromel-P + Nb and Alumel was made in which 
they were cold-worked 10, 20, 40, 50, 60, and 70%; 
then the emf o f  each o f  these wires relat ive to a 
stable wire was measured as a function o f  temper- 
ature. The stable wire was o f  Alumel or Chromel- 
P + Nb which had been annealed a t  1000°C for 6 hr 
in helium. Typical  examples o f  the results ob- 
tained in th is  test are given in Fig. 5.12. Figure 
5.13 i s  a cross p lo t  for Chromel-P + Nb o f  the emf 
deviation at  76OOC vs  cold-working from the 
various cal ibrat ion treatments l is ted below, In 
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th is plot  there are four parts to consider: (1) the 
f i rst  heating and cool ing o f  the cold-worked 
Chromel-P + Nb wires, (2) the second heating 
and coolin’g o f  the Chromel-P + Nb wires without 
disturbing the system, (3) the heating and cool ing 
of the Chromel-P + Nb wires after the entire 
thermocouple assembly had been annealed a t  
450°C for 6 hr, and (4) the heating and cool ing 
after a 780°C anneal. The curve for the f i rst  
heating o f  the cold-worked Chromel-P + Nb wires 
shown in Fig. 5.13 indicates that the deviation in 
emf increased with increase in cold-working. A t  
760°C th is  deviation i s  as much as -475 pv a t  
70% cold work. However, th is  emf deviation was 
not stable and dri f ted to a “stable” point when 
held a t  760°C for 12 hr. Th is  “stable” emf 
deviation was reflected in the second heating, as 
shown on the p lo t  in Fig. 5.13. The dr i f t  o f  the 
emf between the f i rs t  and second heating i s  caused 

by establishment of the posit ion o f  the “interfaces” 
in the temperature gradient between unrecovered, 
recovered, and recrystal l ized material in the wire 
original ly o f  uniform cold work. Th is  emf dr i f t  
became gradually larger as the cold-working 
percentage increased. 

It was postulated above that along the cold- 
worked wire in a temperature gradient there was a 
gradual change (or possibly an abrupt change, 
depending on the slope o f  the temperature gradient) 
in the physical state of  the wire. The portion o f  
the wire in the temperature gradient that i s  a t  a 
temperature I ess than the recovery temperature 
remained ful ly cold-worked. Moving into the 
furnace, the wire becomes more completely re- 
covered. The net result i s  a distr ibution o f  

thermocouples” producing an emf. It was further 
postulated that no emf was produced from the ful ly 
recovered portion o f  the formerly cold-worked wire 
relat ive to the reference wire. 

On the strength o f  these postulates it was 
predicted that the emf deviation could be greatly 
decreased i f  the entire thermocouple assembly 
were annealed a t  a temperature above the recovery 
temperature, but below the recrystal l izat ion temper- 
ature, that is, 450°C. Th is  postulate was sub- 
stantiated by the results shown in Fig. 5.13 for 
heating and cool ing cal ibrat ion of  the thermocouple 
assembly after annealing a t  450°C in an inert 
hel ium atmosphere. It i s  noted that the emf devi- 
at ion was then reduced to an almost constant 
value o f  about 25% of  the original deviation 
caused by 70% cold-working. 

The results o f  the calibration runs on Alumel 
are shown in Fig. 5.14. Here, as in the short-time 
dr i f t  experiment, the results for Alumel did no t  
fol low a simple trend. For increasing amounts o f  
cold-working up  to approximately 55%, the emf 
deviation was posi t ive a t  760°C; that is, a cold- 
worked wire produced a greater emf relat ive to 
platinum than did an annealed or as-received wire. 
At  values o f  cold-working greater than 55% the 
cold-worked wire produced less emf relat ive to 
platinum than did an annealed wire. I t  was also 
observed that these deviat ions on f i rst  heating 
were very much smaller than was observed for the 
Chromel-P + Nb. Furthermore, these deviations 
were changed very l i t t l e  by recovery. It w i l l  be 
shown later, however, that recovery tends to bring 
the cal ibrat ion o f  the cold-worked wire closer to 
the cal ibrat ion o f  an annealed wire. 

I 1  
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+ Nb Annealed at 1000°C. 

Included in  these cal ibrat ion tests was the emf 
of a 10000C-annealed vs an as-received wire from 
room temperature to  760°C. A maximum deviation 
o f  -40 pv  was observed at 760%. Therefore, the 
calibrations o f  cold-worked materials were accu- 
rate to +20 pv. A maximum deviation o f  -90 pv 
was observed for a 1000°C-annealed wire relat ive 
to a 480°C-annealed wire. The emf deviation o f  a 
10000C-annealed wire relat ive to a 780°C-annealed 
wire was unexpectedly -350 pv at 760°C. Th is  
w i l l  be discussed later. 

Homogeneity Results  

The optimum operating conditions and the 
magnitude of errors associated with the uni lateral 
temperature gradient furnace have been reported 
by Nichols4 and Lewis5  in developing and using 
th is  nondestructive test of thermocouple wires. 
Th is  has included measurement of: (1) in let  and 
outlet temperature gradients, (2) the emf generated 
by the test  wire cutt ing the earth's magnetic f ie ld 
and by tension in the test wire, (3) the emf 
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generated by cycl ing o f  the furnace controller, and 
(4) the possible emf due, to the Benedicks effect.8 
Results o f  these measurements have shown that 
the apparatus i s  capable o f  detecting wire 
inhomogeneity to + 1  pv. Thus, the emf developed 
by a wire being drawn through the furnace in le t  
temperature gradient may be ,measured relat ive to 

4 WIRE GOING IN WIRE COMING OUT WIRE GOING IN 

8C. Benedicks, “Thermocouple Effects in Homo: 
geneous Metals,” Comfit. tend 163, 751 (1916). 

WIRE GOING IN I WIRE COMING OUT 

the constant emf developed in the wire which i s  
f ixed in posit ion through the side of the furnace. 

2 

0 

-2 

The in i t ia l  tests were run on platinum and 90% 
platinum-10% rhodium thermocouple wires at  a 
furnace temperature o f  300OC. Examples o f  the 
results are shown in Fig. 5.15~. The emf’s due to  
inhomogeneities in platinum are of the order o f  the 
experimental error ( + 1  pv) and thus the wire 
appears to be very homogeneous. 
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Figure 5.15b shows the results on a 90% Pt-10% 
Rh al loy which had been cut.and rewelded. The 
emf associated with the weld i s  about 3 pv. A 
portion o f  th is emf i s  removed by the short-time 
low-temperature anneal received in the 3OOOC 
furnace, as can be seen from the emf trace on 
running the wire out o f  the furnace. Similar, but 
o f  less magnitude, was the emf associated with a 
cut and rewelded platinum wire. 

Figure 5.16 shows a typical trace for an as- 
received Chromel-P wire at  3OO0C, which showed 
on offset o f  approximately 10 pv as the wire was run 
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into the furnace. On running the wire out o f  the 
furnace th is  emf had changed approximately 15 pv 
because o f  the treatment received in the furnace. 
On rerunning the wire into h e  furnace the record 
was virtual ly a mirror image o f  that for wire coming 
out, with the exception o f  a s l ight  difference a t  
the end o f  the trace which was due to th is  segment 
o f  wire having received the longest anneal a t  
300OC. It i s  believed that th is large change i s  
associated with the metallurgical recovery phe- 
nomenon, Thus it i s  believed that the as-received 
Chromel-P wire was sl ight ly cold-worked and that 
this was removed by a recovery anneal a t  3000C. 

A trace for as-received Alumel wire i s  shown in 
Fig. 5.17~. A s  the wire entered the furnace an 
average of fset  o f  approximately 25 pv was 
observed, A dist inct  cyc le  in the thermal emf was 
observed for the entering wire. On leaving the 
furnace the average offset .was observed to have 
shifted as in the case of the Chromel-P. However, 
the cyc l i c  behavior was s t i l l  apparent. 

As previously stated, the proper interpretation o f  
the emf's associated with inhomogeneities has 
thus far been lacking. Therefore it seemed that 
th is  cyc l i c  behavior might well  lend i t se l f  to a 
more interpretative experiment. A I O - f t  length o f  
Alumel from the same spool was doubled a t  the 
center and a platinum wire attached at the bend. 
Th is  double thermocouple was then calibrated at  
the lead melt ing point, 327.4OC. Three-inch 
sections of  the Alumel wires were removed, and 
each new junction was calibrated. Th is  process 
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was continued un t i l  nearly 7 ft o f  the original 
wire had been calibrated a t  3-in. increments. The 
p lo t  o f  deviat ion in microvolts a t  the lead point vs  
distance along the wire i s  shown in Fig. 5.17b. 
The cyc l i c  behavior i s  readi ly seen, and the 
observed amplitude agrees quite well  with the 
results o f  the homogeneity test. Any observed 
differences could be explained by the difference 
in the temperature gradients in the two tests. 

Gradient furnace experiments were run on 
individual wires which were doubled in the center 
and part ial ly immersed in an oxidiz ing atmosphere 
in a furnace at  1000°C for times up to 100 hr. 
The results after 28 hr o f  exposure are shown in 
Fig. 5.18. Th is  test  simulates operating con- 
dit ions for a thermocouple wire and clearly 
i l lustrates the errors which would be associated 
with changing the depth o f  the thermocouple in a 
furnace. 

The in i t ia l  small of fset  i s  associated with wire 
which was at  room temperature during the test. 
The exact form o f  the total trace was somewhat 
unexpected un t i l  it was found that the individual 
wires had been immersed past the maximum temper- 
ature o f  the furnace. The results do indicate that 
oxidation a t  1000°C generated inhomogeneities 
which cause emf change nearly ten times that 
observed in as-received wire. Four types o f  wire 
were tested in th is  experiment, and the cumulative 
data were tabulated in Table 5.4 by selecting the 
maximum emf observed for each time o f  exposure. 
These data are plotted as a function o f  time a t  
temperature in Fig. 5.19. The selected maximum 
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WIRE IN FURNACE (f t )  

thus represents the greatest possible error which 
would be observed in thermocouples receiving th i s  
type o f  exposure. 

An auxi l iary experiment involv ing thermocouples 
of  these two types has been run a t  1000°C. The 
thermocouples were removed from the furnace after 
various t imes a t  temperature and were cal ibrated 
at  300°C. These results are shown in Fig. 5.20. 
For comparative purposes the data from the 
previous experiment are included, and i t  can be 
seen that the observed error i s  not a s  large as the 
maximum possible error indicated by the homo- 
geneity tests. However, the two tests do show 
that the same trend i s  fol lowed as a function o f  
time a t  temperature and that the error a t  300°C 
after 100 hr o f  exposure a t  1000°C i s  qui te large. 

The uni lateral gradient apparatus was also used 
to investigate the thermal-emf changes o f  cold- 
worked wire a t  various temperatures. The temper- 
atures used in th is  investigation were 100, 300, 
400, 500, and 700°C. Chromel-P + Nb and Alumel 
cold-worked 50, 60, and 70% were studied. Moving 
the wire in and out o f  the furnace provided a rapid 
and convenient method o f  uniformly heat-treoting 
the wire that was exposed to the temperature 
gradient. Th is  uniform heat treatment eliminated 
to a large extent the effect o f  spurious emf caused 

by interfaces between wire i n  various stages o f  
recovery. The change in  thermal emf due to re- 
covery at a particular temperature was thus easi ly 
obtained. The emf measured by the recording po- 
tentiometer i s  the difference between the emf o f  
the wire in the f ixed gradient and the emf o f  the 
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Fig. 5.18. EMF Trace a t  300°C Generated by 5 ft of As-Received Alumel Wire and by 5 f t  of Kanthal-P Wire. 

Both wires had been doubled in the center and immersed 2 ft  into a furnace a t  1000°C for 28 hr prior to  testing. 



Tab le  5.4. Maximum EMF Generated by Thermocouple Wire in a Temperature Gradient 
as a Funct ion o f  T ime Immersed in a 1000°C Furnace 

\ 

0. - ALUMEL 

Durat ion of Immersion Maximum EMF Generated EMF Converted to  Degrees C for a 

(hr) (PI Chrome I-Alumel Thermocouple Wire 

Alumel 5 -1 25 -3 

Alumel 28  -420 -1 0 

A lume I 96 -780 -1 9 

Chromel-P 5 185 4.5 

Chrome I-P 28  3 90 9.5 

Chromel-P 96 460 11 

Kantha I-N 5 -46 -1.1 

Kantha I-N 28 -115 -2.8 

Kantha I-N 96 -320 -7.8 

Kantha I-P 5 102 2.5 

Kantha I-P 28  190 4.6 

Kanthal-P 96 350 8.5 
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Fig. 5.19. Maximum EMF Devlat ion o f  Thermoele- 
ments as Measured at  300°C After Furnace-Immersion 
T ime at 1000°C (Unilateral-Gradient Test). 

entrance wire. It w i l l  be necessary to state the 
exact method used for ascribing the sign to an 
offset, which w i l l  be done with the a id  o f  Fig. 5.21. 

The sol id l ine  in Fig. 5.21 schematically 
represent the published emf o f  Chromel-P relat ive 
to platinum as a fvnction o f  temperature. I f  we le t  
the dashed l ine  in Fig. 5.21 represent the emf o f  a 

cold-worked wire relat ive to platinum as the wire 
i s  driven in  and out of the furnace, the emf recorded 
by the recording potentiometer can be expressed 
as: 

where 

AEin = the difference in emf when wire i s  

ALEout = the difference in emf when wire i s  

Ek = the emf o f  the as-received wire in a 

Enw = the emf o f  the cold-worked wire while 

= the emf of the cold-worked wire whi le  

moving into the furnace, 

moving out of the furnace, 

, f ixed gradient, 

moving into the furnace, 

moving out o f  the furnace. 

The emf change due to recovery may be expressed 
by subtracting Eq. (2) from Eq. (1): 

A(AE) = Ek - - (EK - 

= - EFnw , (3) 
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Fig.  5.20. Comparison o f  Thermocouple Errors as  

Determined by  the  Uni lateral-Gradient-Furnace Method 

and a P la t inum Res is tance Thermometer. Curves A 1  
and A2 represent error i n  OC for Hosk ins  and Kantha l  

thermocouples according t o  uni lateral-gradient- furnace 

resu l ts  (see Fig. 5.19). Curve E represents res is tance-  

thermometer ca l ib ra t ion  for Chromel-P, Alumel, and 

curve C was obtained i n  the same woy as curve E ,  but 

for Kanthal-P/N. 
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Fig.  5.21. Schematic P l o t  of  E M F  vs Temperature 

for Chromel-P, R e l a t i v e  t o  Plat inum. . 

where A(AE) = the emf deviation in calibration due 
to recovery. The shaded area between the EFnw 
curve and the curve represents the change in 
the cal ibrat ion o f  the cold-worked wire. Movement 
of  the cal ibrat ion toward the sol id l i ne  w i l l  be 
positive, since - Ernw i s  greater than zero. 
If the direct ion o f  movement i s  opposite, the value 
of - Eynw w i l l  be negative. The above 
comments are also true for Alumel i f  the emf o f  
cold-worked Alumel relat ive to  platinum i s  con- 
s i  dered negative. 

From the above development i t i s  possible to 
determine the amount o f  change heat treatment 
causes in the cold-worked wire. It i s  necessary 
to  know the sign o f  the emf relat ive to platinum, 
and the sign of A(AE) must be known. 

A schematic plot  o f  the emf vs distance i s  shown 
in Figs. 5.22 and 5.23. Figure 5.22 shows a 
continuous trace a t  100, 300, 400, and 500°C 
which i s  qual i tat ively representative o f  Chromel-P + 
Nb. Figure 5.23 shows a continuous trace a t  100, 
300, 400, 500, and 7OOOC which i s  a qual i tat ive 
representation o f  the traces for Alumel. L i n e  ab 
for each temperature does not fa l l  on the zero l ine 
because there i s  an emf generated by the cold- 
worked wire relat ive to the f ixed wire. After the 
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Fig. 5.22. Schematic P l o t  of EMF Trace vs  D is tance 

for Chromel-P + Nb Der ived  from Uni lateral-Gradient 

T e s t  a t  Var ious  Temperatures. Note  tha t  the  change 

i n  thermoelectr ic propert ies of  the w i re  can be meas- 
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Fig. 5.23. Schematic P lo t  of EMF Trace vs Distance 

for Alumel Derived from Unilateral-Gradient Test  a t  

Temperature. Note vertical shift  in a-b and c-d lines 

as they reflect changes in thermoelectric properties. 

wire i s  driven into the furnace, the motor drive 
i s  reversed, and the wire comes out o f  the furnace. 
The change in the physical properties o f  the wire 
can be measured by the shi f t  in the emf reading 
from l ine ab to  l ine  cd. This i s  A(AE) of  Eq. (3), 
which for Chromel-P + Nb i s  A(AE) = E a b  - 
For Alumel A(AE) i s  defined as the emf at  the l ine  
cd minus the emf a t  the l ine  ab. 

The original plan was to use a new sample o f  
cold-worked wire for each run. However, i t was 
found experimentally that the total emf offset at  a 
specif ic temperature for a piece of cold-worked 
wire was equal to the algebraic sum o f  the of fset  
a t  that temperature and the offset from the previous 
temperatures to which the wire had been exposed. 

Treatment of the emf-vs-distance traces in the 
above manner has yielded the results shown in 
Figs. 5.24 and 5.25. The relat ionship o f  emf offset 
to temperature for Chromel-P + Nb i s  shown in 
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Fig. 5.25. EMF Effects of Cold-Working and An- 

nealing for Alumel. Summary of unilateral-gradient- 

furnace results. 

Fig. 5.24. The value o f  the emf offset A(AE) i s  
posi t ive and increases with increase in cold- 
working. From the cal ibrat ion studies, i t was 
determined that the emf o f  a cold-worked Chromel- 
P + Nb wire relat ive to platinum was less than the 
emf o f  an annealed wire relat ive to platinum. 
The phenomenon o f  recovery caused the calibration 
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of  the or ig inal ly cold-worked wire to approach 
annealed calibration. 

From the results o f  the experiment on recovery, 
the recovery temperature was assigned to be 
37OOC for 70% cold work. It may be observed from 
Fig.  5.24 that at  th is  temperature (point a) the 
slope of the emf offset wi th temperature begins to  
decrease. A t  points b and c on the curves for 
60 and 50% cold-worked wire in Fig. 5.24 th is  
slope decrease begins at  380 and 39OOC re- 
spectively. Therefore the recovery temperature for 
Chromel-P + Nb increases with decrease in cold- 
working. 

The emf of fset  for Alumel vs temperature a t  50, 
60, and 70% cold-working i s  shown in Fig. 5.25. 
T h i s  plot  shows that A(AE) for Alumel i s  posi t ive 
up to a certain maximum value and then becomes 
negative. From the cal ibrat ion tests i t  i s  seen 
that the emf o f  a cold-worked wire relat ive to 
platinum i s  greater than that for an annealed Alumel 
wire up to a certain temperature, and then it be- 
comes less. The posi t ive offset i s  for the Alumel 
wire showing a greater emf than the annealed wire. 
Therefore, i t i s  observed that the deviations are in 
the direction of the annealed wire calibration and 
are opposite in sign for dif ferent temperatures 
simply because o f  the original posit ion o f  the emf 
o f  the cold-worked wire relat ive to the annealed 
wire. From Fig. 5.25 it i s  also seen that for 
temperatures o f  335, 393, and 44OOC for Alumel 
wires cold-worked 70, 60, and 5074, respectively, 
no change in emf was observed as a result o f  
recovery. We are a t  a loss to  explain this latter 
behavior. 

The uni lateral temperature gradient furnace was 
used to interpret the effects o f  small amounts o f  
cold-working on the thermal emf o f  various com- 
mercial thermoelements. The furnace was run a t  
4OOOC and the wire to  be tested was driven i n  
and out of  the furnace prior to cold-working. A 
2-ft section o f  th is  wire was then stretched 2%, 
and the emf trace was obtained on driving in and 
out o f  the furnace. From th is  trace the change due 
to cold-working was determined as previously 
described. For the 5 and 10% cold-working, a new 
section o f  the original wire was stretched and 
tested. 

The translated results in terms o f  errors to be 
expected are shown in Fig, 5.26. Chromel-P, 
Chromel-P + Nb, Kanthal-P, and constantan shi f t  
to less emf to platinum with small percentages o f  
cold-working, and Kanthal-P i s  the most susceptible 
to cold-working. Alumel shi f ts to  a higher emf to  
platinum with increased cold-working. The emf to  
platinum o f  copper, iron, Geminol-P, Geminol-N, 
and Kanthal-N are not changed appreciably up to  
10% cold-working. Generally these results are in 
agreement wi th the previous co l i  bration experi- 
ments. 
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Fig. 5.26. Effects of Smal.1 Amounts of Cold-Working 
on EMF of Various Thermoelements, o s  Obtained with 

the Unilateral-Gradient Furnace at  400OC. 
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6. THERMOCOUPLE DRIFT - EMF VS TIME AT TEMPERATURE 

The ORNL Thermocouple Research Program hod 
i t s  origin i n  the evaluation o f  the stat ic performance 
of thermocouples to  be used i n  the ORNL Aircraft 
Reactor Test (ART) and i n  the evaluation of heat 
exchangers and other components of the ART. 
Space and materials l imitat ions dictated the use 
of thermocouples. It was expected that Chromel-P, 
Alumel might not l i ve  up to the necessary accuracy 
and stabi l i ty  requirements over the 1200 to 18OOOF 
range to be encountered. Thus a series of thermo- 
couple dr i f t  tests was begun as a part o f  the ART 
thermocouple design program. A more complete 
coverage o f  that program was. reported by De- 
Lorenzo. l Although some o f  the thermocouple 
configurations tested and here reported were 
dictated by Aircraft Reactor Project needs, that 
d ist inct ion i s  not made. 

The need for better correlation between cause 
and effect i n  studying actual thermocouple per- 
formance led to a broader object ive in th is  program, 

broad comparative tests necessitate a large number 
o f  thermocouples. 

To fu l f i l l  these criteria, Marshall Products 
Company standard tube furnaces were used. 
Figure 6.1 i s  a schematic cross section of the 
furnace, including the sol id copper inert ia block 
into which were inserted test  thermocouples. The 
copper block was completely enclosed by an al l-  
welded lnconel casing. As a further precaution 
against oxidation of the copper block, a posit ive 
pressure of helium was continuously maintained 
between the copper and the lnconel casing. Stain- 
less steel radiat ion shields, match-drilled to the 
re-entry wells, were used to minimize end losses 
and to reduce the amount of radiant heat incident 
upon thermocouple connectors. The wiring harness 
from the test thermocouples through the thermo- 
couple connectors was divided into three groups 
o f  20, terminating i n  20-point thermocouple con- 
nector switches. From the switches, jacks pro- 

as has already been discussed. vided connections to ice-bath reference junctions 
continued accumulation o f  actual thermocouple and f inal ly to a precision potentiometer (Rubicon 
performance data was considered valuable. type B or L & N type K-3). The connections from 
environments used were chosen as representing the test thermocouples to the harnesses are shown 
many of the conditions encountered at ORNL, i n  Fig. 6.2, which i s  a rear view of a thermocouple 
outside nuclear reactors as wel l  as in in-pi le dri f t- test assembly. The front view o f  a section 
environments excluding radiation, and excluding of the dr i f t  test apparatus i s  shown in Fig. 6.3. 
protection tube corrosion problems. The temper- AS may also be seen i n  Fig. 6.3, the dr i f t  furnaces 
ature range of 1000 to 190OOF was chosen according were controlled by pulse-time modulation con- 
to the above consideration and prior knowledge of trollers. The mult ipoint potentiometer recorders 

Nevertheless, a 

The 

the l imitat ions o f  the materials to  be tested. Both 
cyc l i c  and stat ic temperatures were used. The 
majority of the tests were done in  air, but some 
supplementary work was done in hydrogen, helium, 
and in vacuo. 

DRIFT TEST FACILITIES 

The prime requisite o f  a dr i f t  test fac i l i t y  i s  
that a prolonged isothermal space 'be obtained o f  
such size that a variety of materials, the per- 

formances of which are to  be compared, may be 
tested in the same environment. In addition, 
suff icient samples should be tested to  establish 
rel iable stat ist ics for each type. ' Consequently, 

'J. T. DeLorenzo, Thermocouple Desi and Tes t  
Pro ram for Reactor Projects,  ORNL-26g (Apr. 20, 
1958). 

were used to continuously monitor a representation 
from each group o f  thermocouples under test. 
Precision data were taken at  intervals o f  from one 
day to one week, depending on the type and 
duration o f  a particular test. Elapsed-time meters 
served as test chronometers. Figure 6.4 schemati- 
cal ly i l lustrates the connections between test  
thermocouples and the monitoring instruments. 

The measurement error induced by the thermo- 
couple connectors and iacks during steady-state 
operation was a maximum of kO.5"F. During tran- 
si ent am bi en t condition s, the connector- i nd u ced 
error was as much as k4"F. 

The maximum radial deviation of actual test 
thermocouple junction temperature relat ive to the 
central ly located standard thermocouple was I t 2 O  

at 1800OF. Under steady-state conditions, th is  
relat ion did not vary by more than kO.25OF. The 
difference in  temperature i n  a test hole before and 
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Fig. 6.1. Cutaway Drawing of Tube Furnace Used in Drift  Tests.  

after thermocouple loading i n  the surrounding holes 
was 0.5OF in  the steady state at 18OOOF. At 180OOF 
the axial variation i n  temperature within 2 in. o f  
the hot junction of the test  thermocouple was 2OF, 
and 6°F in  the next 6 in. from the hot junction. 
Th is  axial variation was minimized by adjusting 
shunts between the ten winding taps on the furnace. 
The deviations mentioned above were less at 
lower operating temperatures. 

During determinations o f  the precise test-thermo- 
couple emf, the furnace temperature was monitored 

with a standard 90% Pt-10% Rh, Pt thermocouple, 
inserted suff iciently prior to  these determinations 
i n  order for thermal equilibrium to  be established. 
The equil ibrat ion time was minimi zed by preheating 
the standard thermocouple before insertion. The 
standard was protected by an alumina reen t ry  
wel l  and was lef t  in a furnace only long enough 
to make measurements, except i n  the case o f  tests 
at 300% (572OF) and 390T (734OF). The maximum 
error o f  absolute temperature determination was 
50.5% (+l0F). 
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Fig. 6.4. Schematic Drowing of Drift-Test Thermocouple Connections.' 

D A T A  PROCESSING 

The processing o f  data obtained during the dri f t-  
test ing o f  thermocouples was a most formidable 
task. In i t ia l  attempts to manually process the 
data resulted in appreciable t ime delay before the 
results were i n  an understandable form. It was 
found that some tests could have been concluded 
earlier, or that new tests were suggested which 
should have been started much sooner than was 
possible after manual processing. In addition, 
even though the data reduction was a simple 
arithmetic problem, many human errors crept into 
the result because of the precision required and 
the redundancy of these arithmetic operations. AS 
many as  500 datum points per week were obtained, 
representing a variety of materials and a plural i ty 
of samples o f  each variety. 

To remove the impediment of manual data proc- 
essing, a semiautomatic data processing system 
was evolved, as the result of  the efforts of J. W. 
Reynolds, ' ORNL Instrumentation and Controls 
Division. The functions o f  the data processing 
system w i l l  be presented in some detai l  because 
it i s  strongly recommended that any additional 
effort i n  th is  type of research w i l l  be enhanced 
by a similar approach to  data processing. 

The digi ta l  computer at ORNL (Oracle) was 
used i n  the fol lowing general way. Original test  
and standard thermocouple mi l l i vo l t  data were 
manually recorded on a prepared form (Fig. 6.5a), 
designed to functional ly f i t  the furnace-and- 
selector-switch arrangements as well  as to f i t  the 
designed Oracle input routine. Paper tape (Fig. 
6.5b) was then manuallye punched to prepare the 
data for input to the Oracle. The Oracle reduced 
the mi l l i vo l t  readings o f  both standard' and test  
thermocouple to temperature, obtained the difference 
between these two temperatures, which i s  the error 
( E ,  in degrees) of each thermocouple, averaged 
the errors E o f  that type o f  thermocouple, computed 
i t s  standard deviat ion S, and tabulated the results 
on the Oracle curve-plotter output. Th i s  output 
was presented on an osci l loscope tube. A 35-mm 
picture was automatically taken o f  th is  output and 
subsequently printed, as shown in  Fig. 6.5~. Data 
are stored by the Oracle magnetic tape, and each 
time new data are processed, a current analog plot 
of the average error vs time for each type of  
thermocouple was also presented by the Oracle 
curve plotter for 1000-hr increments, as shown i n  
Fig. 6.5~'. With each analog plot  are included the 
average o f  the standard deviation SER and the 
degrees o f  freedom DF o f  a l l  the data represented 
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Fig. 6.5. Example of the Steps in t4m Reduction of Drift Data. (4) Raw-duta rlheet; (6) dota-input tape for tho 
back; tc) tabulated data - Orach output; (4 analag plot - Oracle output. 

by th& plot. There i s  normally a five- YO t e d a y  
delay before the reslults w e  available, largely 
bacowse of d i f f icu l ty  i n  scheduliing Ckacle time. 
hvutt lheless, th is  represented an opprecioble 
improvement over the s i x -mn th  delay encountered 
when the data were mmual ly  processed, The time 
far the computer to process data represented in 
Fig. &Sa, including nine curveplotter outputs 
far he nine groups of data, i s  3 min. It takes 10 
min to punch ard verify the paper tape representing 
the amowt  of data i n  Fig. 45a. 

The original program used, Thermo I code, 
caleulattad onlly the error for eo& themcoup le .  
Then the averages and their p lots were done 

manually. These latter manual steps rendlerd the 
original pmgram of  questionable net value, so 
they w e  automated in  the Therm0 ill c o d a  

Either the standard- or the test-tharmocoupie 
d d a  can be referred t0 any one of 16 possible 
reference t a b h ,  specified by one bi-hex &git. 
The ten reference tablles currently used are l is ted 
in Table 6.1. Thermocouple (T/C) tables may be 
replaced without disturbing other p a t s  of the 
memory. It i s  possible k use resistance-tihermom- 
eta tables or any other tables 01 curves, to be 
referred to as tempwature-reference tables, in 
Q manner slisnih t o  thut for the thermocouple data. 
The tablles can be introdulced either as a Function 

1: 
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Table 6.1. Reference Tables for Millivolt-Temperature 
Equivalents Currently in Oracle Memory 

Number Table 

1 NBS 90% Pt-10% Rh, P i  

2 

3 ’  

NBS Chromel-P, Alumel 

Hoskins Chromel-P, Alumel 

NBS iron-constantan 

NBS copper-constantan 

Geminol-P/N (see Appendix C) 

Chromel-P, Alumel (see Appendix A) 

Chromel-P, platinum (see Appendix A) 

Alumel-platinum (see Appendix A) 

NBS Chromel-P, constantan 

of  temperature or as a function o f  mi l l ivol ts.  
Either binary or decimal inputs may be accommo- 
dated. Provision has been made to calculate or 
store a table as a fourth-order-or-less power series. 
It i s  also possible to feed a table into the com- 
puter as a function of temperature and to  retr ieve 
it as a function o f  mil l ivolts, or v ice versa. The 
f inal storages of a l l  tables represented i n  Table 
6.1 are with mi l l i vo l ts  as an argument [T = /(mv)] 
in 0.1-mv increments, when T i s  i n  T. 

The calculat ions performed by the Thermo II 
code are as fol lows: 

T( std 

‘(test T / C )  = 
m t  - ma 

0.1 

The terms are defined as follows: ms and m t  are 
standard- and test-mi l l i vo l t  readings respectively; 
Ta i s  a temperature corresponding to ma,  the table 
entry next lower than ms or mt; Tb i s  a temperature 
corresponding to  mb,  a table entry m b  = m a +  0.1 mv; 
Tstd and Ttest are calculated temperatures corre- 
sponding to m s  and mt respectively; and T c  i s  the 
cal ibrat ion o f  correction temperature for the standard 
thermocouple, TStd. In other words, the computer 
l inearly interpolates between 0.1-mv increments 
in the referenced table. 

The average error E i s  computed as follows: 

K E i  

K 

- 
E =  1 - ,  

i = l  

where K i s  the number of thermocouples in a test. 
For thermocouple Q5, Fig. 6.5 (I.D. 10101B0500, 
Fig. 6 . 5 ~ ) ~  K = 4 and E = -4.25oC. 

The standard deviat ion i s  

The degrees o f  freedom of a l l  data represented i n  
the plot  of the variations o f  average error for a 
particular type o f  thermocouple as a function o f  
time (Fig. 6.5d) are given by 

. 

R 

where R i s  the total number o f  times data has 
been taken as represented on the analog plot, and 
K .  i s  the number o f  test thermocouples in the j th  
group o f  input data. 

The mean o f  the standard deviation o f  R groups 
of data i s  

1 

where 5. i s  the standard deviation of the j th group 
of input data. 

A group o f  test thermocouples (representing a 
number o f  samples of a particular type and environ- 
ment) i s  identi f ied by a number consist ing of the 
test-thermocouple table number and an alphanumeric 
identification. That is, 07101B0500 represents 
test number 7 Q50, where the 7 i s  reference to  a 
Chromel-Alumel table. Alphabetic information i s  
contained in  a bi-hex representation. 

It i s  possible to  obtain answers i n  either centi- 
grade or Fahrenheit degrees, with error curves i n  
the same system. A l l  data i s  stored i n  “c.. Curves 
were plotted i n  1000-hr increments (0-1000 hr, 

I 

2S. E. Atta, O R A C L E  Manual for Programmers, ORNL 
CF-57-6-68, p 20 (June 20, 1957); and O R A C L E  Sub- 
routine 00 OBD. 
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1000-2000 hr, etc.) unt i l  a test  was completed, at 
which time a separate entry allowed plot t ing of  
the error curve for the to ta l  test t ime on any 
assigned nominal time scale. The vertical, or error 
axis, i s  automatically adjusted by the computer 
to accommodate the range of  errors in  the test. 

The Thermo II program i s  contained on two 
magnetic tapes - one for storage of data and the 
other for the code and tables. The data storage i s  
divided into a working storage o f  512 blocks and 
a permanent storage o f  4500 blocks. Each test  
group i s  allowed three blocks of  storage. (There 
are 128 words per block and f ive alphanumeric or 
ten decimal characters per word.) The program 
consists of ten sections with a to ta l  o f  24 entries 
so designed that any particular section o f  the 
code may be revised, leaving the remainder of the 
code undisturbed. 

LOW-TEMPERATURE DRIFT TEST - PART I 

A number of questions arose concerning the 
comparative performance of a variety of thermo- 
couple materials a t  temperatures at which serious 
corrosion of the thermocouples was not expected. 
Three motivating questions were: (1) How do 
Chromel-PI Alumel and other nickel-base thermo- 
couple alloys, iron-constantan (ISA type J), and 
copper-constantan (ISA type T) compare at low 
temperatures? I f  it i s  necessary to  use an oxi- 
dation-resistant combination such as Chromel- 
Alumel at lOOOOC, i s  iron-constantan suff ic ient ly 
superior at 500OC and i s  copper-constantan suf- 
f ic ient ly superior at 300°C that we make the 
conventional type differentiation over these ranges? 
If we could set t le for one material type over the 
entire range 0 to  lOOO"C, the service and supply 
problems would be much simplified. (2) Are the 
cold-working and oxidation effects reported i n  
Chap. 5 real ly a serious factor at low tempera- 
tures? (3) Are thermocouples of  swaged-sheath 
construction equally applicable at low temperature 
i n  the face of  their desirabi l i ty  for high-temperature 
use? 

Although the previously described drift-test 
fac i l i t ies  were conceived for the purpose of "l i fe- 
testing" thermocouples over the range 1000°F 
(538OC) to 190OOF (1038"C), the ease with which 
th i s  apparatus could be used to obtain resul ts from 
a spectrum of materials at lower temperatures led 
to  i t s  use. The precision of the apparatus was 
quite sufficient for higher-temperature tests in  

which s igni f icant changes were expected, but 
precision was in  question at lower temperature, 
at which small changes would be expected. Conse- 
quently, i t was necessary to  scrutinize the stat ist i -  
cal significance of low-temperature data much more 
closely before drawing conclusions. 

Test Description 

Considerable care was used in the preparation 
and handling of  wire, insulators, and re-entry 
wells. A l l  thermocouple wel ls were of  uniform 
size: Inconel, 14 in. long, in. OD, 0.025 in. 
wall. After Heliarc-welding one end of  each wel l  
closed, the wel ls were degreased f i r s t  i n  CCI,, 
then i n  acetone, followed by a lOOOOC heating i n  
a hydrogen atmosphere. The thermocouple insu- 
lators (except for swaged thermocouples) were 
Conax Corporation 1-20-4 ceramics [95% magnesium 
silicate, 2% aluminum oxide, sodium and potassium 
0.5% (ref 3)], four-hole, 0.150 in. OD, 0.125 in. 
long, and of  0.040 in. hole diameter. The insu- 
lators were washed i n  acetone, and then in ether. 
They were then baked at 1000°C for 1 hr i n  air, 
then stored i n  sealed glass bott les unt i l  used. 
Bare thermocouple wire i n  the as-received con- 
di t ion was cut to length from the vendors' spools, 
subjected to a s l ight  straightening stress to fac i l i -  
tate the stringing of insulators, then wiped with 
a clean, l int-free acetone-soaked cloth. ' During a l l  
subsequent assembly and handling of wire and 
insulators, technicians wore clean, white cotton 
gloves. A l l  thermocouple junctions were a-c 
welded in a mercury-pool argon-atmosphere device. 
Except i n  the case of some swaged-sheath thermo- 
couples, two thermocouples were fabricated i n  the 
four-hole insulators wi th one common four-wire 
junction. In  some cases the two common-junction 
thermocouples were the same size, in other cases 
a 20- and a 30-gage thermocouple comprised the 
dual sample. In every case both thermocouples o f  
common junction were of  the same type. 

The low-temperature d r i f t  tests  were completed 
in  three stages. First, employing one furnace, a 
300°C constant-temperature tes t  lasting 5000 hr 
was performed on 20- and 30-gage materials o f  
Ch romel- P, AI ume I ;  K anthal- P/N; iron- con stant an; 
and copper-constantan. Second, employing two 
furnaces, a 390T constant-temperature test  and a 

3R. G. Minges, Conax Corp., Buffalo, N.Y., private 
communication, Nov. 13, 1957. 
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test at 390% except during a periodic drop to  
300T for taking data (data taken at both 390 
and 3OO0C), were simultaneously run for 2000 hr 
test ing the same types o f  materials run i n  the f i rst  
stage to which had been added Chromel-P, con- 
stantan; a special Chromel-Alumel; swaged-sheath 
90% Pt-10% Rh, Pt; Geminol-P/N; and 4-, !,6-, 
and >25- in.- OD swaged- sheath Mg 0- i n  su I ated Chro- 
mel-P, Alumel. The third stage was begun by 
elevating the temperature o f  the two furnaces o f  
stage 2 to 550T without disturbing the thermo- 
couples. The furnace which had been operating 
at 390% constant was operated at 55OOC constant, 
and the furnace which had cycled between 390 and 
3OOOC in  stage 2 was cycled between 550 and 
390% in  stage 3. The stage 3 test  lasted for 
approximately 600 hr. Table 6.2 reviews the 
thermocouple types and history o f  a l l  the low- 
temperature tests and includes the codes used for 
the respective tests. 

A stage 4 test was started with the materials o f  
stage 3 by boosting the temperature o f  both furnaces 
to 980T, but one of the furnaces fai led within the 
f i rst  day. The test was continued for approximately 
400 hr with only the swaged-sheath Chromel-P, 
Alumel and the Chromel-P + Nb, special Alumel. 

An atmosphere o f  air was experienced by a l l  the 
thermocouples o f  th is  low-temperature test  series, 
as suggested by Figs. 6.1 and 6.2 of th is  chapter. 
No attempts were made to control ambient air 
temperatures or relat ive humidity. 

1 

Results 

300% Constant Temperature, - The results o f  
the f i rst  stage o f  the low-temperature dr i f t  tests 
on three familiar types o f  base-metal thermocouples 
(ISA types J, T, and K) appear in Fig. 6.6. In 
th is f i rst  test, as in the other low-temperature 
results which follow, many aspects of the test 
conditions were careful ly perused in search for 
explanation of consistent stat ist ical significance. 
Except for some traceable human and Oracle errors 
which were removed from the f inal presentation 
where feasible, no conclusive correlations were 
established which lend more to the interpretation 
of these results than i s  obvious from a glance at 
the summarizing curves. Studied were such things 
as furnace temperature fluctuations, relat ive posi- 
t ion of thermocouples i n  the furnace, performance 
of individual thermocouples of a test re lat ive to 
each other and their averages, calibrations o f  the 

respective types, and whether the apparent dr i f t  
o f  a particular type of thermocouple was the same 
as for other types i n  the same test. 

The apparent roughness of the dr i f t  curves for 
types J and T relat ive to type K in  Fig. 6.6 was 
attributed to: ( 1 )  the interpolation jumps o f  the 
NBS Circular 561 tables for types J and T relat ive 
to the Chromel-Alumel tables used (see Appendix A 
for a discussion o f  smoothed Chromel-Alumel 
tables); (2) dif f icul ty o f  wett ing iron wi th mercury 
and the rapidity o f  amalgamation o f  copper in a 
mercury pool- ice bath reference junction. (Note 
similari ty o f  shape o f  curves o f  20- and 30-gage 
thermocouples o f  each type.) 

The “calibration” values from the dr i f t  tests o f  
Fig. 6.6 were approximately the same relat ive to  
each other but about l0C lower than separate 
conventional cal ibrat ions performed on samples 
from the same spools. Th is  was not explainable 
on the basis o f  temperature gradients exist ing i n  
the furnace temperature equalizing block, since 
there was random distr ibution o f  the samples o f  
each type throughout the block. The standards 
used i n  the two instances were known absolutely 
to *0.5T, which probably accounted for the dis- 
crepancy. The apparent dr i f t  o f  a l l  the thermo- 
couples o f  Fig. 6.6 during the f i rst  few hours 
(note similari ty o f  curves for a l l  thermocouples in 
f i rst  100 hr) was not explainable on the basis o f  
metallurgical recovery. 

Final ly, it was hoped that the mean o f  the 
standard deviations (SEI?)  of  a l l  the data repre- 
sented in the respective curves might point up an 
advantage o f  one type over another. No such 
conclusion i s  warranted. On the basis o f  a l l  
considerations made concerning the 4700-hr dr i f t  
test at 300T on types J, T, and K thermocouples, 
there i s  no advantage o f  one type over the other, 
to within a precision o f  +l0C ( 2 O F ) ,  assuming prior 
calibration o f  samples from the spools used. ‘ 
Furthermore, and to wi th in the same precision, 
none o f  the types exhibited a dr i f t  trend with time. 
These conclusions do not negate the possible 
advantages o f  one type for exacting laboratory 
experiments. Comparison o f  homogeneity, re lat ive 
susceptibi l i ty to cold work, and more careful test 
results on a number o f  samples greater than 4 
would be required to  establ ish such an advantage. 

390% Constant Temperature and 390 to 300% 
Cyclic. - Results o f  the second stage of the low- 
temperature tests appear i n  Fig. 6.7. Al l  the 
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Table 6.2. Low-Temperature Dr i f t  Tests - Port I 

Thermocouple Code and Thermal Hi story 

Number Stage 1 Stage 2 Stage 3 
Description of Thermocouple 

Thermocouple Wire Tested - 
Gage l a  II Ill I V  V VI VI1 

Insulat ion Materi a1 s 

Iron-constontan Conax I-20-4L four-hale 

beads, !' in. long 0 

Iron-constontan Same 

Copper-constanton Same 

Copper-constanton Same 

Chromel-P, constantan Same 

Chromel-P, constantan Some 

Chromel-P, Alumel Some 

Chromel-P, Alumel Same 

Chromel-P + Nb, Some 

spec ia l  Alumel 

90% Pt-10% Rh, Pt, b-in. swaged-sheath Inconel, 

Mg0 insulation, duplex 

Konthal-P/N Canax I-20-4L four-hole 

beads, t in. long 

Konthal-P/N Some 

Geminol-P/N Same 

Gem1 no I-P/N Same 

Chram'el-P, Alumel ' k-in. swaged-sheath Inconel, 

'MgO insulat ion 

Chromel-P, AI ;me1 !',di n. swaged- sheath 

Inconel, MgO insulat ion 

Chramel-P, Alumel . !'25-in. swaged-sheath 

Inconel, MgO insulot ion 

Chromel-P. Alumel Some 

20 

30 

20 

30 

20 

30 

20 

30 

20 

20 

20 

30 

20 

30 

22 

30 

36 

36 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

a 

4 

4 

F2' 

F3' 

c 2 b  

c 3 b  

H2' 

H3' 

K 2' 

K3' 

QK 

QL 

QM 

QN 

Qo 

QP 

QI 

QJ 

QH 

Q6 

Q7 

Qa 

Q9 

QA 

QC 

Q4 ' 
Q5 ' 
Q3 

KQ Q6' KQ QK 

L Q  Q7' L Q  QL 

MQ Q8' MQ QM 

NQ Q9' (3)' NQ (4) QN (4) 

OQ QA 

PQ QC 

IQ Q4' 

JQ QSb 

HQ Q3 

SF (2 )  SE (1) SG (2) SE 

QF Qlb FQ Q l b  

QG Q2b GQ Q2b 

QQ QD QU QD 

QR QE RQ QE 

S2(1) S1 53 (1) S1 

55 54 (3) 56 54 

sa 57 s9 57 

SC SA SD SA 

OQ 

PQ 

I Q  

J Q. 

HQ 

SG 

FQ 

GQ 

QU 

RQ 

53 

56. 

s9 

SD 

QO 

QP 

QI 

QJ 

QH 

SF . 

QF 

QG 

QQ 

QR 

52 

55 

sa 

sc 

y e s t  1. 3OO0C constant temperature for 5000 hr. 
Test 11. Data at  3OO0C, tes t  at  390eC for 2000 hr, except for t ime to periodically lower furnoce temperature to  3OO0C and take 

data. 
Test 111. Constant temperature of 39OoC for 2000 hr. 
Test IV.  Data token at 3 9 0 y  during test  II. 
Test V. Constant tern erature of 550% for 600 hr. 
Test VI. Data at 550'%; test at 550% for 600 hr, except for t ime to periodically lower furnace temperature to 3 9 0 y  and take 

data. 
Test VII. Data taken at 3 9 0 y  during test VI. Some thermocouples. 

Same thermocouples. 

bComman-lunction thermocouples some size. In a l l  other applicable coses, a 20-gage and 30-gage thermocouple of same type 

'Numbers in parentheses alongside the code number represents the number of thermocouples that foiled during test. 

had common lunctions. 

66 



t 
1
 



Fig.  6.7. Data from Isothermal and C y c l i c  D r i f t  T e s t s  a t  300 and a t  39OoC for Several Types  o f  Thermocouples. 

Thermal h is to r ies  ( I ,  II, I l l ,  I V )  and notat ions w i t h i n  the b locks  are exp la ined i n  Tab le  6.2. Numbers in parentheses 

w i t h i n  the b locks  represent standard deviations. Figures 6.7a and b are for dri f t  tes ts  a t  30@C, constant and 

cyc l i c ;  Figs.  6 . 7 ~  and d are for d r i f t  tes ts  a t  39@C, constant and cyc l i c .  
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thermocouple materials l is ted i n  Table 6.2 were 
tested i n  th is series. Although th is  test  lasted for 
2000 hr, resul ts are shown for the f i rst  1000 hr. 
There was no signif icant change in the thermo- 
couples' performance during the second 1000 hr. 
The standard deviations shown are for 0 to  1000 hr. 

The previous general remarks regarding a lack 
o f  correlation between environmental factors and 
individual type performance hold here. At 300 and 
390T there i s  no difference between thermocouples 
subjected to  stat ic temperature and those sub- 
jected to  cyc l i c  variat ion of temperature. There i s  
no marked advantage o f  one base-metal type over 
another to w i th in  +1T, assuming prior calibration. 
There was no dr i f t  trend for the 2000-hr test ing 
period. On the basis o f  a consistently low devi- 
ation ( S E R ) ,  the 90% Pt-10% Rh, Pt thermocouples 
showed better performance. However, th is  observa- 
t ion must be tempered by the small number o f  
samples. 'Junction fai lure in the 90% Pt-10% Rh, 
Pt  thermocouples was high. As  was borne out by 
later work, the technique (see Fig. 6.8) o f  fusing 
the noble-metal wires into the sheath during 
sheath closure should be avoided. The combination 
of wire embrittlement and thermal stress suggests 
junction prepaiation prior to  sheath end closure. 

UNCLASSIFIED 
ORNL-LR-DWG 48607 

SECTION AA : FINISHED 
T/C. JU NCTION 

'COPPER CHILL BLOCK 

T/C SHEATH 

T/C WIRES 

PACKED INSULATION 

DISK OF SAME MATERIAL 
AS SHEATH 

Fai lures a1 so occurred i n  the swaged-sheath 
Chromel-P, Alumel thermocouples. T h i s  empha- 
sizes the necessity o f  subjecting swaged-sheath 
thermocouples to thermal cycles after fabrication, 
i n  addition to dye penetration tes ts  and x-ray 
examination, to  ensure strong junctions and good 
sheath closure. It i s  interesting to note that the 
fai lure rate o f  the &,-in.-OD material was lower 
than for the k- and ?',,-in.-OD material. In- 
cidentally, continuity checks were good on these 
thermocouples after the tests. The same techniques 
of fabrication and inspection were used on a l l  the 
swaged-sheath thermocouples. Figure 6.8 iI lus- 
trates the method employed for hot-iunction closure. 

The explanation offered for the signif icantly 
higher standard deviat ion among the sheathed 
Chromel-P, Alumel thermocouples i s  that there 
were several sheathed thermocouples i n  the same 
re-entry well, contributing to a greater and more 
variable heat loss along the thermocouple as- 
semblies. Final ly, the 30-gage Chromel-P, Alumel 
possessed the greatest cal ibrat ion deviation. 

550% Constant Temperature and 550 to 390% 
Cyclic. - These tests were begun by elevating 
the temperature o f  the two furnaces in the previous 
test  (stage 2) without otherwise disturbing the 
setup, and lasted for over 500 hr. The results of 
these tests appear i n  Fig. 6.9. With the below- 
stated qualifications, the resul ts and observations 
were the same as discussed in the two sections 
above. As was expected, there was a high fai lure 
rate o f  30-gage copper-constantan. None of the 
20-gage type T thermocouples failed. It was noted 
with interest that there was no noticed dr i f t  i n  emf 
to signal the onset o f  fa i lure in the 30-gage type T 
thermocouples as had been experienced with other 
types at higher temperature. Referring to Fig. 
6.9a, test  QK (20-gage ISA type J), one notes two 
isolated spikes in the data. The first, at 95 hr, 
was traced to an interpolation error i n  recording 
the standard thermocouple reading. The second, 
at 330 hr, was traced to an Oracle memory error. 
Th i s  second data point was accurately computed 
by the Oracle but the wrong value o f  E was stored 

T/C MATERIAL PRIOR TO CLOSURE for analog plot. It may be noticed that these same 
errors appear a t  other points i n  th i s  series. The 
time correlation may. not be precise because of  the 
way the program was set up: the timer reading at 
the f i rs t  data entry was considered zero time. The 
actual test ing t ime at the f i rst  data col lect ion may 
have varied from test  to  test. A number o f  traceable 

Fig. 48. Method of Hot-Junction Closure for Swaged- 

Sheath Thermocouple.' An arc is struck between the 

tungsten electrode and t?; the Hel iarc i s  then moved 

to F in order to produce the finished thermocouple 

i unct ion. 
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Fig. 6.9. Thermocouple Drift at Constant Temperature (550°C) and at Cycling Temperature (550 and 390“C). 
See Table  6.2 for thermal histories (V, VI, ViII), thermocouple code identif ication (Q6, etc.), and details of h r m o -  
couple construction. 
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extraneous errors were removed from the data of 
Figs. 6.6 and 6.7. 

Extension of T e s t s  of Some Thermocouples t o  
980%. - Al l  samples o f  20-gage Chromel-P + Nb, 
special Alumel, and o f  k - ,  J16-, and J2,-in.-OD 
swaged lnconel shedth Chromel-P, Alumel from 
the above tests were grouped in one furnace and 
drift-tested for approximately 400 hr at 980%. 
The data was irregular for unexplainable reasons 
but the fol lowing conclusions were drawn with 
rea sonab I e assurance. 

The eight samples of 20-gage Chromel-P + Nb, 
special Alumel performed without fa i lure and 
dri f ted + 2 T  in the 400-hr test  at 980OC. Th is  i s  
a considerable improvement over the performance 
experienced with regular Chromel-P, Alumel. 
Careful v i  sua1 examination o f  these thermocouples 
after the test  revealed that the hot junctions were 
sound. The special Alumel had a br i t t le oxide, 
part of which was sl ight ly magnetic, estimated to 
be about 2 mi ls thick, whereas the Chromel-P + Nb 
was oxidized to  a depth of less than 1 mil. The 
degree of oxidation monotonical l y  increased with 
temperature (position along wire). There was no 
indication o f  a higher oxidation rate at some 
intermediate temperature, as had been observed 
on occasion with regular Alumel. 

Table 6.3 summarizes the findings from the 
swaged-sheath Chromel-P, Alumel thermocouples. 

Some hot-iunction samples of these materials 
were ground down for microscopic examination 
after the test. In one case the thermocouple 
fai lure was observed as a cleavage between the 
Alumel wire and sheath closure. Not a l l  samples 
were inspected. Otherwise, the samples observed 
indicated sound, void- and crack-free weldments 

Table 6.3. Performance of Swaged-Sheath Chromel-P, 
AI ume I Th er mo co u p I es 

Sheath Number of Number of Approximate 
OD Samples in  Samples Drift  

(in.) Test . Failed ("C) 

a 2 +6 

13 4 +6 

16 1 + 4  

with only sl ight indication o f  surface oxidation 
not markedly greater than in  the material near the 
cold junction. The only dist inguishing feature 
between sheath sizes was that the closure "puddle" 
height was approximately one sheath diameter for 
the y2,-in.-OD material and approximately ha l f  a 
sheath diameter for the Jl6- and k-in.-OD material. 

L O W - T E M P E R A T U R E  D R I F T  T E S T  - P A R T  It 

An independent low-temperature dr i f t  test  was 
performed with personnel and fac i l i t i es  different 
from those in  Part I on 20-gage materials o f  the 
following: (1) Chromel-P, Alumel, both as-received 
dul l  oxide f in ish and bright-fini shed-and-annealed 
materials; (2) Geminol-P/N; (3) Kanthal-P/N; 
(4) samples of  Chromel-P, Alumel from two vendors, 
with double-wrapped glass insulat ion ( individual 
wires and over-all) with si l icone resin impregnation; 
(5) materials o f  type 4 with a l l  insulat ion stripped. 

These tests were run using three furnaces at 
constant temperatures of 150, 325, and 500% for 
6000 hr. Samples were placed in  temperature 
equalizing copper blocks measuring 10 x 2 x 2 in., 
with 'k2- in.-dia dr i l led holes, 8 in. deep. The 
test thermocouples were compared with a 90% 
Pt-10% Rh, Pt thermocouple. The test assemblies 
consisted of approximately 3 f't of wire strung into 
six-hole alumina refractories, 1 in. i n  length (three 
thermocouples per hole) with thermocouple hot 
junctions individual ly welded, using a nitrogen- 
atmosphere carbon- arc we1 der. The am bi eA t-temper- 
ature reference iunctions were monitored with a 
mercury-glass thermometer. The results o f  these 
tests are reviewed i n  Table 6.4. 

The results at  150 and 325°C suggest no appreci- 
able effect on any of the materials. At  5OOOC the 
results for both bright and oxidized Chromel-P, 
Alumel and Kanthal-P/N show a posi t ive d r i f t  i n  
6000 hr of + 2  to + 3 T .  Removal o f  the glass fiber 
insulat ion from the two vendors' somples caused 
a s l ight  (~-0.5"C) lowering of the calibration, or 
in i t ia l  value, which was probably due to  the cold 
work imparted to the samples during stripping o f  
the insulation. Comparison o f  the stripped and 
unstripped wire from the two vendors at 500OC 
indicates that the stripped wire drifted posi t ive by 
about 4 T .  Th is  suggested that the silicone- 
impregnated glass fiber afforded some protection 
o f  the wire from oxidation at 500%. 
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T a b l e  6.4. Resu l ts  o f  Par t  II Low-Temperature D r i f t  T e s t s  

T e s t  D e v i a t i o n  (y) Spread (OC) 

(oc) I n i t i a l  6000 hr Change I n i t i a l  6ooo hr 

Thermocouple Type N urn ber 

( a l l  but  one 20 gage) Tested Temperature After After 

Chromel-Alumel, as received, ox id ized  

Chromel-Alumel, bright-annealed 

Gemi nol-P/N* 

KanthaCP/N, 22 gage 

Chromel- AI umel, g I ass-i nsu  I ated, s i  I i cone- 
impregnated, vendor A 

Same 0,s above, but w i th  insu la t ion  removed 

Chromel- AI  umel, g I ass- i nsu l  oted, s i  I i cone- 
impregnated, vendor B 

Same as above, but w i th  insu la t ion  removed 

2 150 
325 
500 

1 150 
325 
500 

3 150 
325 
500 

3 150 
325 
500 

3 150 
325 
500 

3 150 
325 
500 

3 150 
325 
500 

3 150 
3 25 
500 

+1.9 + 1.5 
+0.7 -0.1 
+0.6 +3.0 

+ 1.6 +1.3 
+ 0.5 0 
+1.3 +3.1 

+19.7 +8.0 
+13.4 +10.2 
+ 14.6 +12.3 

+ 1.5 + 1.0 
+2.2 +2.8 
+4.2 +7.3 

+1.2 +0.5 
+0.7 +0.4 
+1.0 +1.5 

+0.7 +0.2 

-0.5 +3.3 

+ 1.9 + 1.1 
+0.7 +0.6 
+2.7 +3.8 

+ 1.3 +0.8 
+ 1.0 +0.9 
+0.5 +4.9 

-0.2 -0.6 

-0.4 
-0.8 
+ 2.4 

-0.3 
-0.5 
+ 1.8 

- 1  1.7** 
-3.2 
-2.3 

-0.5 
+ 0.6 
+3.1 

-0.7 
-0.3 
+ 0.5 

-0.5 
+ 0.4 
+3.8 

-0.8 
-0.1 
+ 1.1 

-0.5 
-0.1 
+ 4.4 

0 
0 
0 

0.1 
0.3 
0 

0 
0.7 
0.2 

0.2 
0 
0.3 

0.3 
0.5 
0.7 

0 
0.7 
0.2 

0.3 
0 
1.4 

0. 
0.2 
0.2 

0.1 
0.2 

0 
0.3 
0.3 

0.1 
0.5 
0.5 

0.3 
0.2 
0.2 

0.1 
0.5 
0.5 

0.3 
0 
0 

*Ref lec ts  uncertainty o f  ca l i b ra t i on  curve (see Appendix C) and d i f f i c u l t y  w i th  sw i tch ing  circui t ry.  These 
resu l t s  v iewed w i th  some uncertainty. 

**Data questionable. 

H I G H - T E M P E R A T U R E  D R I F T  

As  was discussed at the beginning of th is  
chapter, many of the high-temperature dr i f t  tests 
were motivated by specif ic temperature measure- 
ment  problem^.^ Consequently the presentation 
and intercomparison o f  these tests do not possess 
the uniformity of purpose and resul t  that would be 
most desired. The results o f  many tests were 
omitted from this report because they only consti- 
tuted confirmation o f  results presented here. A 
few test results were omitted because they were 
ambiguous without suff icient information to explain 
the ambiguity. 

High-temperature dr i f t  tests were run at 1300°F 
(704OC), 160OOF (87loC), and 180OOF (982'C) with 
the furnacetemperature maintained constant through- 
out the test. In addition, a cyc l i c  dr i f t  test was 
run wherein the furnace was held a t  180OOF except 
that once per week the furnace temperature was 
dropped to 160OOF for about hal f  a day and then 
to  130OOF for about one day for the purpose o f  
obtaining calibration data at these temperatures, 
after which the furnace temperature was reset at 
18OOOF. Data were taken at 180OOF before and 

4J. T. DeLorenzo, Thermocou le Desi n and Tesf  
Pro ram /or Reactor Projects,  6RNL-2686 (Apr. 20, 
1956). 
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after each thermal cycle. As it turned out, even 
though a l l  the data from the cyc l i c  test  was 
processed, only the data taken at 180OOF before 
each thermal cycle i s  here presented because the 
data at the lower temperatures reflected the same 
trend as the 180OOF data. No dr i f t  data was 
col lected at temperatures above 180OOF in order 
to stay safely below the melt ing point o f  the 
copper used i n  the temperature-equali zing blocks. 
A summary of  the tests performed i s  contained i n  
Table 6.5, which also gives the code designation 
for each test. Figures 6.10-6.13 contain the 
Oracle curve- plotter outputs for these tests. The 
order i n  which the data i s  presented appears i n  
Table 6.5. Photomicrographs were made o f  samples 
from some o f  these tests and are presented i n  the 
same order i n  Figs. 6.14-6.20. 

The results at 130OOF are shown for Chromel-P, 
AI umel, using hand-assem bled four-ho le insulat ing 
beads with two common-iunction thermocouples per 
assembly. The “normal” handling of these as- 
semblies consisted i n  using no particular care to 
avoid contamination o f  wire or insulators. Bare 
hands were used, and no solvents or prefiring of 
components were employed. The “special” or 
meticulous handling and the detai led description 
of materials used are as described for the assembly 
of al I thermocouples i n  the low-temperature tests. 
Also shown i n  Fig. 6.10 are the results from tests 
on swaged-sheath MgO-insulated Chromel-PI Alumel 
and 90% Pt-10% Rh, Pt. The in i t ia l  offset for 
the 90% Pt-10% Rh, Pt thermocouple (Fig. 6.10d) 
was caused by improper connections of reference 
junction leads. The resul ts shown in  Fig. 6.10 
indicate no advantage in  using meticulous care in 
assembling thermocouples used at 13OOOF. The 
reader i s  cautioned, however, that neglectful 
handling was not used here. There was no v is ib le  
amount o f  grease or dir t  stains on insulators or 
wire. It i s  just that the extreme precautions were 
not employed. The performance of the swaged- 
sheath thermocouples was better than the beaded 
ones. To  within the accuracy o f  these tests, there 
was no marked advantage o f  90% Pt-10% Rh, Pt 
at 13OOOF. 

A dist inct ion exists between normally handled 
and special ly handled thermocouples at 1600 and 
1800OF. A cursory glance at Figs. 6 . 1 1 ~  and 6.11b 
indicates that at 160OOF the performance of normally 
handled thermocouples i s  better. A comparison of 
the mean o f  the standard deviations indicates that 

the spread o f  data o f  normally handled thermo- 
couples i s  eight times worse ( S E R  = 6.1 for 
normally handled; S E R  = 0.77 for special ly handled.) 
Th is  indicates that a l l  of the special ly handled 
thermocouples performed i n  the same way, dr i f t ing 
only because o f  oxidation, whereas the variable 
amount o f  dirt, grease, and acid on the normally 
handled ones caused some to d r i f t  posi t ive because 
of oxidation, some to  d r i f t  negative because o f  a 
reducing atmosphere, and some to not dr i f t  because 
o f  a balance between the two competing processes. 
A similar comparison may be made between normal 
and special handling o f  materials tested at 180OOF 
(see Figs. 6.12~ and 6.12b). The dr i f t  rate i s  
obviously higher at 1800°F constant than at 16OO0F, 
and the reducing effect o f  contaminants i s  over- 
shadowed by effects o f  oxidation, but.there i s  a 
dist inct ly greater spread (a factor o f  2.3) i n  the 
test of normally handled materials than for the 
meticulously handled materials. The effect of 
180OOF cyc l i c  temperature i s  to  accelerate the 
drift, as seen in Fig. 6.13~. The tests shown in  
Figs. 6 .12~  and 6.12d were intended to  provide a 
comparison between Chromel-P, Alumel o f  %% 
accuracy, %% accuracy, and bright f in ish with the 
results above. These tests were performed at a 
different t ime and in lnconel re-entry wel ls which 
had been used previously and were heavi ly oxidized 
on the interior surface. It i s  thus concluded that 
these tests ref lect some o f  the phenomena sug- 
gested i n  the section to fol low on “Special Tube 
Thermocouple Drift,” rather than a comparison of 
the various as-received Chromel-P, Alumel. 

The above tests were done with lnconel tubes, 
b-in.-OD x 0.025-in.-wall thermocouple wells, 
12 in. long. To test  the effect o f  length-to- 
diameter rat io of re-entry wells, and the possible 
advantage o f  t i tanium getter5 i n  long wells, a 
series o f  experiments were run, using 3-ft long, 
\-in.-OD lnconel wells. The resul ts o f  tests i n  
long wel ls without t i tanium appear i n  Figs. 6 . 1 1 ~ ~  
6.12e, and 6.13b, whose respective temperatures 
are 1600 and 180OOF constant and 180OOF cycl ic. 
It i s  observed that Chromel-P, Alumel d r i f t s  
negative under th is  condition, the in i t ia l  d r i f t  rate 
being higher a t  1800°F than at  1600°F and higher 
under cyc l i c  conditions than under stat ic con- 
ditions. Two possible explanations for th is  marked 

5N. F. Spooner and J. M. Thomos, Metal Ptogr. 68, 
81 (1955). 
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Table 6.5. High-Temperature Drif t  Tests 

Description of Thermocouple Thermocouple Code and Thermal History 

Thermoco up I e Wire 704OC Constant 871OC Constant 982'C Constant 982' Cyclic 

Gage (see Fig. 6.10) (see Fig. 6.11) (see Fig. 6.12) (see Fig. 6.13) Insulat ion Materials 

Chromel-P, Alumel, 1-ft well, b in. OD; Conax 20 BF  (a)* VB (a) BH (a) 
normal handling I-20-4L four-hole beads, k in. long 

Chromel-P, Alumel, Same 
special handling 

Chromel-P, Alumel, Same, 3-ft well, b in. OD 20 

special  hand I ing 

Chromel-P, Alumel, Same, but t i tanium wire added 20 

special handling . 

Kanthal-P/N, l - f t  well, b in. OD; Conax 22 

k in. long 

special handling I-20-4L four-hale beads, 

Geminol-P/N, Same 

special  handling 
20 EB (e) 

Geminol-P/N, Same, 3-ft well, in. OD 20 

special handling ' 

90% Pt-10% Rh, Swaged lnconel sheath, 20 QS (c) SS (i) 
Pt  b in. OD MgO insulation, duplex 

Chromel-P, Alumel, Same 

16 in. OD, 24 hr 

aged 

20 I S  (i) Chromel-P, Alumel, Same 

i n  OD, 200 hr 

aged 

Chromel-P, Alumel, Same 

3/16 in. OD, loose 

pack 

22 

Chromel-P, Alumel, Same, but one thermocouple 22 

3/16 in. OD, loose 

pack 

replaced by titanium 

6T (U 7T (m) 

KS ( I ) ,  I S  (m) LS (n) Chromel-P, Alumel, Swaged lnconel sheath, 22 

\ in. OD, loose 

pack 

Mg0 insulat ion 

30 Chromel-P, Alumel, Same 

!'16 in. OD, dense 
pack 

*Le t te rs  i n  parentheses indicate part o f  figure referred to. 

* * I t a l i cs  signify that photomicrographs appear in  Figs. 6.14 to 6.20. 
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UNCLASSIFIED 
ORNL-LR-DWG 48613 

160b 0 [EYlrO.LW: .........: ...... .... ...... .. .... .. .. .... . .  . . .  
r w  w ...... _... ... 

-. , - 
m 

0 REYNOLDS has: .........: .........! ................ ...... . . . .  . .  

(01 CHROMEL-ALUMEL, 2OGAGt; NORMAL HANULINb; (01 LHKUMtL-4LUMEL. 20 GAGE : brtLIf iL HANULIN~;  

CONAX BEADS; INCONEL WELL, I f t  LONG.BF; D f  =0495, 
SFR = 0.80 

CONAX BEADS; INCONEL WELL, 1 f t  LONG. BG; DF.0479, 
Si?R = 0.79 

\ L I  LnnvivicL-ALUMEL, 20 GAGELSWAGED SHEATH, 1/4in OD ( d l  90% Pt - i o% Rh, Pt, 20GA:E; SWAGED INCONEL SHEATH, 
AGED 24 hr. PS; Df.0468, SER.O.57 k in .OD.  Q S ;  DF=Oi05, SER=O.64 

Fig. 6.10. 
couple (BiF, etc.). 

Results of Constant-Towerotre (704%) Drift Tests. See Table  6.5 fur identif ication of tharmo- 

82 



I: Frg. 6.11. Results of Constant-Tempurature (87lOC) Drift Tests. See Table 6.5 for identifieatian of thenmo- 
eouplu (VB, ete.). 

U N M C I L ~ I ~ D  

(01 CHQOIMEL-ALUMEL, 20 GAGE; MIORiMAL HANID!klllMG; 
COINAX BEADS; 11-ft INCONEL WELLS. VB; D F = M 1 3 ,  
Si%=6.i5 

EL, 20 GAGE; SPECilRL WIWIDL 
AXBEADS; f-ft INCONEL WELLS. WB; GF=Q628, 

SL%‘=0.77 

(CJ CHROMEL-ALUMEL, 2 0  GAGE; SPECIAL HANDLIYG; CONAX 
BEADS; 3 - f t  INCONEL WELLS. 58; D f  ~0147, SER-8.53 

( d )  CHROMEL-ALUMEL, 2 0  GAGE; SPECI&L HANDLII~NG; 
CONAX BEADS; 3 - f t  INCONEL WELLS: TITANIUM WIRE 
ADDED. 2 T ;  DF=0063.S&‘=7.6927 

FIg. 6 . 1 1 ~ 4  
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UNCLASSIFIED 
ORNL-LR-DWG 48615 

m m 
~ _- 
I (e) KAI L-PIN. 22 GAGE: SPECIAL HAMI i; CONAX ( .- .- I, 20GAGE; SPECIAL HANDLING; CONAX 

BEADS, I - f t  INCONEL WELLS. XB; DF=027B, 9%. 
0.53680 0.2310 

BEAOS.3-ft INCONEL WELLS. XB; DFzOt45,SER= 

I 
(p) CHffOMEL-ALUMEL, ZOGAGE: AGED 24 hr; SWWED 

INCONEL SHEATHS. !'4 In OB; MgO INSULATION. HS; 
Of -06395. S.~?R=0.9817. 

( h )  CHIROMEL-ALUMEL. 2OGAGE: REPEATED TEST; 
SAME SPECIFICATIONS AS FORLg3.3S; OF=Ot67, 
sR=?.7346 

( i )  SAMIE &CIfI~CATIONS AS FORrg),fXCEPT THAT 
AGtNG TIME WAS 2OOhr. IS: DF.0551, SFR=1.6412. 

FEg. 6.11e-z. 

84 



(1) CHROMEL-ALUMEL. 2 2  GAGE; SWAGEOSHEATH; 
INCONEL,%,,, In. OD; LOOSELY PACKED MgO; DUPLEX 
JS; DF=0038. SFR= 3.7804 

(k)CONDITIONS SAME AS FOR (1 1, EXCEPT THAT ONIE 
THERMOCOUPLE WAS REPLACEDEY T I  WIRES. 
6 T ;  DF=OO81, S r R = 1 . 9 1 7 2  

INCONEL, vein OD; LOOSELY PACKED MgO. KS; 
DF.0145, SER = 9.4251. 

(m)  REPEATED TEST; SAME SPECIIFICATIONS AS F W f l  
1s; DF=0119, S&=0.&34. 



.. . 

. .  
. _ -  

, .. ' 

Fig. &12~-j. 

3 

._ oc; 
WELLS. 



L8 

.......................................................... ................................... . . . . . . . . . .I 

'tOEt'Z 
=&3S 'SSEO=M :38'S113M 13N03NI 44-1 : SCIW38 

XWN03!9NIlCiNWH lW133dS !39'69 02 'N/d-lWHlNWN 

A 

c 



. . .  . . .  
. . .  . . .  . . .  . . .  . : : :  

: : :  
O26i ......... i ........ <. .... , 

. . .  . . .  . . .  
. . .  . . .  . . .  . . .  ....... - .................... 
. . .  . . .  . . .  

. . .  . . .  . . .  . . .  . . .  
016 OS0 0J1f#60_Q~5 0980 106 120 135 150 .. " 

( I )  CHROMEL ,UMEL. 2 GE; S W A G E D  S H E A T H , ' / / a - i n  
-'OB faPWMELLlusxrsELW WWEQ YpO; BXWCEX. MS; 
M=0123. S,ER=9.5667- 

Fig. 6.12-t~. 
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. Fig. 6.13. Results of Cyclic (982%) D r i h  Tests. See Table 6.5 for identificatian of thermocouple (88, etc.)b 

. . . . . . . . . .  . . . . . . . . . .  . . .  . .  _ . . j / ! { i i i  . . .  1%. ....... i ...... 2 ......... i ......... L .... "2 ........ L ....... J ......... i ......... i ....... 

I - 

OR1 
IED 
48620 

.UMEL, 2OGAGE. JTCX.IYL ~YIVULING; 
j; 3- f t  INCONEL WELLS. OB; D f =  

( 0 )  CIIIIVI.ILL ,.,,MEL,20G,.,,, LCI-L ,s-m.dLING; ,' 
CONAX BEADS; 1-ft INCONEL WELLS. BE; DF= 
0132, Sb=R=2.2219. VLYV.  J L ~  - 14.0756. 

. . . . . . .  . . . . . . .  . . .  . .  i... .......... ......... ........... . . .  . . . . .  . . .  , .  . ,  
. .  

, . ! . .  

( c )  CHROMEL-ALUMEL, 2OGAGE; SPECIAL HANDLING; 

ED BY 2 T i  WIRES.3T; DF=0135. SrR=13.8981. 
CONAX BEADS; 3- f t  INCONEL WELLS; I TC REPLAC- 

BEADS; I - f t  INCONEL WELLS.FB;DF=0364,S€R.2.78 
(e)GEMINOL-P/N. ZOGAGE; SPECIAL H __,__ . X 

BEADS; I-ft INCONEL WELLS € 8 ,  DF=O314,S€R=I 05 

Fig. 6.1%-e. 
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UNCLASSIFIED 
ORNL-LR-DWG 48621 

( f ) C  MEL-ALUMEL,LOGAGE; 2 4 h ~  AGED; SWAGED %-in.- 
OD_INCONEL SHEATH; MgO INSULATED. 8s; DF -0196. 
SER-3.6308. 

( h )  CHROMEL-ALUMEL, 2 2  GAGE; SWAGED SHEATH; '&in.- 
OD_INCONEL; LOOSELY PACKED MgO. 5s; DF=0087. 
SER.2.7428. 

( 9 )  SAME CONDITIONS-AS F O R ( f ) ,  EXCEPT FOR 200 hr AGING. 
7 s ;  DF = 0 2 3 4 ,  SER-1.4994. 

Fig. 6.13f-i. 

( AUECONDITIONS AS FOR(h); REPEATED TEST. 6s ;  
DF =Ot35, Sf?R=13.2061. 
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UNCLASSIFIED 
PHOTO 50057 

A 

'b  
F- 

I -- &I ., '., 

( a )  KANTHAL-P AFTER 10,000 hr AT 871 O C  

TEST 7 8  
( b )  KANTHAL-N TEST 7 8  

( d l  KANTHAL-N TEST BE ( c )  KANTHAL-P AFTER 11,000 hr AT 982OC 
TEST BE 

Fig. 6.14. Rhotorniaogmphr of KanhoI-P/N A h r  hih Tes#s a t  871 and 982%. Etched with glycaria regia. 

ISX . 
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UNC LASS I FdED 
PHOTO 5m58 

(a) GEMIlNOL-P AFTER 5500 hr AT 87i OC. 
TEST XB 

T 

c 

t 

F 

- . ... 
1 Gi€Ml;ldOL-F AFTER 6000 hr AT 982 "( 

TEST BC 

( 6 )  GEMINOL-N. TEST XB 

k 

( d )  GEMINOL-M TEST BC 

Fig. 6-15. Photomicrographs of Geminol-P/N Afhr  Drift Tests at 8J1 a d  982%. Etched with glyceria regia. 
75x. 

Y 
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la) CHROMEL-P AFTER 18,000 hr AT 871 "C. 
TEST HS 

I 
(6) ALUMEL T E S T  HS 

I 

AFTEF. .-,500 hr AT 871 '-. 
TEST 3 s  

ALL,.,EL TEST ( "  1 

Fig. 6.16. Photomicroglraphs of $-ita.-OO ha'ged-Sheath Chromwl*Pl Alumel After Pris) Tests at 871%. Efched 
wi th  glycerio regia. 7SX. 
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UNCLASSIF IED 

I 
(01 CiHRQMEL-P AFTER 11,000 hr AT 982 "C, 

CONSTANT. TEST OS 

ETCH ED/ I 
I 

(c) CHROMEC-P AFTER 10,500 hr AT 982OC, 
CYCLIC. T E S T  8 s  

PHOTO 5006 

A L U M E L  T E S T  OS (b) 

(d  I T E S T  8 

Fig. 6.17. Photanntcrographs of &".-OD Swaged-Sheath Chroml-P, Alumel After Drift Tests ot 982OC. Etched 

with glyceria regia, except where otherwise indicated. 75X. 
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W 
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UNlCLASSl FlED 
PHOTO 50061 

( a )  CHRbMEL-P AFTER 2500hr.  TEST JS ( 6 )  ALUMEL TEST JS 

(c )  CHROMEL-P AFTER 2500 hr. T E S T  JS 
U N ETCHED 

(0'1 ALUMEL TEST JS UNETCHED 

3 Fig. 6.18~~-d. P micmgr I of {6-I~m-OD Swaged-Shmth (Loosely Pocked Magnesium Oxide) Chranntl-P, I 
Alumel After Drift Test * d with pllycerfo regia, except where otherwise indicuted. 75X. o ---A- 
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i 

UN CLASS I FI ED 
P H O T Q 5 0 0 6 2  

(e) CHROMEL-P AFTER 2500 hr. TEST 6 T  ( f  1 ALUMEL TEST 6 T  

i 

p" 
..1clh- i '-4 

(9) CHROMEL-P AFTER 2500 hr. TEST 6 T  
UNETCHED 

( h )  ALUMEL TEST 6 1  UNETCHED 

Fig. 6.18e-h. Photomicrographs of t6 - in . -OD Swaged-Sheath (Loosely Packed Magnesium Oxide) Chromel-P, 

Etched with Alumel with One of Duplex Thermocouples Replaced by Ti tanium Wire, After Dr i f t  T e s t  at 871°C. 
glyceria regia, except where otherwise indicated. 75X. 
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( a )  CHROMEL-P AFTER 2500 hr. TEST MS 

1 c 

I 

. 
I 

A L U M E L  TEST MS 6 )  

(c) CHRQMEL-P AFTER 2500hr.  TEST 7 T  
ONE OF DUPLEX THERMOCOUPLES 
REPLACED BY TITANIUM 

( d )  A L U M E L  TEST 7T 

Fig. 6.19. Photomigographs of q6-in.-OD S w a g d - S h e A  (Loosely Pocked Mogmsiwm Oxide) Chrocnal-P, 
Alumel, After Drift Tests at 982%. Etched with gllycerio regia. 75X. 
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U N CLASS I FI EO 
s4 

(u HROMl .P, $e-in.-ODSWEA ,AF R 
4000hr.  AT 982OC.CYCLtC. TEST 5 s  

ETCHED;75X 

L 

ALUMEL TEST 5s ( & I  

iEc1 CHRlOMEL-P, '/(G-in.-OD SHEATH, AFTER 
10,5100 hr. AT 871 OC. TEST 4s. ETCHED 
WITH GLYCERllA REGllA. 75-X 

( d )  SAME AS FOR ( c ) ,  EXCEPT FOR 
M AGN I F ICATIION . I50 X 

Fi% 6.20. Phdmicrogrolphs of 1 .  4- and ' ?$6-in.-OD Swaged-Sheath Ckamel-P, Alumel Aftoe Repeaeing h f f t  

turtr at 982% Cyclic and 871% Constant Temperatures. 
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difference caused by length-to-diameter rat io of 
re-entry wells are: (1) A low partial pressure of 
oxygen causes chromi um to  be preferentially 
oxidized out of Chromel-P. (2) In a greatly restr icted 
region, possibly enhanced by a suboxide of chro- 
mium with a high vapor pressure, chromium or iron 
i s  transported from the protection tube to Alumel. 
Either of these explanations i s  consistent with a 
negative drift. These phenomena are further tested 
in the special tube dr i f t  section and are the subject 
of continued work at ORNL by G. W. Kei lhol tz and 
W. Rainey. In the tests using titanium, one thermo- 
couple of a duplex assembly was replaced by two 
titanium wires, 0.010 in. i n  diameter. The presence 
of the titanium did impede the negative dr i f t  rate 
but produced no lasting effect, probably because 
of the continuous source of oxygen from the open 
cold end of the thermocouple well. Th is  point i s  
borne out by the quite similar results with and 
without titanium (Figs. 6.13b and 6.13~) in the 
furnace subjected to cyc l i c  temperature variation. 
An anomalous resul t  i s  indicated by test  8T, Fig. 
6.121, wherein the dr i f t  of the average o f  the 
thermocouples was posit ive and two of the thermo- 
couples dri f ted negative. Th is  can only serve to 
confuse on otherwise consistent observation. No 
explanation was found for this. I n  these tests with 
beaded insulators one i s  cautioned against con- 
cluding that the asymptotic approach to a stable 
calibration suggests long preaging for stable 
performance. In a l l  the above tests, the asymptotic 
approach i s  accompanied by complete oxidation of 
Alumel. 

A comparison o f  both Kanthal-P/N6 and Geminol- 
P/N6 with Chromel-Alumel i n  th is  series of tests 
indicates their marked advantage from the point o f  
view of both d r i f t  and fewer fai lures ( indication o f  
better mechanical strength). F igures6.14~ and6.14b 
i l lustrate the lack o f  oxygen attack at 160OOF on 
Kanthal-P/N, and Fig. 6.11e bears th is  out by 
indicating only a +2OC dr i f t  i n  10,000 hr. Some 
attack on Kanthal-P and fair ly serious attack on 
Kanthal-N (Figs. 6 .14~ and 6.14d) are indicated 
at 180OOF after 11,000 hr. T h i s  i s  accompanied 
by a + 18OC drift, as shown in  Fig. 6.12g. Kanthal-P 
i s  v i r tual ly the same al loy as Chromel-P, and 

6For a comparison of the chemical analyses of these 
alloys, see D. L. McElroy, Progress Report I ,  Thermo- 
couple Research, Re ort /or Period Nov. 1,  1956, to 
Oct. 31, 1957, ORNL-$467, p 33-34. 

behaves similarly. Kanthal-N i s  a decided improve- 
ment over Alumel. The only dist inct ion between 
the tests on Kanthal-P/N and the above-discussed 
tests on Chromel-P, Alumel i s  that the former was 
22-gage wire and the latter was 2Ggage wire. The 
Kanthal-P/N did show serious dr i f t  and fai lure 
after 8000 hr i n  the 180OOF cyc l i c  test  (Fig. 6.13d), 
whereas Chromel-Alumel indicated complete fai lure 
after 3500 hr. The Geminol-P/N thermocouples 
were i n  3-ft-long wells for the tests shown i n  
Figs. 6.111 and 6.12h, with the respective photo- 
micrographs shown in  Fig. 6.15 for 1600 and 
180OOF tests. These tests indicate a superior 
performance o f  the high-chromium posit ive leg and 
the nickel-s i l icon negative leg i n  the much more 
adverse (long-tube) environment. The essential 
difference between Geminol-N and Kanthal-N. i s  
that the former contains 2.75 wt % silicon, the 
latter 2.4 wt % silicon. 

The J/,-in.-OD swaged lnconel sheath, densely 
packed MgO insulated thermocouple materials ex- 
hibited a marked improvement over the same 
materials with loose insulat ing beads. Th is  i s  
evidenced by reduced drift, less spread between 
samples of a particular test, and the photomicro- 
graphs taken after the tests. The 90% Pt-10% Rh, 
Pt thermocouples showed excel lent performance 
at 18OO0F, as may be seen in  Fig. 6.122. The 
change noted i n  the f i rst  400 hr was cau 
human errors in reference- junction connections. 
At  the time o f  th is  work, on the strength o f  quite 
preliminary and inconclusive tests elsewhere, 
swaged-sheath Chromel-Alumel materials were 
obtained with two different aging treatments' at 
135OOF after fabrication and prior to use, for 
periods of 24 and 200 hr, respectively. These 
tests have shown no difference i n  the performance 
of thermocouples with these two% aging.treatments. 
Any differences suggested by results presented 
here are only ref lect ions o f  the l imited number of 
samples in particular tests, which was veri f ied by 
duplicate tests, the results of which are not 
generally shown. Figures 6.11g and 6.11h show 
the dr i f t  results on %-in.-OD, swaged, 24-hr aged 
Chrome I- AI ume I t her mo co up I e s (two i den ti ca I te st s) 
at 16OOOF. The average dr i f t  i s  similar in both 
cases, but the S E R  (data spread) i s  ten times 
higher in test  3s than in  test HS. It i s  noted that 
the Alumel in the sample from test 3s has been 
much more attacked than that i n  test HS; l ikewise 
the comparative freedom from attack o f  the Alumel 
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in test  OS, Fig. 6.17b, at 180OOF constant i s  ap- 
parent. Thi s i s  recogni zed as a promi se of perform- 
ance attainable from th is  type of configuration but 
i s  not representative of the average performance 
obtained, as demonstrated by the data spread and 
dri f t  shown in  Fig. 6.127. This again i l lustrated 
the danger of drawing conclusions from tests 
w i t h  few samples and from photomicrographic 

examination o f  only one sample from the test. 
Figure 6.17d suggests the acceleration of oxidation 
fai lure at 180OOF with cyc l i c  temperature variations 
when compared to  stat ic tests. 

To test the possible advantage of including a 
titanium getter i n  swaged-sheath, MgO-insulated 
Chromel-Alumel thermocouples, as suggested by 
the work o f  Spaoner and Thomas,' the authors had 
special ly fabricated assemblies made under identi- 
cal conditions wherein ha l f  the material was made 
with duplex 22-gage bright-f ini  sh Chromel-Alumel 
and ha l f  was made with one o f  the thermocouples 
replaced by two 22-gage titanium wires. A low 
pack density o f  MgO was used i n  these samples. 
Dr i f t  tests were performed on these materials at 
1600 and 18OOOF. Again, the stat ist ics are not 
good because o f  the l imited number of samples i n  
each test. The dr i f t  tests (Figs. 6.111, 6.11k, 
6.121, and 6.1277~)~ because o f  the poor stat ist ics, 
d id not establ ish anything conclusive. The photo- 
micrographs indicated that at 160OOF the Chromel 
was attacked more, and the Alumel less, in the 
assemblies with titanium. At  180OOF there was 
vir tual ly no oxidation o f  the Chromel i n  either 
situation, but a sl ight amount o f  Alumel remained 
unoxidized in  the sample with titanium, whereas 
Alumel was completely oxidized in the sample 
containing no titanium. These tests at 160OOF are 
the f i rs t  here discussed where Chromel underwent 
serious attack at 1600OF. The environment o f  
low-density MgO suggests the point made by 
Spooner,' that in a low part ial  pressure of oxygen, 
Chromel-P has chromium preferentially oxidized 
out, with a high rate of complete oxidation of the 
allay. Th is  result also suggests that the effect i s  
greater at intermediate temperatures than at high 
temperatures. We verif ied th is  by examining a 
sample o f  Chromel-P from the 180OOF test  (tests 
MS and 7T) where the hot-junction region was not 
oxidized. We found that in the region o f  the wire 
which was in  the temperature gradient, a short 
length was heavi ly attacked, as evidenced by a 
dense scale and the fact that the wire surrounded 
by the scale was quite ferromagnetic only i n  th is  

region. A sample from one of the b-in.-OD dense 
pack samples (test OS) was similarly examined. 
The Chromel was sl ight ly attacked and very s l ight ly 
magnetic within the region which had been in  the 
temper at ure grad i en t. 

Samples of k-in.-OD, swaged-sheath, loosely 
packed MgO were tested at 1600 and 180OOF constant 
and at 180OOF cycl ic. These tests (Figs. 6.111, 
6.11m, 6 . 1 2 ~ ~ ~  6.13h, and 6.13;) showed a negative 
drift, somewhat similar t o  that exhibited by 
thermocouples wi th insulator beads in long re-entry 
wells. The attack on the Chromel-P, as shown in  
Fig. 6 . 2 0 ~ ~  suggests that the oxygen conditions 
were here also favorable for preferential oxidation 
of chromium. 

The results of test 4S, Fig. 6.11n and photo- 
micrographs of Figs. 6 . 2 0 ~  and 6.20d, suggest that 
the !,,-in.-OD, swaged-sheath Chromel-P, Alumel 
performed quite well, with a +5OC (+9OF) dr i f t  at 
16OOQF for 10,000 hr. There i s  no evidence of 
serious oxidation at the hot-junction end, as 
evidenced by Fig. 6.20d. It i s  believed that the 
very dense pack o f  the MgO insulation, as evidenced 
by the deformation o f  the wires, accounts for th is  
favor ab I e performance. 

T H E R M O C O U P L E  D R I F T  T E S T  A T  9OO0C 
IN P R E S S U R I Z E D  O X Y G E N  

The change in thermal emf o f  20- and 30-gage 
wires o f  Kanthal-P and -N, Geminol-P and -N, 
Chromel-P + Nb, and Alumel, a l l  relat ive to 
platinum, was measured for 772 hr a t  900OC. A 
common 16-wire hot junction in a 't-in.-ID sealed 
Alundum tube containing oxygen at  a pressure 
of 30 ps i  was inserted into a Globar furnace. 
Measurements o f  emf were made relat ive to 
platinum as a function o f  t ime a t  temperature. 
The 30-gage wires o f  Chromel-P + Nb, Alumel, and 
Kanthal-P and -N a l l  fa i led in less than 700 hr. 
There were no fai lures o f  the 20-gage wires. 
Table 6.6 summarizes the thermocouple behavior 
o f  the individual wires and their respective combi- 
nations during the tests. 

Chromel-P + Nb, Alumel, Kanthal-P, and 
Kanthal-N a l l  showed pos i t i ve  d r i f t s  o f  between 
+4 and +3OoC. The pos i t i ve  dr i f ts o f  a l l  the 
above individual elements led to net thermocouple 
dr i f ts o f  + 5  to 35°C in 772 hr a t  900OC. The 
Geminol-P dri f ted posi t ive about 2OoC in the f i rst  
624 hr and then negative about 15OC in the f inal 
148 hr. Geminol-N showed just the opposite 
behavior, that is, a d r i f t  o f  - 15OC in the f i rs t  
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Tab le  6.6. Thermocouple Behavior in Pressur ized Oxygen System 

Mater ia l  D r i f t  Behavior 

Chromel-P + Nb vs Alumel (20 gage) 

Chromel-P + Nb vs Alumel (30 gage) 

Chromel-P + Nb (20 gage) vs plat inum 

Chromel-P + Nb (30 gage) vs plat inum 

Alumel (20 gage) vs platinum 

Alumel (30 gage) vs platinum 

Kanthal-P/N (20 gage) 

Kanthal-P (30 gage) vs Kanthal-N (20 gage) 

Kanthal-P (20 gage) vs plat inum 

Kanthal-N (20 gage) vs  platinum 

Kanthal-P (30 gage) vs platinum 

Geminol-P/N (20 gage) 

Geminal-P/N (30 gage) 

Geminol-P (20 gage) vs platinum 

+9.4'C in 772 hr 

+6.5'C in 150 hr and then fai lure 

+8.8'C in 772 hr 

+5"C in 150 hr and then fai lure 

+4.4'C in 288 hr, then started dr i f t ing  a t  

a greater rate; total  d r i f t  of +25'C in 
772 hr 

+14'C in 288 hr w i th  to ta l  d r i f t  of +26.7% 
in 624 hr; fa i led  a t  772 hr 

+5.6'C in 772 hr 

Fa i led  a t  50 hr 

+9'C in  972 hr 

+5.2"C in 772 hr 

Fa i l ed  a t  50 hr 

+2'C in 772 hr 

+6'C in 772 hr 

+19.7'C in 624 hr and then a d r i f t  of 
-16.1'C between 624 and 772 hr 

Geminal-N (20 gage) vs platinum -19.3'C in 624 hr, then a d r i f t  of +21.loC 
between 624 and 772 hr 

Geminol-P (30 gage) vs platinum +20.8'C in 624 hr, then -12'C between 
624 and 772 hr 

Geminol-N (30 gage) vs plat inum -20.4'C in 624 hr, then a d r i f t  of +22.3'C 
between 624 and 772 hr 

624hr and a dr i f t  o f  +22'C between 624 and 772hr. 
The individual dr i f ts compensated almost exactly 
and resulted in a small d r i f t  o f  the combination 
Geminol-P/N. Th is  agreed with results previously 
reported in Fig. 4.16 for Geminol-P. 

The above data indicated that (1) a pressurized 
oxygen atmosphere produced dr i f t  greater than that 
produced in  air, and that (2) oxidation was a 
control l ing factor in thermocouple failure, es- 
pecial ly on small wire sizes. 

N I C K E L - S I L I C O N  A L L O Y S  - T H E R M O E L E C T R I C  
S T A B I L I T Y  IN A I R  A T  980'C 

The emf relat ive to  platinum of one assembly of 
18-gage and one o f  20-gage wires of n ickel  and 
f ive nickel-s i l icon al loys was measured as a 
function o f  time at  98OOC. The results are shown 

in Fig. 6.21. A l l  data were plotted with reference 
to  the f i rs t  thermal-emf data point and were 
corrected for furnace temperature fluctuations by 
use o f  the calibration data o f  Appendix E. Th is  
test involved only two samples o f  each alloy; 
therefore only l imited conclusions can be made. 
Table 6.7 summarizes the dr i f t  data, 

Pure n icke l  showed practical ly no drift. The 
1% si l icon al loy exhibited the most serious posit ive 
drift, and these data points had the most scatter. 
The 2 and 3% si l icon al loys behaved quite 
similarly and had about the same dr i f t  as pure 
nickel.  The 4 and 5% al loys dri f ted f i rst  s l ight ly 
negative and then slowly positive. The cal i-  
bration dr i f t  placed the various nickel-s i l icon 
al loys in the same relat ive position as the oxidation 
and cal ibrat ion data did. The results for pure 
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Fig. 6.21. Calibration Drift for Nickel and F ive  Ni-Si Alloys Relative to Platinum at 98OoC. 
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Table 6.7. Summary of Drift Data, for 

Nickel-Sil icon Alloys 

Observed Error ("C) in Air 
Material at 98OoC 

500 hr 1000 hr 1500 hr 

Nickel  

18 gage 

20 gage 

1% silicon alloy 

18 gage 

20 gage 

2% silicon alloy 

18 gage 

20 gage 

3% silicon alloy 

18 gage 

20 gage 

4% silicon alloy 

18 gage 

20 gage 

5% silicon alloy 

18 gage 

20 gage 

+'/2 
+ \  

+ 3  

+5 

+ $  
+1 

0 

0 

-4 
-4 

--$ 
-'/2 

+1 

+1 

+ 3  

+6 

+ \  
+ 2  

0 

+'/2 

-4 

-$ 

+1 

+1 

+ 1  

+1 

+5 

.+9 

+1 

+ 2  

+ 1  

+1 

-\ 
+ 2  

+1 

+ 2  

nickel  indicated that i t could be used satisfactori ly 
as a thermoelement in an oxidiz ing atmosphere, 
except for rnechani cal considerations. According 
to Berry and Martin17 "Very pure nickel  and si lver 
were found to  be quite stable a t  780°C in air, 
Thermocouples made from these materials were 
reasonably stable, but some di f f icul ty which results 
in eventual mechanical fai lure i s  no t  yet  under- 
stood." 

The posi t ive d r i f t  o f  the 1% si l icon al loy could 
be interpreted as due to  oxidation and consequent 
loss of  silicon, result ing in a larger negative 
thermal emf (a posi t ive dri f t)  as the composition 

7J. M. Berry and D. L. Martin, Thennoelectric 
Stability of Thermocouple Materials at Elevated 
Temperatures, General Electric Co. Research Labo- 
ratory Report No. 55-RL-1234 (March 1955). 

approached pure nickel. The minimum dr i f ts 
observed in the 2 through 5% al loys were most 
probably due to  their superior oxidation resistance 
and the low slope o f  the emf-composition curves 
(see Appendix E), The 3% si l icon al loy appeared 
to  be the optimum composition in th is  series of 
al loys because o f  good oxidation resistance, 
minimum change in cal ibrat ion with composition, 
and cal ibrat ion linearity. The dr i f t  observations 
are substantiated by microscopic examination o f  
the materials, in essential agreement with the 
photomicrographs shown in Figs. 4.14~-4.14f. 

D R I F T  A T  1000°C O F  N I C K E L - B A S E  
T H E R M O E L E M E N T S  I N  R E F R A C T O R Y  

P R O T E C T I O N  TUBES C O N T A I N I N G  S P E C I A L  
E N V I R O N M E N T S  

Spooner and Thomas' have investigated the 
effect o f  long, narrow metal I i c  protection tubes on 
the errors generated in Chromel-Alumel thermo- 
couples. Their tests a t  1600°F and higher for 
24 hr revealed that the length-to-diameter (L/D) 
rat io o f  the tube, the supply o f  oxygen to the 
thermocouple, and the presence o f  titanium near 
the thermocouple could influence the thermal emf 
o f  Chromel-P, Alumel thermocouples, with the 
general result that errors increased with increasing 
temperature. The above phenomena should be 
separated into two broad categories: (1) protection- 
tube test  configuration and (2) environmental 
conditions caused by protection tube material, 
sealing methods, and metal l ic  additions. In the 
present experiment, we have endeavored to  in- 
vestigate th is separation o f  effects. Figure 6.22 
i s  a schematic drawing o f  the various thermocouple 
posit ions and how environmental changes were 
introduced. 

These dr i f t  tests were conducted in tube 
furnaces without the aid o f  a thermal inertia block 
and without sophisticated temperature control. As  
a result, rather large ( ?3OoC) temperature vari- 
ations existed during the experiments. However, 
corrections were made for th is variation in calcu- 
lat ing the thermocouple error by using a standard 
90% Pt-10% Rh, Pt  thermocouple to monitor the 
furnace temperature. In any event, i t was believed 
that observed dr i f ts greater than t5"C were real, 
(Th is  rt5"C was the degree o f  randomness in some 
tests interpreted to  have zero drift.) 

'N. ' F. Spooner and J. M. Thomas, Metal Progr. 68, 
81 (1955). 

103 



U N C L A S S I F I E D  
O R N L - L R - D W G  4 8 6 2 3  

-N Io) REFRACTORY TUBE 
~~ 

TOTALLY I M M E RSE D THERMOCOUPLE 

( b )  REFRACTORY T U B E 1  

I 
PARTIALLY IMMERSED THERMOCOUPLE 

PARTIALLY IMMERSED THERMCOUPLE WITH METAL FILINGS ADDED 

TOTALLY IMMERSED THERMOCOUPLE WITH METAL FILINGS ADDED 

Fig. 6.22. Schematic Representation of the Drift  

Tes t  Configurations Used To Study the Effects of 

Changes i n  Environment. 

Test  Configuration 

The effect of  test configuration, or L/D ratio, in 
inert Alundum tubes on various types of thermo- 
couples i s  shown in Fig. 6.23. The thermocouple 
materials were chosen for these tests as repre- 
senting avai lable al loy variations which might 
lead to an explanation of the mechanisms for 
dr i f t  rather than to vindicate any particular combi- 
nation. Th is  test indicated that the L/D rat io 
was not related to calibration shif t  i f  Alundum 
protection tubes were used. A t  1000°C and for 
600 hr these thermocouples dri f ted posi t ive by 
25°C at a fair ly uniform rate. Generally, the 
dr i f t  appeared to be small for Geminol-P/N, larger 
for Kanthal-P/N, and largest for Chromel-P, 
Alumel. 

Further veri f icat ion o f  the configuration ef- 
fect was determined by conducting the fol lowing 
tests, using Geminol-P/N, Kanthal-P/N, and 
Chromel-P/AI umel. 

1. Alundum tube, '/4 in. ID, 36 in. long, with a 
24-in. thermocouple immersion (Fig. 6.22b). 

2. 

3. 

4. 

5. 

6. 

7. 

Alundum tube, '/4 in. ID,36 in. long, with 36-in. 
thermocouple immersion (Fig. 6.22~~). 
Alundum tube, '/4 in. ID, 36 in. long, with 
24-in. thermocouple immersion, both ends o f  
tube open. 
Quartz tubes, 8 mm ID,36 in. long, with 24-in. 
immersion (Fig. 6.226). 
Quartz tubes, 4 mm ID, 36 in. long, with 24-in. 
immersion (Fig. 6.226). 
Quartz tubes, 8 mm ID, 36 in. long, with 36-in. 
immersion (Fig. 6.22~). 
Quartz tubes, 8 mm ID, 36 in. long, with 24-in. 
immersion, both ends of tube open. 

A l l  the tubes except 3 and 7 were closed on one 
end. In a l l  the tests covered in t h i s  section, 
No. 20 B & S gage wires and %,-in.-OD x 0.075- 
in.-hole x 30-in.length refractory porcelain tubes 
were used. 

The results of these tests are shown in Fig. 6.24 
for Geminol-P/N. The results for Kanthal-P/N 
and Chromel-P, Alumel were not included, but were 
similar to those for Geminol-P/N. The curves of 
Fig. 6.24 indicate that, within k5"C, no difference 
in performance could be detected for the various 
changes o f  inert material and o f  test configuration. 
These results show less net dr i f t  with time at 
temperature than those shown in  Fig. 6.23, but i t  
i s  important to note that the d r i f t  was essential ly 
zero or posi t ive in a l l  the above cases. There 
was no lorge negative drift, as would be associ- 
ated with prelerential oxidation. 

Environmental Changes , 

The environment of the ho t  junction was altered 
by using metal f i l ings of Inconel, type 304 stain- 
less steel, cast iron, titanium, and a mixture of 
lnconel and titanium. The effects o f  removing the 
thermocouple junction from the immediate v ic in i ty 
of the f i l i ngs  (Fig. 6.22~) were observed. Com- 
parative effects of Alundum and quartz tubes were 
also observed. The results of these observations 
follow. 

lnconel Fil ings. - Since protection tubes are 
often constructed from Inconel, the effect of 
Inconel f i l ings in the inert protection tubes was 
studied. The fol lowing tests were run on Geminol- 
P/N, Kanthal-P/N, and Chromel-P, Alumel: 

1. 36 in. tube with 24 in. immersion containing 

2. 36 in. tube with 36 in. immersion containing 
lnconel f i l ings at  end (Fig. 6 . 2 2 ~ ) ~  

lnconel f i l ings at  end (Fig. 6.22d), 
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Fig.  6.23. Effect of Length-to-Diometer Radio of Alundum Protection Tube on Drift of Various Thermocouple 

Moteriols i n  Air. 

3. 36 in. tube with 24 in. immersion containing 
lnconel f i l ings at  30 in., 

4. 36 in. tube with various immersion depths, with 
lnconel f i l ings at  end (Fig. 6.22~). 

Figure 6.25 shows the results for Gerninol-P/N 
for the f i rst  three conditions and shows that i f  the 
thermocouple was removed by as much as 6 in. 
from the f i l ings there was no serious negative 
drift. However, i f  the thermocouple was in contact 
with or in the near v ic in i ty of the filings, a large 
negative dr i f t  occurred, Within experimental error, 
the amount of drift for thermocouples that had the 
hot junction removed from the lnconel f i l ings 
(test No. 1) did not vary with the tube material or 
test configuration. 

Figures 6.26 and 6.27 show similar results for 
Kanthal-P/N and Chrornel-P, Alurnel. Repeat 

tests on Kanthal-P/N further veri f ied that a 
negative dr i f t  was occurring for the test No. 2 
condition. For Kanthal-P/N, experiments with 
hot-junction distances of 0, 3, and 6 in. from the 
lnconel f i l ings suggested that i f  there was a 
separation somewhat greater than 6 in. between 
thermocouple iunction and filings, the dr i f t  would 
not be negative. The amount of dr i f t  at 3 in. 
separation was sl ightly less than that at  contact, 
and that at  6 in. was less than at  3 in. Th is  
variation was associated with a changing environ- 
ment as the separation between thermocouple 
junction and f i l ings increased. 

Results for the three thermocouples exposed to 
lnconel f i l ings indicated that Kanthal-P/N and 
Chromel-P, Alurnel had somewhat larger negative 
dr i f ts than those for Geminol-P/N for conditions 
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Fig. 6.24. Verification of the Independence of Thermocouple Drift  an Length-to-Diameter Ratio of Alundum 

and Quartz Protection Tubes. A l l  tests in air. 
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Fig.  6.26. Effect  on Konthal-P/N of Separation Between Thermocouple Junction and lnconel F i l ings in Inert 

Protection Tubes. 

of  test No. 2. A suggested explanation o f  these 
comparative results w i l l  be presented later. 

Stainless Steel Filings. - Tests were run with 
stainless steel fil ings, similar to those in which 
lnconel f i l ings were used. The results are shown 
in Fig. 6.28. Again, thermocouples with the 24-in. 
immersion in the different tubes showed no serious 
dr i f ts in 700 hr a t  1000°C. However, the thermo- 
couples immersed 36 in. into stainless steel 
f i l ings showed quite large negative deviations. 
In the test in which stainless steel f i l ings were 
used, the shi f ts in Geminol-P/N, Chromel-P, 
Alumel, and Kanthal-P/N were approximately the 
same as when lnconel was used. 

Cast Iron Filing. - Figure 6.29 shows the 
dr i f ts observed for Geminol-P/N, Kanthal-P/N, 
and Chromel-P, Alumel thermocouples in I/,-in.-ID 
Alundum tubes given a 36-in. immersion into cast 
iron filings. The Geminol-P/N showed very l i t t l e  
drift, whi le Kanthal-P/N and Chromel-Alumel 
showed large negative dr i f ts with cast iron, as 
was previously seen for lnconel and stainless 
steel fil ings. 

Titanium Filings. - Figure 6.30 shows the 
results o f  using titanium filings, with immersions 
o f  24 and 36 in. in Alundum and quartz tubes. 
The net d r i f t  was zero or s l ight ly posi t ive in most 
cases. No large negative dr i f t  was observed. 

107 



UNCLASSIFIED 
ORNL-LR-DWG 48628 

\ 
L 

4 00 

50 

0 
V 

a 
0 
E 
E 
W - 50 

-100 

- 4  50 

AL 

I I I I I I 
0 '/4-in.-ID ALUNDUM; 24-in. IMMERSION; INCONEL AT 36in.  (F ig .  2 2 C )  

0 8 -mm-ID QUARTZ; 24-in.. IMMERSION; iNCONEL AT 36in. (Fig.  22C) 

A 4 -mm-ID QUARTZ; 24- in.  IMMERSION; INCONEL AT 36in. (Fig. 22C) 

A "/4-in.-lD ALUNDUM; 36- in .  IMMERSION; INCONEL AT 36in. ( F i g . 2 2 d )  

. .  

- 

0 ! 00 2 0 0  300 400 500 600 700 800 
TIME AT 1000°C ( h r )  

Fig.  6.27. Effect  on Chromel-P, Alumel of Separotion Between Thermocouple Junction and lnconel F i l ings  in 
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Fig. 6.28. Effect on Geminol-P/N, Kanthal-P/N, and Chromel-P, Alumel of Separation Between Thermocouple 

Junction and Stainless Steel Fi l ings in Inert Protection Tubes. 
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Fig. 6.29. Effect  on Geminol-P/N, Kanthal-P/N, and 

Chromel-P, Alumel of Separation Between Thermocouple 

Junction and Cast-Iron F i l l ings i n  Inert Protection 

Tubes. 

Thus, t i tanium seemed to  exert some beneficial 
effect or had no effect on promoting negative 
drifts. By comparison with Fig, 6.24 it can be 
seen that the behavior was vir tual ly the same 
with and without titanium filings. 

Titanium and Inconel. - An experiment was run 
using a mixture o f  t i tanium and Inconel filicrgs, 
with thermocouple immersed 36 in. i n  quartz and 
Alundum tubes. These results, shown in Fig. 6.31, 
revea I ed essential ly no dri  ft-(or - W p o s i  t i ve  
drifts), from which it was interpreted that titanium 
had a beneficial influence on the environment 
created by Inconel. These latter results are, as 
were most of the above, i n  essential agreement 
with those o f  Spooner and Thomas.8 The im- 
portant experimental difference was the elimination 
o f  a reactive protection tube, hence the removal 
of the L/D rat io effects caused by the tube 
material, rather than the configuration o f  the test. 
Th is  le f t  the effect o f  act ive additions only to be 
seen. 
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Fig. 6.30. Effect on Geminol-P/N, Kanthal-P/N, and Chromel-P, Alumel of Separation Between Thermocouple 

Junction and Titanium Fi l ings in Inert Protection Tubes. 
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Fig. 6.31. Effect on. Geminol-P/N, Kanthal-P/N, and Chromel-P, AIumel of Separation Between Thermocouple 

Junction and Mixture of Titanium and lnconel in Inert Protection Tubes. 

Discussion of Results 

Nickel-base al loy thermocouples in inert tubes 
of varying L/D ratios were seen to be essential ly 
stable in calibration, or they dri f ted s l ight ly 
positive. However, the cold end may have been 
suff iciently open to admit enough a i r  to prevent 
the previously reported low part ial  pressure of 
oxygen. The phenomenon control l ing dr i f t  in th is 
case was possibly oxidation of the al loying 
constituents in the thermocouple materials. This 
hypothetical explanation i s  given in detai l  in a 

The effect of materials added into the refractory 
tubes was essential ly one of producing isolated 
environmental changes. The measured thermo- 
couple dr i f t  in th is environment was related to the 

previous report. 9 

9D. L. McElroy, Progress Report I .  Thermocouple 
Research, Report for Period Nov. I ,  1956, to Oct. 31, 
1957, ORNL-2467, p 67. 
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proximity of the thermocouple to the act ive 
environment. I f  the thermocouple was removed 
from th is  environment, no dr i f t  was observed. 
I f  the thermocouple was in  the immediate v ic in i ty 
of the added material, then serious changes were 
observed. The causes for these changes are 
possibly related to (1) the difference in part ial  
pressures between the constituents of the addition 
and the thermocouple becoming neutralized by 
exchange and to (2) the difference in af f in i t ies 
for oxygen or carbon between the thermocouple 
al loy and the added material. The f i rs t  hypothesis 
seems more plausible from the viewpoint of 
element transfer and subsequent al loying with the 
thermocouple. An example should c lar i fy this. 

It i s  noted that Chromel-Alurnel and Kanthal-P/N 
dr i f t  more than Geminol-P/N does. Geminol-P 
contains 18% chromium, whereas Kanthal-P and 
Chromel-P contains only 9.2 to 9.5%. I f  chromium 
i s  transferring from lnconel or stainless steel to 

'. 't 
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these thermocouple legs, then it seems logical to 
expect a larger effect in the low-chromium al loys 
than in the high-chromium al loys unt i l  equilibrium 
i s  established. A similar explanation can be 
made in  the case o f  the cast iron addition, on 
the bases o f  both iron and carbon. Since chromium 
was adjusted to maximize the emf in Kanthal-P 
and Chrome1 but not in Geminol-PI then one would 
expect greater effects in the former materials. 
Th i s  indeed i s  the case. A similar argument can 
be made for chromium pickup by Alumel, which 
would lead to negative dr i f ts o f  the combination. 
However, i f  the shi f t  i s  due primarily to the 
changes in the negative leg, one would expect 
the changes in Geminol-P/N to  be about the same 
as those in Kanthal-P/N. Th is  i s  no t  the case; 
thus the argument for the posi t ive leg. If the 
above arguments for d r i f t  hold, then one would 
expect similar results in a sealed system with 
an inert atmosphere, Small amounts o f  f i l ings 
(4 to  5 g) were used in these experiments, and it 
was observed that reasonably complete oxidation 
o f  them had occurred a t  the completion o f  the 
test. Th i s  could account for the shape o f  the 
dr i f t  curves, since, once the act ive material was 
consumed, dr i f t  ceased. Or, the reaction rate was 
proportional to  the amount o f  reactants present, 
leading to a logarithmic change o f  calibration. 

SUPPLEMENTARY DRIFT  E X P E R I M E N T S  

WITH R E F R A C T O R Y  TUBES 

After completion o f  the above-described dr i f t  
tests, experimental evidence was reported by 
Hinkle" relat ing causes for Chromel-PI Alumel 
thermocouple d r i f t  in a he1 ium-atmosphere furnace 
containing quartz fiber insulat ion as well  as 
Inconel. In that work, their tests indicated shi f ts 
in cal ibrat ion o f  the same magnitude as those we 
had observed due to Inconel. These shif ts were 
attributed by H ink le  to  the quartz fiber. Because 
o f  this, a f inal experiment was run using a helium 
atmosphere in 36-in.-longI $-in.-ID prebaked 
Alundum tubes. The tube contents and the results 
o f  the tests after 25 hr a t  1000°C are l isted 
below. 

Results at 1000°C 
for 25 hr Tube Contents 

A Thermocouple alone Slight posit ive drift 

B Inconel, 5 g Negative drift of 8°C 
C Fine quartz fibers Slight negative drift 

D Cut quartz tope Negative drift of 22°C 

The results for A and B were as expected from 
previous tests. The results for C and D were 
somewhat baffling, and consequrently two supple- 
mentary tests were run using: 

1. Alundum tubes 36 in. long, in. ID, prebaked 
at  1000°C with a nitrogen purge; 

2. 20 gage Alumel, bright, and 22 gage Chromel-P, 
bright; 

3. refractory insulator, g2 in. OD, 30 in. long, 
two-hole (0.075-in. holes), broken a t  1-in. 
increments for 12 in. from the hot junction. 

The two tests were as follows: 

Tube 

No. 

1 
2 
3 
4 
5 

6 

7 
8 
9 
10 
1 1  
12 

Additive 

Test  1. Static Air Atmosphere 

Clean lnconel f i l ings , 

Preoxidized lnconel f i l ings 

Pure chromium powder 

Empty (except for thermocouple) 

Clean lnconel f i l ings +titanium (30 gage 

wire, wadded) 

Pure chromium +titanium (30 gage wire, 

wadded) 

Test  2. Static Helium Atmosphere 

Clean lnconel filings 

Empty (except for thermocouple) 

Pure chromium powder 

Preoxidized lnconel f i l ings 

Quartz tape, chopped up, as received 

Quartz tape, chopped up, prefired in a i r  

a t  IOOO"C 
The results o f  tests 1 and 2 are shown in 

Fig. 6.32, for an exposure o f  25 hr a t  1040°C. 
In stat ic a i r  and hel ium the tube without addit ive 
produced a posi t ive drift, as expected. Pre- 
oxidized lnconel produced a posi t ive d r i f t  in air  
and essential ly zero dr i f t  in helium, which i s  
understandable. Fresh lnconel f i l ings produced 
a dr i f t  o f  nearly -8°C in a i r  and about -5°C in 
helium. Fresh chromium powder produced a dr i f t  
o f  -80°C in a i r  in 25 hr (not shown was a dr i f t  
o f  -120°C in 45 hr) and a dr i f t  o f  only -5°C in 
helium. The addit ion'of titanium to fresh lnconel 
in a i r  produced a dr i f t  of +l°C. The addition o f  
titanium to chromium powder produced a dr i f t  o f  
-40°C in  25 hr, which i s  about ha l f  that with 

'ON. E. Hinkle,  ORNL, private communication, 
Mar. 20, 1959. 
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chromium but without titanium. These results 
may be interpreted in terms o f  the effects o f  
avai lable oxygen in the tubes in both air  and 
helium, since the hel ium was no t  puri f ied and 
contained some oxygen. It was observed that the 
dr i f t  with lnconel was more severe in air  than 
in helium, so oxygen was certainly playing some 
role in the drift. L ikewise  a i r  faci l i tated large 
dr i f ts in the case o f  chromium but not so large a 
d r i f t  in the case o f  chromium in helium. Th is  
effect ively rules out the transfer o f  chromium to 
the thermocouple from chromium or lnconel by 
the vapor transport o f  metal l ic chromium, since 
the vapor pressure o f  chromium would be the 
same in hel ium and in air. But i f  the transfer i s  
by a vaporized suboxide o f  chromium, such as 
CrO, Cr,O, or CrO,, then the presence o f  oxygen 
would be expected to promote chromium transfer 
to that portion o f  the thermocouple wires which 
was in a temperature gradient. Th is  seemed to  
be the case. The action o f  titanium on reducing 
this transfer (and reducing the dri f t)  was ap- 
parently related to the quantity o f  chromium 
present. For titanium plus lnconel o f  only about 
15% Cr, the dr i f t  was zero, whereas with titanium 
plus chromium (100% Cr) the dr i f t  was reduced to 
only ha l f  that o f  pure chromium. So titanium can 
stop tranfer for small quanti t ies o f  chromium but 
cannot completely do th is  for larger quantities o f  
ch romi urn. 

A negative dr i f t  o f  -35OC was observed for 
unbaked quartz tape, whereas a d r i f t  o f  only 
-6OC was found for baked quartz tape. Visual  
inspection o f  these systems after the test  showed 
a large amount o f  clear l iquid (looking l i ke  
condensed water vapor) deposited on the cold 
end of  the tube containing the unbaked quartz, but 
only a trace o f  th is  l iquid for the baked quartz. 
Th is  d r i f t  i s  apparently associated with a hygro- 
scopic property of  the unbaked quartz tape, which 
can produce a reducing atmosphere under the test 
conditions and lead to negative drifts. Complete 
drying was not achieved in the prefired sample 
o f  quartz since some negative dr i f t  and deposited 
l iquid were observed. 

None of  the above results are contradictory to  
previously reported drift tests, even though the 
duration o f  these tests was signif icantly shorter. 
If the above-suggested mechanisms for mass 
transfer are correct, then they w i l l  have far- 
reaching consequences in the general f ie ld o f  
oxidation protection in so-called purif ied atmos- 
ph eres. 

G. W. Kei lhol tz and W. T. Rainey o f  the ORNL 
Reactor Chemistry Div is ion are continuing tests 
o f  the type described in th is section. Some of 
their recent results suggest modifications o f  the 
above concl us ions. 

. 
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Appendix A 

SMOOTHED CHROMEL-ALUMEL TABLES 

At  various times during th is  research the 
rounding-off of emf i n  NBS Circular 561, Table 6, 
for Chromel-Alumel thermocouples led to ob- 
i ect ionabl e di scontinui t ies i n  ca I t u  I ated temper- 
ature data involving interpolation. This  NBS 
table i s  rounded of f  to wi th in 10 pv  - good enough 
for most work wi th Chromel-Alumel - but we 
needed tables smooth to wi th in 0.5 pv for the 
combinations o f  Chromel-Alumel, Chromel-plat- 
i num, and AI umel-pl at i num. 

Tables were accordingly obtained from the 
Hoskins Manufacturing Company wherein temper- 
ature was given in  10°C increments and emf to 
the nearest microvolt (Hoskins Tables E-271-BB, 
E-271-CCI and E-271-AA for Chromel-Alurnel, 
Chromel-platinum, and Alumel-platinum, respec- 
tively). From these tables f i rs t  differences of 
emf were calculated for each 10°C increment and 
plotted against temperature. For example, the 
increment E4,00C - EdO0oC was plotted as AE/AT 
at 4 0 5 O C ,  where E and AE were i n  mil l ivolts. 
This curve was smoothed visual ly to within 
' 4  pv. During the smoothing, some peculiar 
short-range irregularities in  the original curves 
were removed and adjustments were made to 
fu l f i l l  the requirement that the sum of the f i rs t  
difference for Chromel-platinum and Alumel-plat- 
inum equal the f i rst  differences for Chromel- 

1 

Alumel. In addition, when the f irst-dif ference 
curve for Chromel-Alumel was integrated, the 
whole process was repeated un t i l  there was no 
difference greater than 10 pv  between the new 
curve o f  temperature vs mi l l i vo l ts  and Table 6, 
NBS 561 - nor was a difference this large per- 
mitted to exist  over an interval greater than 5 O O C .  

It should not be construed that a revision o f  
the NBS table i s  impl ic i t ly  suggested by th is 
work. Such a revision would require a consider- 
able number o f  independent laboratory cal ibrat ions 
of thermocouples from a number of heats of metal, 
with wide agreement on the finished heat treatment 
(internal and surface conditions) of the alloys. 
Although this work has provided additional under- 
standing of the thermoelectric properties of nickel- 
base al loys and established the improvement in  
thermocouple l i f e  of prefabricated swaged assem- 
blies, there are s t i l l  suff icient uncontrollable 
variables in  the use of nickel-base al loys as 
thermocouple materials that their use as standard 
temperature measuring devices appears unlikely. 

The smoothed data appear in  Tables A.1, A.2, 
and A.3. Figure A.l i l lustrates the extent of 
smoothing accomplished i n  these revised tables, 
by plot t ing the emf difference between the revised 
tables (Tables A.2 and A.3) and the respective 
Hoskins tables. 
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Table  A. 1. Calibrations for Chromel-P, Alumel Thermocouples* 

A 
A 

cn 

Electromotive force i n  obsolute mil l ivolts,  temperature in degrees Celsius (Int. 1948). reference junction a t  O°C 
(Numbers in i tal ics are emf differences per 10°C increment) 

"C 

0 

100 

200 

300 

400 

500 

6 00 

700 

800 

900 

lo00 

1100 

1200 

1300 

0 10 20 30 40 50 60 70 80 90 100 
~~ 

Mi I I i vo I t s 

(0.3950) (0.4000) (0.4040) (0.4080) (0.4110) (0.4140) (0.4160) (0.41 7 0 )  (0.41 7 5 )  (0.41 7 0 )  
0 0.3950 0.7950 1.1990 1.6070 2.0180 2.4320 2.8480 3.2650 3.6825 4.0995 

(0.4155) (0.4110) (0.4060) (0.4030) (0.4010) (0.3995) (0.3990) (0.3990) (0.3995) (0.4005) 
4.0995 4.5150 4.9260 5.3320 5.7350 6.1360 6.5355 6.9345 7.3335 7.7330 8.1335 

(0.4015) (0.4030) (0.4045) (0.4060) (0.4075) (0.4090) (0.4100) (0.4110) (0.4125) (0.4135) 
a. 1335 8.5350 8.9380 9.3425 9.7485 10.1560 10.5650 10.9750 11.3860 11.7985 12.2120 

(0.4145) (0.4155) (0.4165) (0.4175) (0.4185) (0.4195) (0.4205) (0.4210) (0.4215) (0.4220) 
12.2 120 12.6265 13.0420 13.4585 13.8760 14.2945 1 4.7 1 40 15.1345 1 5.5555 15.9770 16.3990 

(0.4225) (0.4230) (0.4235) (0.4240) (0.4245) (0.4250) (0.4255) (0.4260) (0.4265) (0.4265) 
16.8215 17.2445 17.6680 18.0920 18.5165 18.9415 19.3670 19.7930 20.2195 20.6460 16.3990 

(0.4265) (0.4270) (0.4270) (0.4270) (0.4270) (0.4270) (0.4265) (0.4265) (0.4260) (0.4255) 

20.640 21.0725 21.4995 21.9265 22.3535 22.7805 23.2075 23.6340 24.0605 24.4865 24.9120 

24.9120 25.3375 25.7625 26.1870 26.61 io 27.0345 27.4575 27.8800 28.3020 28.7235 29.1445 

29.1445 29.5645 29.9840 30.4025 30.8205 31 2375 31.6535 32.0685 32.4820 32.8945 33.3060 

(0.4255) (0.4250) (0.4245) (0.4240) (0.4235) (0.4230) (0.4225) (0.4220) (0.4215J (0.4210) 

(0.4200) (0.4195) (0.4185) (0.4180) (0.4170) (0.4160) (0.4150) (0.4135) (0.4125) (0.4115) 

(0.4105) (0.4095) (0.4085) (0.4075) (0.4065) (0.4055) 1'0.4045) (0.4030J 10.4020) (0.4010) 

33.3060 33.7165 34.1260 34.5345 34.9420 35.3485 35.7540 36.1585 36.5615 36.9635 37.3645 

(0.4000) (0.3990) (0.3980) (0.3970 J (0.3960) (0.3945) (0.3935) (0.3925) (0.3915) (0-3905) 
37.3645 37.7645 38.1635 38.5615 38.9585 39.3545 39.7490 40.1425 40.5350 40.9265 41.3170 

(0.3890) (0.3880) (0.3870) (0.3860) (0.3850) (0.3840) (0.3830) (0.3820) (0.3810) (0.3795 

41.3170 41.7060 42.0940 42.4810 42.8670 43.2520 43.630 44.0190 44.4010 44.7820 45.1615 

45.1615 45.5400 45.9175 46.2935 4.6685 47.0420 47.4145 47.7855 48.1550 48.5230 48.8895 

48.8895 49.2545 49.6180 49.9800 50.3400 50.6985 51.0555 51.4105 51.7640 52.1 160 52.4665 

52.4665 52.8160 53.1640 53.5105 53.8555 54.1990 54.5410 54.8820 

(0.3785) (0.3775) (0.3760) (0.3750) (0.3735) (0.3725) (0.3710) (0.3695) (0.3680) (0.3665) 

(0.3650) (0.3633) (0.3620) (0.3600) (0.3585) (0.3570) (0.3550) (0.3535) (0.3520) (0.3505) 

(0.3495) (0.3480) (0.3465) (0.3450) (0.3435) (0.3420) (0.3410) 

. .  
*Based on NBS Circ. 561, Table 6 and Hoskins Mfg. Co. Table E-271-BB. 



Table A.2. Calibrations for Chromel-P, Platinum Thermocouples* 

Electromotive force in absolute millivolts, temperature in degrees Celsius (Int. 1948). reference junction at  O°C 
(Numbers in i tal ics ore emf differences per 10°C increment) 

OC 

0 

100 

200 

300 

400 

500 

6 00 

700 

8 00 

900 

1000 

1100 

1200 

1300 

0 10 20 30 40 50 60 70 80 90. 100 

Mi I livol ts 

(0.2590) . (0.2650) (0.2700) (0.2750) (0.2800) (0.2850) (0.2890) (0.2925) (0.2960) (0.2995) 
0 0.2590 0.5240 0.7940 1.0690 1.3490 1.6340 1.9230 2.2 155 2.51 15 2.81 10 

(0.3030) (0.3060) (0.3090) (0.3120)- (0.31 50 )  (0.3180) (0.3205) (0.3230) (0.3250) (0.3270) 
2.8110 3.1 140 3.4200 3.7290 4.0410 4.3560 4.6740 ' 4.9945 5.3175 5.6425 ' 5.9695 

(0 .3290)  (0.3305) (0.3325) (0.3340) (0.3355) (0.3370) (0.3380) (0.3390) (0.3400) (0.3410) 
5.9695 6.2985 6.6290 6.9615 7.2955 7.6310 7.9680 8.3060 8.6450 8.9850 9.3260 

(0.3420) (0.3425) (0.3430) (0.3435) (0.3440) (0.3445) (0.3450) (0.3450) (0.3450) (0.3450) 

9.3260 9.6680 10.0105 10.3535 10.6970 11.0410 1 1.3855 1 1.7305 12.0755 12.4205 12.7655 

(0.3450) (0.3450) (a.3450) (0.3450) (0.3450) (0.3450) (0.3450) (0.3450) (0.3450) (0 .3445)  
12.7655 13.1 105 13.4555 13.8005 14.1455 14.4905 14.8355 15.1805 15.5255 18.8705 16.2150 

(0 .3440)  (0.3435) (0.3430) (0.3420) (0.3415) (0.3405) (0.3400) (0.3390) (0.3385) (0 .3375)  

16.2 150 16.5590 16.9025 17.2455 17.5875 17.9290 18.2695 18.6095 18.9485 19.2870 19.6245 

(0.3370) (0.3360) (0 .3355)  (0.3345) (0.3340) (0.3335) (0.3325) (0.3320) (0.33 10)  (0.3305) 
19.6245 19.9615 20.2975 20.6330 20.9675 21.3015 21.6350 21.9675 22.2995 22.6305 22.9610 

(0 .3295)  (0.3290) (0.3280) (0.3275) (0.3270) (0.3260) (0.3255) (0.3245) (0.3235) (0.3225) 
22.9610 23.2905 23.6195 23.9475 24.2750 24.6020 24.9280 25.2535 25.5780 25.9015 26.2240 

(0 .3215)  (0.3210) (0.3205) (0.3195) (0.3190) (0.3185) (0.3180) (0.3170) (0.3165) (0.3160) 
26.2240 26.5455 26.8665 27.1870 27.5065 27.8255 28.1440 28.4620 28.7790 29.0955 29.41 15 

(0.3150) (0.3145) (0.3135) (0.3130) (0.3125) (0.3115) (0 .3110)  (0.3105) (0.3100) (0.3090) 
29.41 15 29.7265 30.0410 30.3545 30.6675 30.9800 31.2915 31.6025 31.9130 32.2230 32.5320 

(0.3085) (0.3080) (0.3070) (0.3065) (0.3055) (0 .3045)  (0.3040) (0.3030) (0 .3025)  (0 .3015)  
32.5320 32.8405 33.1485 33.4555 33.7620 34.0675 34.3720 34.6760 34.9790 35.2815 35.5830 

(0.3005) (0.3000) (0.2990) (0.2980) (0.2970) (0.2960) (0.2950) (0.2940) (0.2930) (0 .2920)  

35.5830 35.8835 36.1835 36.4825 36.7805 37.0775 37.3735 37.6685 37.9625 38.2555 38.5475 

(0.2910) (0.2900) (0.2885) (0.2875) (0.2860) (0.2850) (0.2835) (0.2820) (0.2805) (0.2790) 
38.5475 38.8385 39.1285 39.4170 39.7045 39.9905 40.2755 40.5590 40.8410 41.1215 41.4005 

(0.2775) (0.2760) (0.2 745) (0.2730) (0.271 5 )  (0.2 700) (0.2685) 
41.4005 41.6780 41.9540 42.2285 42.5015 42.7730 43.0430 43.31 15 

*Based on Hoskins Mfg. Co. Table E-271-CC. 
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Table  A.3. Calibrations for Alumel, Platinum Thermocouples* 

Electromotive force in absolute mil l ivolts,  temperature in degrees Celsius (Int. 1948), reference junction a t  O°C 
(Numbers in i tal ics are emf differences per 10°C increment) 

OC 0 10 20 30 40 50 60 70 80 90 100 

0 

100 

200 

3 00 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

Mi I I i vol t s 

(0.1360) (0.1350) (0.1340) (0.1330) (0.1310) (0.1290) (0.1270) (0.1245) (0.1215) (0.1175) 
0 0.1360 0.2710 0.4050 0.5380 0.6690 0.7980 0.9250 1.0495 1.1710 1.2885 

(0.1125) (0.1050) (0.0970) (0.0910) (0.0860) (0.0815) (0.0785) (0.0760) (0.0745) (0.0735) 

1.2885 1.4010 1.5060 1.6030 1.6940 1.7800 1.8615 1.9400 2.0160 2.0905 2.1640 

(0.0725) (0.0725) (0.0720) (0.0720) (0.0720) (0.0720) (0.0720) (0.0720) (0.0725) (0.0725) 

2.1640 2.2365 2.3090 2.3810 2.4530 2.5250 2.5970 2.6690 2.7410 2.8135 2.8860 

(0.0725) (0.0730) (0.0735) (0.0740) (0.0749) (0.0750) /0.0755) 10.076OJ (0.0765) (0.077oJ 

2.8860 2.9585 3.0315 3.1050 3.1790 3.2535 3.3285 3.4040 3.4800 3.5565 3.6335 

(0.0775) (0.0780) (0.0785) (0.0790) (0.0795) (0.0800) (0.0805) fO.0810) (0.0815) (0.0820) 

3.6335 3.71 10 3.7890 3.8675 3.9465 4.0260 4.1060 4.1865 4.2675 4.3490 4.4310 

(0.0825) (0.0835) (0.0840) (0.0850) (0.0855) (0.0865) (0.0865) (0.0875) (0.0875) (0.0880) 

4.4310 4.5135 4.5970 4.6810 4.7660 4.851 5 4.9380 5.0245 5.1120 5.1995 5.2875 

(0.0885) (0.0890) (0.0890) (0.0895) (0.0895) (0.0895) (0.0900) fO.09OOJ 10.0905) (0.0905) 

5.2875 5.3760 5.4650 5.5540 5.6435 5.7330 5.8225 5.9125 6.0025 6.0930 6.1835 

(0.0905) (0.0905) (0.0905) (0.0905) (0.0900) (0.0900) (0.0895) (0.0890) (0.0890) (0.0890) 

6.1835 6.2740 6.3645 6.4550 6.5455 6.6355 6.7255 6.8150 6.9040 6.9930 7.0820 

(0.0890) (0.0885) (0.0880) (0.0880) (0.0875) (0.0870) (0.0865) (0.0860) fO.0855J (0 .0850)  

7.0820 7.1710 7.2595 7.3475 7.4355 7.5230 7.6100 7.6965 7.7825 7.8680 7.9530 

(0.0850) (0.0845) (0.0845) (0.0840J (0.0835) (0.0830) (0.0825) (0.0820J (0 .0815)  (0.0815) 

7.9530 8.0380 8.1225 8.2070 8.2910 8.3745 8.4575 8.5400 8.6220 8.7035 8.7850 

(0.0805) (0.0800) (0.0800) (0.0795) (0.0795) (0.0795) (0.0790) (0.0790) (0.0785) (0.0780) 

8.7850 8.8655 8.9455 9.0255 9.1050 9.1845 9.2640 9.3430 9.4220 9.5005 9.5785 

(0.0780) (0.0775) (0.0770) (0.0770) 10.0765) (0.0765) (0.0760) (0.0755) (0.0750) (0.0745) 

9.5785 9.6565 9.7340 9.81 10 9.8880 9.9645 10.04 10 10.1170 10.1925 10.2675 10.3420 

(0.0740) (0.0735) (0.0735) (0.0725) (0.0725) (0.0720J (0.0715) (0.0715) (0 .0715)  10.0715) 

10.9945 1 1.0660 10.3420 10.4160 10.4895 10.5630 10.6355 10.7080 10.7800 10.8515 10.9230 

(0.0720) (0,0720) (0.0720) (0.0720) (0.0720) I (0.0720) (0.0725) 

1 1.0660 11.1380 11.2100 11.2820 11.3540 1 1.4260 1 1.4980 11.5705 

*Based on Hoskins Mfg. Co. Table E-271-AA. 
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Appendix 8 

COPP ERaCONSTANTAN THERMOCOUPLE TA8L E 

A precision calibration of a duplex copper- 
constantan thermocouple was made from 0°C E T + h T  = E T  +(;) 
resistance thermometer and a copper block fur- 
nace. In order to present results as precisely as 
possible, a smoothed copper-constantan thermo- 
couple table was constructed which matched NBS 
Circular 561, Table 10. The detai ls of th is  table 
construction are as follows: 

* AT + 
(32OF) to 6OoC (14OOF) using a standard platinum T - A T /  2 

+ - * A T - A T  . ( 3 )  (3 T 

A sample calculat ion for AT = 1°F for E at 
34°F follows: 

1. F i r s t  differences of the NBS table were plotted 
against temperature ( A E / b T  vs T ) .  

2. A smooth curve was drawn through the values, (g) =(:) =21.340pv/"F , 
and a second-difference plot  was made vs 
temperature ( A ~ E / A T ~  vs T I .  

3. A smooth curve was drawn through these 
values, and the tables were calculated at  1" 
increments by numerical integration from 0 to 
6OoC and from 32 to 14OoF, respectively. 

E T  = E330F = 21.340 pv  , 

T-AT/  2 32.5"F 

(2) = 0.030 ~ v / ( " F ) ~  . 
T 

Therefore 

From the calculus of f in i te  differences: E T + h T  = E340F = 21.340 ~ L V  + 
+ 21.340 pv/"F * 1°F + 

+ 0.030 ~ v / ( " F ) ~  (1)2(oF)2 , 

E340F = 42.710 PV . 
Tables B.1 and B.2 show the calibrations for 

copper-con stantan obtained in  the above manner 
and include the thermal emf and the interpolation 
values. These tables were forced to agree with 
the NBS values to within 50.5 pv but are smoother 
than the NBS table because they were rounded to 
the nearest 0.001 pv. They are not better repre- 

T sentations than the NBS table but are somewhat 
more useful in calculating temperatures and cal i -  
bration errors. 

(3 =(E) T-AT/  2 + 

+ ($) 
T + A T / 2  

, AT . (2) 

From Eqs. (1) and (2) one obtains 
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Table B.l. Calibration for Copper-Constantan Thermocouples. Celsius table. 

50 

60 

O C  0 1 2 3 4 5 6 7 8 9 10 

I Microvolts 

(42.926) (42.991) (43.046) (43.091) (43.127) (43.153) (43.169) (43.179) (43.182) (43.185) 
2034.475 2077.401 2120.392 2163.438 2206.529 2249.656 2292.809 2335.978 2379.157 2422.339 2465.524 

2465.524 

0 

10 

20 

30 

40 

(38.512) (38.61 6) (38.720) (38.827) (38.934) (39.044) (39.154) (39.264) (39.371) 
38.412 76.924 115.540 154.260 193.087 232.02 1 271.065 310.219 349.483 388.854 

(39.471) (39.562) (39.646) 139.727) (39.805) (39.883) (39.958) (40.033) (40.111) (40.189) 
388.854 428.325 467.887 507.533 547.260 587.065 626.948 666.906 706.939 747.050 787.239 

(40.270) f 40.351) (40.432) (40.516) (40.600) (40.687) (40.774) (40.864) (40.958) ( 4  I. 05 5 )  
787.239 827.99 867.860 908.292 948.808 989.408 1030.095 1070.869 1 1 1 1.733 1 152.69 1 1 193.746 

(41.152) 14 I. 252) (41.352) (4 I. 449)' (41.546) (41.640) (41.724) (41.818) (41.912) (42.006) 
1193.746 1234.898 1276.150 1317.502 1358.951 1400.497 1442.137 1483.861 1525.679 1567.591 1609.597 

(42.09 7) (42.188) (42.279) (42.366) (42.453) (42.537) (42.621) (42.702) 142.780) (42.855) 
1609.597 1651.694 1693.882 1736.161 1778.527 1820.980 1863.517 1906.138 1948.840 1991.620 2034.475 

I b 
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T a b l e  B.2. Calibration for Copper-Constantan Thermocouples. Fahrenheit table. 

0 1 2 3 4 5 6 7 8 9 IO 

Microvolts 

(21.340) (21.370) 121.40 I )  (21.432) (21.463) (21.495) (21.527) (21.559) 
-0- 21.340 42.710 64.111 85.543 107.006 128.50 1 150.028 171.587 

(21.592) (21.625) (21.658) (21.691 ) (21.725) (21.759) (21.793) L (21.827) (21.860) (21.893) 
171.587 193.179 214.804 236.462 258.153 279.878 301.637 323.430 345.257 367.117 389.010 

(21.925) 121.956) (21.986) (22.014) (22.041) (22.067) (22.092) 122. I 1 7 )  (22.141) (22.165) 
389.0 10 410.935 432.891 454.877 476.891 498.932 520.999 543.091 565.208 587.349 609.514 

(22.189) (22.21 2 )  (22.235) (22.258) (22.280) (22.302) (22.324) (22.346) (22.369) (22.392) 
609.514 631.703 653.915 676.150 698.408 720.688 742.990 765.3 14 787.660 8 10.029 832.421 

(22.415) (22.438) (22.462) (22.486) (22.535) (22.560) (22.586) (22.61 2 )  (22.639) (22.510) 
899.736 922.222 944.732 967.267 989.827 1012.413 1035.025 1057.664 832.421 854.836 877.274 

(22.932) (22.666) (22.694) (22. 722) (22.75 I ) (22.780) (22.810) (22.840) (22.870) (22.90 I )  
1057.664 1080.330 1103.024 1125.746 1148.497 1 17 1.277 1194.087 1216.927 1239.797 1262.698 1285.630 

(22.963) (22.994) (23.024) (23.054) (23.084) (23.114) (23.143) (23.172) (23.20 I )  (23.230) 
1285.630 1308.593 1331.587 1354.611 1377.665 1400.749 1423.863 1447.005 1470.178 1493.449 1516.679 

(23.259) (23.288) (23.31 I )  (23.346) 123.374) (23.402) (23.430) (23.458) (23.486) (23.514) 
151 6.679 1539.938 1563.226 1586.537 1609.883 1633.257 1656.659 1680.089 1703.547 1727.033 1750.547 

(23.541) (23.568) (23.595) (23.622) (23.648) 123.674) (23.700) (23.725) (23.750) (23.774) 
1750.547 1774.088 l797.6b6 1821.251 1844.873 1868.521 1892.195 191 5.895 1939.620 1963.370 1987.144 

(23.798) (23.821) (23.844) (23.866) (23.887) (23.906) (23.924) (23.940) (23.954) (23. 967) 
1987.144 2010.942 2034.763 2058.607 2082.473 2106.360 2130.266 2154.190 2178.130 2202.084 2226.051 

(23.978) (23.987) 123.995) (24.001) (24.006) (24.00 9)  (24.01 I )  (24.0 12) (24.013) (24.0 14)  
2226.051 2250.029 2274.016 2298.01 1 2322.012 2346.018 2370.027 2394.038 2418.050 2442.063 2466.077 

2466.077 



Appendix C 

GEMINOL-P/N TEMPERATURE-EMF CALI BRATION TABLES 

The emf-temperature relat ion for Geminol-P/N 
was somewhat in 'quest ion i n  the summer of  1957 
when work with these materials began. To  estab- 
l ish th is  relation, we simultaneously calibrated at  
s i x  temperatures, by comparison with a standard 
90% Pt-10% Rh, Pt thermocouple, two thermo- 
couples from wire supplied by the Driver-Harris 
Company. One thermocouple was B&S No. 20 
gage, the other B&S No. 24 gage. The Geminol-P 
was from heat No. 5050 and the Geminol-N from 
heat No. 2799. The results o f  th is  calibration 
appear in  Table C.l. The second-order polynomial 

in  temperature, derived by the least-squares method 
from the data o f  Table C.1, i s  

m i l l i vo l t s  = 2.3074 x T + 
+ 9.3389 x T 2  , (1) 

where T i s  i n  degrees C, and th i s  was used i n  
our research on these alloys. A table of  values 
for temperature-emf of Geminol-P/N was computed 
from Eq. ( I ) ,  a condensation of which appears i n  
Table C.2. 

Table  C.1. Original Geminol-P/N Calibration Data Used to  Derive Least-Squares Equation 

Geminol-P: Driver-Harris Co. heat No. 5050 
Geminol-N: Driver-Harris Co. heat No. 2799 
Temperatures determined by standard 90% Pi-1 0% Rh, P t  thermocouple 

Least-squares equation: mil l ivolts =2.3074 x T + 9.3389 X T2 , T in OC 

Temperature EMF 
("C 1 (mv) Thermocouple J 

20 Gage Wire 

Gemi no I -P/N ' 24.7 0.573 

199.9 4.998 

398.2 10.622 

600.0 17.247 

800.0 24.51 0 

Geminol-P, P t  

Geminol-N, P t  

998.4 

24.7 

200.2 

399.8 

599.3 

798.9 

998.7 

24.7 

199.2 

397.8 

601.1 

799.6 

1000.6 

32.146 

0.270 

2.860 

6.795 

11.389 

16.616 

22.397 

0.303 

2.133 

3.864 

5.855 

7.861 

9.768 

Temperature EMF 
(OC 1 (mv) 

Thermocouple 

24 Gage Wire 

Gem i no I-P/N 

Geminol-P, PI 

Geminol-N, P i  

24.7 

200.1 

400.0 

598.7 

800.0 

998.4 

24.7 

199.9 

399.0 

599.7 

797.7 

999.5 

24.7 

199.1 

397.7 

600.0 

798.9 

1000.0 

0.574 

5.01 1 

10.742 

17.246 

24.56% 

32.218 

0.271 

2.863 

6.803 

11.437 

16.625 

22.465 

0.303 

2.135 

3.865 

5.849 

7.869 

9.781 
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Table C.2 Temperoture-EMF Relotion of Geminol-PIN Thermocouples 

Reference junction ai 0°C 
Calculated from relation 

mil l ivol ts = 2.3074 x T + 9.3389 x T2 , T i n  OC 

OC 

0 

100 

20 0 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

0 10 20 30 40 50 . 60 70 80 90 100 

0 

2.401 

4.988 

7.763 

10.724 

13.872 

17.206 

20.728 

24.436 

28.33 1 

32.413 

36.682 

41.137 

0.232 

2.651 

5.257 

8.050 

11.030 

14.197 

17.550 

21.090 

24.8 17 

28.73 1 

32.83 1 

37.119 

0.465 

2.903 

5.528 

8.340 

11.338 

14.524 

17.896 

21.455 

25.200 

29.133 

33.252 

37.558 

0.70 1 

3.157 

5.801 

8.631 

11.649 

14.852 

18.243 

21.821 

25.585 

29.536 

33.674 

37.999 

0,938 

3.413 

6.076 

8.925 

11.961 

15.183 

18.593 

22.189 

25.972 

29.941 

34.098 

38.44 1 

Mi I I i volts 

1.177 

3.67 1 

6.352 

9.220 

12.274 

15.516 

18.944 

22.559 

26.360 

30.349 

34.524 

38.886 

1.418 

3.931 

6.63 1 

9.517 

12.590 

15.850 

19.297 

22.930 

26.751 

30.758 

34.952 

39.332 

1.66 1 

4.192 

6.99 1 

9.816 

12.908 

16.186 

19.652 

23.304 

27.143 

3 1.169 

35.38 1 

39.78 1 

1.906 2.152 

4.456 4.721 

7.193 7.477 

10.117 10.419 

13.227 13.548 

16.525 16.865 

20.009 20.367 

23.680 24.057 

27.537 27.933 

31.582 3 1.996 

35.8 13 36.246 

40.23 1 40.683 

2.40 1 

4.988 

7.763 

10.724 

13.872 ' 

17.206 

20.728 

24.436 

28.33 1 

32.413 

36.682 

41.137 



Subsequent to the above work, materials were 
obtained from dyferent heats,.anc! a table o f  emf- 
temperature for Geminol-P/N was obtained from 
the Driver-Harris Company.' For a cursory evalu- 
at ion o f  Table C.2 and the Driver-Harris table, 
three comparisons were made. 

1. With the Driver-Harris table as a reference, 
a plot o f  the deviat ion o f  Table C.2 from the 
Driver-Harris table appears i n  Fig. C.1. The two 
tables agree to 400OC, but signif icant posi t ive and 
negative deviations are found above 400OC. The 
differences observed in th i s  plot  are ref lected in 
the other two comparisons. 

'P. R. Marsh, Driver-Harris Co., private communica- 
tion, June 5, 1958. 
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Fig. C.l. Deviation of ORNL-Calculated Values 

(Table C.2) from Driver-Harris Table  Values for 

Geminol-P/N Thermocouples. 
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Fig.  C.2. Comparison of Several Geminol-P/N Calibrations with Values in Table C.Z. 
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2. Calibration data was obtained on Geminol- 
P/N from another heat. The deviation of th is  
data from the original data in Table C.l was 
plotted as a function of temperature, as shown in 
Fig. C.2. It may be seen that there i s  a systematic 
departure o f  data from a l l  cal ibrat ions from the 
values i n  Table C.2. This indicates that a second- 
order polynomial i s  not an adequate representation 
of the temperature-emf relat ion for Geminol-P/N 
over the range 0 to  100OT. 

3. The deviation o f  the same data from the 
Driver-Harris table was plotted as a function of 

4oc 

C 
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ul W 
3 
-I 

I 

-400 
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W CK 
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-200 

-300 

temperature as shown in Fig. C.3. Although this 
plot  does not show the systematic departure ob- 
served i n  Fig. C.1, i t  i s  def in i te indication that 
more information should be gathered on more 
heats, an conditions other than as-received, and 
for both heating and cool ing before a “standard” 
curve can be established. 

The above presentation i l lustrates the calibra- 
t ion problems and gives some superf icial data 
which should aid further experimentation. 
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Appendix D 
CHEMICAL ANALYSIS OF THERMOELEMENTS 

Some chemical analyses were obtained on due to  analyt ical  l imitat ions or are intentional 
thermocouple materials since the f i rs t  report,’ manufacturer’s differences introduced for “curve 
including some special thermocouple wire which matching,” as would be expected in the case of 
was not previously available. The wet-chemistry constantan. Constantan showed some variat ions 
analyses in weight per cent are presented in in copper, nickel,  iron, and manganese, Similar 
Table D.1. The spaces without numbers indicate variat ions were observed for Alumel, and on 
that less than 0.01 wt ’% was indicated by spectro- dupl icate samples of special Alumel and Chromel- 
graphic techniques and hence wet chemistry was P +Nb. 
not attempted. D i f f i cu l ty  was encountered in For  nuclear reactor applications, the s ixfold 
obtaining consistent wet-chemistry analyses. It difference in cobalt i n  the Chromel-P + Nb analyses 
i s  not known whether a l l  observed variations are and the relat ively large, but consistent, amount 

of  cobalt found in  Alumel could be significant. 
Nominal manufacturers’ analyses in weight 

per cent of other materiais tested in th is  research 
are included in Table D.2. 

’0. L. McElroy, Progress Report  I ,  Thermocouple 
Research, Report for P e r i o d  N o w .  1 ,  1956 t o  Oct. 31, 
1957, ORNL-2467, P 33-34. 

T a b l e  D. 1. Wet Chemistry A n a l y s i s  of Thermocouple Mater ia ls  

Ana lyses  from the ORNL A n a l y t i c a l  Chemistry D i v i s i o n  

Values in we igh t  per cent  

Mater io I A I  c o  Cr Cu Fe Mn Ni  S i  Nb C 

Constantan for ISA type ./ 
(vendor A )  

Constantan for ISA type ] 
(vendor B )  

Constantan for ISA type T 
(vendor B )  

A lumel  (spool  1)‘ 

A lumel  (spool  IlP 

Alumel  (spool  Ill)‘ 

Special  Alumelb 

Specia I Alumelb 

Vacorn inus 

Va c op Ius 

Chromel-P (spool  I V f  

Chrome I-P (spool  V)a 

Chromel-P + Nbb 

Chromel-P + Nbb 

\ 

0.089 0.026 

1.58 0.36 

1.60 0.33 

1.61 0.29 

31 gPpm 0.1 9 

0.1 9 

1.69 0.20 

652ppm 

561 ppm 

0.31 

498Ppm 

55.1 0 

51.22 

0.04 54.07 

0.04 

9.04 

9.43 

9.58 

8.97 cO.10 

9.41 

0.20 0.96 

0.22 0.069 

0.37 0.81 

0.03 1.79 

0.02 3.35 

0.014 3.55 

0.26 0.24 

0.26 

0.10 2.26 

2.06 

45.01 0.05 

47.46 0.05 

44.69 0.02 0.01 1 

96.2 8 

95.20 

Sa I 

98.36 

99.77 

94.88 

88.1 1 

89.55 

90.18 

89.57 

89.80 

0.88 

0.74 

0.92 

1.21 

1.25 

0.22 

0.24 

0.37 

0.35 

0.35 0.2c 

0.35 0.2c 

0.012 

0.016 

0.01 2 

0.005 

0.004 

0.022 

0.008 

0.01 0 

0.010 

0.012 

0.01 6 

%ot  duplicates, but from d i f fe ren t  lots. 

D up1 i ca te  sa mp les. 

=By spectrographic ana lys is  (below threshold for wet  ana lys is ) ,  
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Table D.2. Manufacturer's Nominal Composition of 

Thermocouple Materials 

In weight per cent 

Mater io I A I  Cr Cu Fe N i  Si 

Hoskins alloy 875 6.0 22.5 

Hoskins a l loy  827 2 0  

Hoskins al loy 717 Bal  2 0  

Chrome I-A Bal 2 0  

Chromn ickel-B 20  

Nickel 

Nickel, 1% silicon 

Nickel, 2% silicon 

Nickel, 3% silicon 

Nickel, 4% silicon 

Nickel, 5% silicon 

Copper 

Bo I 

8.0 B O I  

Bo I 

Ba I 

ao 
100 

99 

98 

97 

96 

95 

100 

0.5 

2 .o 
0.25 

1.5 

. 

Iran Essentially SAE 1010 
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CALIBRATION DATA FOR NICKEL-SILICON ALLOY 

Six materials (pure nickel  and al loys of 1, 2, 
3, 4, and 5% si l icon) were calibrated at  the melt- 
ing points o f  tin, zinc, aluminum, and si lver. A 
comparison cal ibrat ion was also made during 
heating at the beginning o f  the dr i f t  test discussed 
in  Chap. 6, Table 6.2. Results of the fixed-point 
cal ibrat ions are presented i n  Table E . l  and 
Fig.  E.l. The nickel-s i l icon al loys were homoge- 
nized in ingot form and were annealed after draw- 
ing to  wire form and before col i  bration. 

N icke l  al loyed with s i l icon in the sol id solut ion 
composition range produces a lower thermal emf 
to  platinum than pure nickel.  The shape o f  the 
emf-temperature curves changes with the amount 
of s i l icon i n  nickel,  as i l lustrated by the curves 
of Fig.  E. l .  The ef fect  of composition on thermal 
emf i s  shown in  Fig. E.2. 

An i l lustrat ion o f  the relat ion between si l icon 
concentration in nickel  and the shapes o f  the 
emf-temperature curves appears in Fig.  E.3, show- 
ing the difference between the temperature-emf 
curves and the arbitrari ly chosen l ine E = -1OT. 
Small addit ions of s i l icon to n icke l  produce a 
greater effect than large additions. A 3% s i l i con  
addition to  n icke l  produces the most linear emf- 
temperature curve of the al loys tested. The curve 
for Alumel vs platinum i s  included for comparison 
in  Figs. E. l  and E.3, and i t  may be seen that 
Alumel shows a greater nonl inearity at  low tem- 
peratures than the 2 or 3% si l icon in n icke l  a l -  
loys. Figure E.3 indicates a satisfactory agree- 
ment between melt ing point and comparison 
cal  i brat ions. 

Table E . l .  EMF of Nickel ,  Nickel-Sil lcon Alloys, and Alumel vs  Platinum a t  F ixed  Points 

Values in mil l ivolts 

A l l  emf's negative with respect to platinum 

Reference junction at  0°C 

. . ,  . 

Nickel-Sil icon A l loys*  
Alumel**  Temperature Pure Fixed Point 

("C 1 Nickel  1% S i  2% S i  3% Si 4% Si 5% S i  

T i n  (freeze) 231.9 3.588 2.832 2.636 2.461 2.383 2.423 2.398 

Zinc (freeze) 4 19.5 5.524 4.223 4.087 4.225 4.397 4.536 3.796 

Aluminum (melt) 660.0 7.558 6.246 6.315 6.718 7.113 7.313 5.821 

Silver 

960.8 11.399 9.531 9.455 9.828 10.232 10.413 (melt) 

(freeze) 960.8 11.400 9.532 9.453 9.831 10.223 10.415 
8.465 

*Alloys fabricated a t  the University of Tennessee. 

**From Hoskins Manufacturing Co. Table E-271-AA. 
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Fig. E.l. EMF of Pure Nickel,  Nickel-Silicon Alloys, and Alumel vs Platinum, at F ixed Points. 
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Appendix F 
MISCELLANEOUS CALI BRAT IONS 

Comparison calibrations on the materials l is ted 
in  Table F.l were made using a 90% Pt-lO% Rh, 
Pt  standard thermocouple. The hot junction 
consisted of 14 wires, to  which was attached the 
standard thermocouple. Conventional mercury 
U-tube connections were used for the reference 
junction (OT). 

Table F.l l is ts  the emf values determined on 
heating and cooling in the comparison cal i -  
bration, as a function of temperature. Figures 
F.l and F.2 show the deviations of certain of the 
posit ive and negative elements from Hoskins 
tables E-271 -CC and E-271-AA, respectively, for 
C h r o m l - P  vs platinum and Alumel vs platinum on 
heating and cooling. Calibrations on cool ing were 
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different from the calibrations on heating. Th is  
hysteresis loop was f i rst  noted i n  an earlier 

report' and i s  due to annealing and oxidation 
during calibration. The direction of the dynamic 
shi f t  in cal ibrat ion appeared to  be random. Except 
for Geminol-N (no standard curve yet established), 
a l l  the calibrations plotted were within the stand- 
ard ISA *%% tolerance. 

Figure F.3 is a plot of thermal emf for the 
various materials tested vs platinum as a function 
of temperature. The more oxidation-resistant 

'D. L. McElroy, Progress Report I ,  Thermocouple ' 

Research, Report /or  Period Nov. I ,  1956 to  Oct .  31 ,  
1957. ORNL-2467, p 72. 
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Fig. F.1. Calibration of Posi t ive  Thermoelements vs Platinum, Shown as  Deviations from Haskins Table 

E-271 -CC (Chrome I-Plat inum). 

131 



Table F.1. Observed Thermal EMF far Various Materials vs Platinum 

Values in microvolts 

Negative relative to platinum 

A lumel 

Alumel std. 2* 

Alumel std. 1* 

Kanthal-N 

Geminol-N 

Special Alumel 

Positive relative to platinum 

Chrome I-P 

Chromel-P std. 1* 

Chromel-P + Nb** 

Hoskins alloy No. 717 

Konthal-P 

Geminol-P 

Hoskins alloy No. 827 

Hoskins alloy No. 875 

8.575 

69,227 

20 

4,559 

22 1 

982 

20 sample 

69,228 

924 

733 

2,665 

360.4 1739.0, 

356.6 1728.7 

356.7 1725.6 

313.1 1648.8 

328.0 1548.3 

319.7 1674.5 

712.8 4162.8 

713.5 4172.4 

706.8 4131.3 

333.7 2128.8 

712.9 4148.3 

298.6 1932.3 

212.0 1424.7 

101.4 794.4 

3.161.2 

3,148.4 

3,139.8 

3,136.2 

3,279.7 

3,205.9 

10,702.0 

10,739.0 

10,648.2 

6,058.3 

10.687.7 

5,572.7 

4,271.8 

2,415.5 

3.984.2 5,939.2 7,116.2 

3,968.5 5,907.8 7,053.6 

3,958.5 5,896.9 7,045.3 

3,951.3 5,919.8 7,098.8 

4,305.3 6,607.7 7,915.9 

4,045.8 5,998.3 7,137.1 

14,412.1 

14,430.2. 

14,330.1 

8,495.9 

14,408.9 

7,864.0 

6,119.1 

3,549.6 

22,144 

22,077 

21,970 

14,145 

22,150 

13,260 

10,598 

6,476 

26,303 

26,259 

26,144 

17,667 

26,315 

16,699 

13,557 

8,539 

8,999.1 

8,950.4 

8,939.1 

9,044.4 

9,959.1 

8,977.6 

33,324 

33,184 

33,087 

24,204 

33,376 

23,154 

19,287 

12,879 

7,008.4 6,009.7 

6,970.5 5,973.5 

6,961.8 5,965.8 

6,992.6 5,986.2 

7,792.9 6,680.6 

7,031.6 6,061.4 

26,037 22,414 

25,887 22,300 

25,785 22,202 

17,382 14,334 

26,052 22,423 

16,401 13,436 

13,306 10,754 

8,400 6,596 

3,958.4 3,384.1 1915.0 279.1 

3,958.1 3.377.5 1909.3 273.8 

3,951.1 3,370.6 1904.9 276.5 

3,936.4 3,560.9 1865.3 240.1 

4,273.5 3,360.5 1724.2 248.0 

4,023.6 3,436.2 1883.7 243.7 

14,424.7 1 1,799.9 4864.3 547.2 

14,309.7 11,741.3 4824.0 546.6 

14,230.9 11,664.2 4788.8 540.4 

8,433.5 6,709.7 2490.8 253.6 

14,417.1 1 1,784.8 4856.4 547.6 

7,786.1 6,167.8 2251.6 227.5 

6,057.3 4,749.0 1676.2 160.5 

3,565.6 2,734.1 725.7 76.3 

I I 

*Rod'supplied by Hoskins Manufacturing Co. as proposed Hoskins comparison standard. 
**Experimental allay supplied by Hoskins Manufacturing Co. 
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F ig .  F.Z. Calibrotion of Negative Thermoelements vs Platinum, Shown as  Deviation from Hoskins Tab le  E-271- 
AA (Alumel-Platinum). 

posi t ive ther moe lements, Hos k ins a I loy s 875, 
827, 717, and Geminol-P, produced a lower thermal 
emf than did the 90% Ni-10% Cr class of alloys, 
The more oxidation-resistant negative thermo- 
elements, Kanthal-N and Special Alumel, produced 
(not plotted in Fig. F.3) emf’s which were close 
to  Alumel vs platinum, but wi th small deviations 
a t  low temperatures. Geminol-N vs platinum 
exhibited considerable deviation from Alumel vs 
plat inum a t  the higher temperatures. These plots 
may be of superf icial value, but do indicate the 
sacr i f ice in emf necessary to  obtain an oxidation- 
re s i  stant a I loy. 

Low-temperature comparison calibrations made 
on al loys thermoelectrically negative to  platinum 
are l is ted in Table F.2. These calibrations were 
made in a large copper inertia block contained in 
a furnace whose temperature could thus be changed 

slowly. The values in Table F.2 were compared 
with the equation E (pv) = -10.5T (“C) in Fig. F.4, 
i n  order to  exaggerate their differences. A domi- 
nant feature of th is  plot was the posit ive deviat ion 
noted in the al loys near 100‘32; after which the 
deviat ion was negative. Since these al loys 
would be considered as replacements for Alumel, 
the comparison of their cal ibrat ion curves with 
Alumel i s  of interest. Above 2OOT the agreement 
between Kanthal-N, special Alumel, and Alumel 
i s  good. There i s  a str iking similari ty between 
the cal ibrat ion curves for Kanthal-N and special 
Alumel, although the chemical analysis showed 
that they differed signi f icant ly in s i l icon content. 
However, the equivalence of additions (Fe+ Mn = 
Si) may be an explanation. (Kanthal-N, which was 
higher in si l icon, contained very l i t t l e  iron and 
manganese, whereas special Alumel contained 
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Fig. F.3. Thermal EMF of Various Nickel-Base Alloys Relative to Platinum. 

0.25% iron and 0.35% manganese.) Below 2OOT, s i l i con  al loys and i s  suggestive of Curie-point 
signif icant differences in 'cal ibrat ion appear, but shi f t  associated with s i l icon content. Th is  data 
th is  i s  of minor importance for high-temperature a l so  revealed the emf changes caused by changing 
use. The dome-shaped deviat ion near the Curie only one al loying element. The Geminol-N cal i -  
temperature (350T) for n icke l  i s  of interest. Th is  brat ion dif fered markedly from the Alumel Cali- 
behavior i s  also seen in the series of nickel-  bration through th is  temperature range. 
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Table F.2. Low-Temperature Calibration of Various Materials vs Platinum 

A l l  emf's in microvolts, negative to platinum 

Gem in o I-N 

Kan tha I-N 

Special Alumel 

Alumel 

N i c k e l  

1% silicon, ba l  nickel 

2% silicon, bal n ickel  

3% silicon, ba l  nickel 

4% silicon, bal n ickel  

5% silicon, bal n ickel  

E ( p v )  = -10.5T ("C) 

257.6 

247.4 

254.0 

287.1 

294.8 

229.9 

247.1 

264.3 

250.8 

2 18.8 

223.6 

426.3 

414.1 

428.8 

482.0 

496.1 

391.4 

419.6 

445.1 

413.7 

370.4 

378.0 

1089.4 

1109.5 

1 132.0 

1225.2 

1384.9 

1 108.4 

1 1  38.5 

1 147.4 

1012.3 

972.0 

1000.6 

1597.2 

1703.7 

1731.4 

1792.2 

2258.1 

1810.5 

1787.2 

1696.8 

1545.8 

1537.0 

1572.9 

1754.6 

1877.9 

1907.0 

1936.8 

2551.5 

2044; 1 

1990.8 

1858.6 

1726.8 

1731.0 

1765.0 

1867.5 

1995.3 

2022.4 

2037.1 

2769.2 

2213.1 

2 128.6 

1973.0 

1856.8 

1869.5 

1902.6 

2030.3 

2 145.6 

2 173.4 

2 174.0 

3079.9 

2450.4 

2316.1 

2139.1 

2047.5 

2074.4 

2102.1 

2125.8 

2227.1 

2257.8 

2253.1 

3259.4 

2585.1 

2416.0 

2235.2 

2160.0 

2 193.6 

2220.7 

2240.9 

2316.7 

2354.9 

2344.5 

3467.4 

2735.5 

2526.5 

2354.0 

2299.0 

2341.5 

2362.5 

2835.1 

2788.7 

2846.9 

281 9.2 

4451.2 

3385.5 

3022.8 

2948.8 

2995.7 

3071 .O 

3071.2 

3 198.3 

3072.5 

3142.9 

3098.6 

4917.5 

3642.0 

3320.0 

3315.5 

3421.5 

3510.6 

3489.1 

3843.6 

3583.1 

3670.8 

3604.6 

5403.2 

4079.8 

3 856.0 

3967.5 

4168.3 

4280.3 

4205.2 

4527.0 

4 135.4 

4234.0 

4 165.4 

5863.2 

4575.1 

4445.6 

4663.8 

4949.1 

5088.2 

4937.1 

. .  
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Appendix G 

EFFECTS OF ISOTHERMAL HEAT TREATMENTS ON CALIBRATION 

Changes in cal ibrat ion o f  Chromel-PI Alumel 
were measured for thermocouples which had been 
isothermally heat-treated for various times at  
900°C in oxygen and helium. The results were 
supplemented with data from wires treated in 
oxygen and then pickled to remove the oxide. 
Figure G.1 shows the error in thermal emf for the 
individual thermoelements vs platinum at 580°C 
as a function o f  t ime a t  900OC. For heat treatment 
in oxygen for more than 5 hr, the thermocouple 
cal ibrat ion change was primari ly caused by 

Alumel. For heat-treatment times less than 5 hr 
in oxygen, Chromel-P control led the calibration. 
The results wi th helium and oxygen, plus pick- 
ling, indicated that there was probably an oxide 
on the Chromel-P which contributed the large 
negative dr i f t  after 2 hr of heat-treating time. 

In an effort to more definitely establish the 
above results as due to oxide formation and not 
to metal lurgical changes, a series o f  helium- 
atmosphere heat treatments were imposed on 
posi t ive thermoelements (Chromel-PI Chrornel-P + 
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Fig. G.l.  Error at 580°C of Chromel-PI Pt and Alumel, P t  Caused by Isothermal Heat  Treatments a t  900°C in 

Helium and in Oxygen. 
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Nb, Kanthal-P, and Geminol-P) at  500, 600, 700, 
and 800°C for 2, 4, 8, and 16 hr at  each tempera- 
ture. The result ing cal ibrat ion data are shown 
i n  Figs. G.2-G.17 for the various heat-treating 
times and temperatures. Unfortunately, impurity 
o f  the helium used and the lack of tightness of 
the system 'prevented the complete isolat ion of 
metallurgical changes. Figure G. 1 indicates that 
the oxide effect was more predominant at  shorter 
times and hence for relat ively thin oxide films. 
In every case in  Figs. G.2-G.17 in which a large 
negative deviation was noted, the wire causing 
the deviat ion could be ident i f ied by the dist inct  
appearance o f  an oxide film, despite the helium 
atmosphere. Almost without exception, i t  was 
for the higher temperatures and longer times of 
heat treatment that the data spread and the nega- 
t i v i t y  were greatest. Th is  would be expected i f  
the heat-treating a tmosph ere were quest ion ab1 e. 

Considering individual cases, the fol lowing 
detai I s  may be observed. 

Chromel-P. - (See Figs. G.2-G.5, excluding 
the data fo r - the  16-hr heat treatment at 8OOOC.) 
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I 

On heating, the Cali bration asymptotically ap- 
proached a +3 to +5"C error in the range 300 to  
800°C as the heat-treating t ime and temperature 
increased, and the error on cool ing approached 
+4 to +6"C. The difference in the cal ibrat ion on 
heating and cool ing was smallest for the 5OOOC 
treatments and largest for the 8OOOC treatments. 
AI I co l i  brations on heat-treated wire were above 
the cal ibrat ion on as-received material, as might 
be expected because o f  the latter being somewhat 
cold-worked. At  a given heat-treating temperature 
the maximum difference in cal ibrat ion with time 
at that temperature was about 1 O C .  Thus after at  
least 2 hr a t  a given heat-treating temperature, 
the ef fect  o f  metal lurgical changes was qui te 
small. There were differences o f  about 5OC 
between effects a t  different heat-treating tempera- 
tures, and th is  could wel l  represent differences 
in the degree o f  recovery for the 500°C heat- 
treatment data and the differences i n  degree of 
recrystal l izat ion for the 800°C heat-treatment 
data. The direct ion o f  th is sh i f t  was toward lower 
emf, which was in agreement wi th results shown 
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Fig. G.2. Calibration Deviation of Chrornel-P. vs Platinum for 2, 4, 8, and 16 hr at 5OO0C. 
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in Chap. 5. That is, recovery caused the emf to 
shi f t  away from that o f  cold-worked wire, and 
recrystal l izat ion caused shi f ts in the opposite 
direct ion (i.e., away from the recovered state, 
back toward the cold-worked state). 

Chrornel-P + Nb. - (See Figs. G.6-G.9, exclud- 
ing  data for heat treatments o f  2 hr at  600 and 
700T, 8 hr a t  600T, and 16 hr a t  500 and 8OOOC.) 
The data at a l l  temperatures showed that after 
at  least 2 hr, the heat-treating time had l i t t l e  
effect on the result ing calibration, although the 
cal ibrat ions on heating became progressively 

lower as the test ing temperature was increased. 
The cal ibrat ions on cool ing were a l l  c lose to  
being the same with increasing annealing tempera- 
tures. Reference to  Fig. F.1 for the cal ibrat ion 
on as-received Chromel-P + Nb shows that the 
change in cal ibrat ion wi th heat treatment was 
about the same.as for regular Chromel-P; that is, 
Chromel-P + Nb was below the curve in the as- 
received state, but on heat treatment it had moved 
closer to the establ ished curve. 

Kanthal-P. - (See Figs. G. 10-G. 13, excluding 
2- and 16-hr data at  800T.) These data were 
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very similar to those described above and showed 
the same general trends: decreasing Cali bration 
error wi th increasing temperature, but only a smal I 
increasing cal ibrat ion error wi th time a t  a par- 
t icular temperature on heating. The cal ibrat ion 
errors on cool ing were nearly the same a t  a l l  
temperatures, but accentuated a negative devia- 
t ion a t  room temperature, which was mildly ap- 
parent in the Chromel-P + Nb results. Th is  error 
appeared to increase with increasing annealing 
temperature. 

the data for 16 hr at  SOOT.) The calibration error 
on heating moved more posi t ive with increasing 
heat-treating temperature, which i s  the reverse 
o f  the three previous cases. The effect of time 
a t  temperature showed a s l ight ly different form 
on heating than in the former cases; that is, the 
error generally went through a maximum between 
4 and 8 hr o f  heat-treating. The cal ibrat ion on 
cool ing was generally lower than the calibration 
on heating, also the reverse o f  the previous 
cases. Considerably more spread existed between 
the heating and cooling cal ibrat ions than in the 
previous cases. Generally the calibration errors 

Geminol-P. - (See Figs. G.14-G.17, excluding * 

showed less change with temperature than the 
previous cases. These results add emphasis to  
the conclusions drawn i n  Appendix C regarding 
the d i f f i cu l t ies  encountered i n  establ ishing a 
standard emf-temperature table for Geminol-PIN. 

These specif ic detai ls about the individual 
cal ibrat ions indicated that internal changes as- 
sociated with t ime at  temperature were restr icted 
to  changes in thermal emf o f  less than 1°C after 
an in i t ia l  2 hr at temperature. Changes in  heat- 
treating temperature caused changes o f  as much 
as 5°C. The latter was thought to  be due to dif- 
ferences i n  the recovered and recrystal l ized 
states of these materials. 

The differences i n  cal ibrat ion on heating and 
on cool ing apparently persisted in a l l  these 
materials for a l l  the temperatures studied, a l -  
though the differences associated with the 500°C 
treatments were somewhat smaller than those o f  
the higher treating temperatures. Calibrat ion 
error appeared to  be minimized by the hel ium 
treatment at the higher temperatures for Chromel-P, 
Kanthal-P, and Chromel-P + Nb, and times greater 
than 2 hr at temperature were only mi ld ly inf lu-  
ential. 
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If the above excepted cases for these materials 
were considered (those in which oxide f i lms were 
apparent) then it i s  apparent that very serious 
negative errors could be created. The 16 hr at  
800°C treatments of Kanthal-P, Chromel-P + Nb, 
and Chromel-P were done in the same system and 
at  the same time, and the result ing errors a t  
1000°C of -18, -14, and -12OC, respectively, 
i l lustrated the effects o f  oxide films. These 
were serious errors and emphasized that the 
utmost care should be exercised in inert-atmos- 

phere heat treatment in order to study only internal 
changes. 

One o f  the objectives o f  the above experiments 
was to  look for the ref lect ion o f  ordering effects 
in the Ni-Cr al loys in calibration. Any effects 
were probably masked by the oxidation effects or 
by the cool ing rate after the heat treatment. In 
a l l  cases the materials were quenched into water 
from the heat-treating temperatures, and this fast 
cool ing rate could have influenced the results. 
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Appendix H 

EVALUATIONOF ACCURACY AND PRECISIONOF CHROMEL-P,ALUMEL THERMOCOUPLES FOR 
A SPECIAL APPLICATION AT 4OOOC 

We were consulted by H. W. Hoffman, Engineer- 
ing Research Section, Reactor Projects Division, 
ORNL, concerning a problem in  which he was 
committed to the use o f  Chromel-P, Alumel ther- 
mocouples for the measurement of dif ferential 
temperatures o f  about 5OC at an operating tempera- 
ture o f  about 400°C. Since experimental l imita- 
t ions precluded direct dif ferential measurement, 
it was necessary to obtain the ult imate in meas- 
urement of absolute temperatures. Consideration 
of heat conduction losses by the thermocouple 
wires indicated the use o f  B&S 30 gage or smaller 
thermocouples. 

Recommendations for attachment and in su I at i ng 
methods were supplied, and the problems of sup- 
ply ing homogeneous and stable thermocouple 
wire and of defining the precision obtainable from 
the wire were studied. The methods used and 
results obtained represent an application of some 
of the methods and understanding developed in  
the course o f  the present thermocouple research. 

The uni lateral gradient furnace (see Chap. 5) 
was employed along with comparison cal ibrat ion 
against a standard 90% Pt-10% Rh, Pt thermo- 
couple. Homogeneity checks on as-received B&S 
30 gage Chromel-P and Alumel at  400°C indicated 
such nonuniformity that similar checks were made 
on B&S 24 gage wire. The latter material ap- 
peared to  be suff ic ient ly homogeneous that further 
tests were made, the results o f  which follow. The 
difference between the performance of 24 and 30 
gage wire i s  probably the result of a factor o f  2 
decrease in the surface-to-volume rat io of 24 gage 
wire. Th is  implies that irregulari t ies in oxide 
coating thickness are more ef fect ive in promoting 
inhomogeneity o f  the smaller wire than of 24 gage 
wire. Wires o f  both sizes were oxidized in  the 
as-received condition. 

The results o f  the uni lateral gradient tests and 
consequent heat treatment a t  400°C for B&S 24 
gage Chromel-P and B&S 24 gage Alumel are 
shown in Figs. H.l and H.2, respectively. T h i s  
temperature was chosen because (1) it represented 
the average temperature of the expected appl ica- 
tion, (2) it i s  i n  the temperature range o f  metal- 
lurgical recovery, and (3) the oxidation rate of 
Chromel-P and Alumel i s  low at th is  temperature. 

As-received material was connected to  the 
posi t ive terminal of the microvolt recorder through 
the ice-bath reference junction. The wire was 
then strung into the side o f  the furnace (consti- 
tut ing a f ixed temperature gradient) and onto the 
spool in the furnace. From the internal spool, 
the wire was strung out o f  the front of the furnace 
(consti tut ing a moving temperature gradient wi th 
respect to  the wire) and onto a second spool at  
ambient temperature. From the second spool, 
the wire was connected to  the negative terminal 
of the microvolt recorder through a second ice- 
bath reference junction. Referring to  Figs. H.1 
and H.2, the fo l lowing i s  an explanation o f  the 
signif icance of the uni lateral gradient results. 

Region A ;  - 

Region B .  - 

Region C. - 

Region D. - 

Region E .  - 

The in i t ia l  offset i s  probably due to 
sl ight  added cold-working during 
str inging o f  the wire onto the second 
spoo I. 

As-received wire was being run into 
the furnace, and the posi t ive voltage 
represents a transient condition im- 
posed by the feed speed being 
greater than recovery rate. 

The feed was stopped, and the dr i f t  
to  negative voltages represents a 
transient onset and a f inal steady- 
state metal lurgical recovery which 
took approximately 20 min in both 
Chromel-P and Alumel. 

The recovered wire was run out of 
the furnace. The curve represents 
the degree o f  homogeneity of the wire 
in the recovered state and as de- 
l ivered to  the user. The cyc l i c  
variation in the residual thermal emf 
was probably due to  a combination of 
s l ight  variat ion i n  stress on the wire 
induced by the feed spools and a 
temperature gradient in the hot zone 
of the furnace. Th is  places an un- 
certainty band around the results of 
about +7 p v  (k0C). 
The drive was stopped. Th is  offset 
i l lustrates that the cyc l i c  variat ions 
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Fig. H.1. 
400OC in Air. . 

Unilateral-Gradient Test  and Heat Treatment of B & 5 24-Gage Chromel-P Thermocouple Wire a t  

I 

described in region D are those o f  treated Chromel-P and Alumel. Thermocouples 
thermally induced potentials. were also constructed from as-received material. 

A common six-wire junction of these thermocouples 
and a 90% Pt-10% Rh, Pt thermocouple was made, 
and comparison cal ibrat ions were made at 25, 
370, 400, and 420OC. In addition, the emf's of 
platinum vs the various base-metal legs were 
measured at  these temperatures. The results of 

These results indicate that the heat-treated th is  cal ibrat ion are presented in Table H.1. It 

Region F. - The wire of region was driven back 
into the furnace. The absence of 
further change illustrates +hat the 
heat-treated wire was stable at  
400T. 

I I I I I I 

wire i s  stable at a maximum temperature not 
exceeding the heat-treating temperature, that the 
heat-treated Chromel-P shi f ts posi t ive with 
respect to  the as-received material by 120 & 7 pv, 
and that the heat-treated Alumel shi f ts posi t ive 
wi th respect to as-received Alumel by 20 f 2 pv. 

Subsequent to  the uni lateral gradient furnace 
heat treatment o f  the material, thermocouples 
were made from homogeneous regions of the heat- 

may be seen that the comparative results o f  the 
cat ibration o f  the aslreceived and heat-treated 
thermocouples agree quite wel l  with those pre- 
dicted from the uni lateral gradient tests. A pre- 
liminary check o f  data taken during the course of 
the heat transfer experiments using thermocouples 
heat-treated by a schedule based on the above 
work indicates that the variation o f  the tempera- 
ture data i s  no worse than & '/T. 
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F ig .  H.2. Un i la te ra l -Grad ien t  T e s t  and Heat Treatment of  B & S 24-Gage A lumel  Thermocouple Wire a t  4OO0C 
in Air. 

Tab le  H. 1. Resu l ts  o f  Ca l ib ra t ion  of As-Received and Heat-Treated 24 Gage Chramel-P ond A lumel  Thermocouples 

Dev ia t ion  from Standard** 

(PV 1 Temperature 
Wire Cond i t ion*  

Chromel vs  P la t inum P la t inum vs  A lumel  Chromel vs  A lumel  
(OC 1 

25 

370 

4 00 

A s  rece ived -a 
Heat- t reated 0 

As rece ived + 2  
Heat- t reated +110 

A s  rece ived -10 
Heat- t reated +110 

420 . As received 

Heat- t reated 

-25 
+115 

-9 
-17 

-10 
-40 

-10 
-4 0 

+10 
-40 

-17 
-17 

-a 
+ 70 

-10 
+ 70 

-15 
+ 75 

a 

~ 

*Heat- t reated w i re  annealed in a i r  longer than 30 min  a t  4OO0C, a i r  quenched. 

**Compared w i th  standard 90% Pt-10% Rh, Pt thermocouple. 
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Appendix I 

CARBIDE STUDIES 

'i 

Causes for the observed changes in thermal emf 
wi th t ime at  temperature have been a primary 
concern of th is  research. The maior changes ob- 
served have been related to  oxidation and to  cold- 
working and annealing. A third effect, the precipi- 
tat ion o f  chromium carbide and subsequent depletion 
of the sol id solution of chromium, was stated as 
the reason for certain observed performances by 
persons i n  the thermocouple industry. The implica- 
t ion was that the carbide precipitated during 
exposures of 2 to  8 hr in the temperature range 
of 800 to 1200°F with 10 to  15°F posi t ive dr i f t  of 
the tnermocouple during th is period. Th is  change 
was believed to  be serious enough to  suggest 
alterations i n  aging cycles for sheathed thermo- 
couple assemblies. Prior to the knowledge of 
the above data, experiments had shown (see 
Chapter 5) that cold-worked Chromel-P wires have 
negative deviations and that annealing causes 
the cal ibrat ion to move in a posi t ive direction, 
that is, toward the original annealed calibration. 
However, i t  was deemed feasible that other co- 
operative processes such as carbide precipitat ion 
might wel l  be occurring i n  these alloys; so addi- 
t ional experiments were conducted. 

Dr i f t  tests at 300, 390, 550, and 700°C for times 
in  excess o f  500 hr are reported in Chap. 6. None 
of these tests show the above-mentioned posi t ive 
d r i f t  of + l o  to  +15"F in  2 to  8 hr, but the data 
was so taken that direct evidence of th is  effect 
could have been missed. Indirect, but conclusive, 
evidence that th is  does not occur i s  shown by 
the fact that a l l  o f  the dr i f t  curves exhibit  errors 
between +4 and -3°C for the long-time tests. I f  
such a posi t ive dr i f t  occurred early i n  the dr i f t  
test, one would expect evidence of th is  to remain 
in the long-time tests wi th a l l  o f  the errors main- 
.taining a posi t ive value o f  6 to  9OC. Such i s  not 
the case. Pos i t i ve  dri f ts have been observed in 
short-time tests in the range 800 to 120OOF for 
wires which were intentional ly cold-worked large 
amounts (see Chap. 5) .  

In an attempt to  obtain direct evidence o f  th is  
effect, two short-time dr i f t  tests were conducted 
at 1000 and 1200°F on a variety o f  Chromel-P-type 
materials both as received and annealed for 4 hr 
at 1800°F. The results show a posi t ive dr i f t  in 
the as-received wire, but v i r tual ly no dr i f t  i n  the 

heat-treated material, and this difference i s  ap- 
parently explainable only as a cold-working ef- 
fect. 

Calculat ions based on total consumption of 
carbon to Cr,C reveal that for a 0.01 wt '% carbon 
Chromel-F', the amount o f  chromium removed would 
be approximately 0.13 wt %. Analyses of 
Chromel-P show 0.02 wt % carbon as the maximum 
detected, and this would correspond to a 0.26 wt 
X chromium change. Detai led chemical analyses 
on the same spools of Chromel-P wire show varia- 
t ions as great as 1.2 wt % chromium. Furthermore, 
the f latness of the emf vs composition curve at 
a temperature of 700°C reveals that a composition 
change of 0.26 wt  5% chromium would result i n  a 
cal ibrat ion shi f t  o f  less than 40 pv, or 1OC. Th is  
tends to  refute a dri f t  o f  15"F, but shows the ef- 
fects i f  carbide formed from the exist ing carbon 
in Chromel-P. 

An attempt was made to  determine whether 
chromium carbide was precipitat ing in heat-treated 
Chromel-P and what effect it has. Samples of 
Chromel-P and Alumel were solution heat-treated 
for 2 hr at  2100°F in argon and quenched to room 
temperature. Samples o f  the solution-heated 
Chromel-P and Alumel were aged 64 hr at 1500 
and 1200°F in argon to faci l i tate precipitat ion of 
chromium carbide. As-received Chromel-P and 
Alumel were heated at  750°F for 4 hr to completely 
recover any cold-working effects. Samples of 
these were used to  measure electr ical resist iv i ty 
at 0°C and to be calibrated at  the t i n  and zinc 
points. 

Figure I.la shows a transverse section o f  
Chromel-P which was given an 1149°C solution 
heat treatment for 2 hr, then water-quenched. A 
grain growth over the original o f  about 20 was 
observed. No defznitive carbide precipitates are 
present in th is  structure. Subsequent aging treat- 
ments (Figs. l . lb  and 1 . 1 ~ )  for 64 hr a t  816 and 
649"C, respectively, show no gross carbide pre- 
cipitation. Since the microstructure o f  a longi- 
tudinal section o f  the 649OC aged sample (Fig. 
I .  Id) shows the observed precipitates were present 
as stringers i n  the direction o f  the wire axis, it 
was concluded that a l l  of the precipitates ob- 
served in the other samples were present i n  the 
as-received wire. 
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TA€ATMENtlA" ANNEALEB AT 1t4WC FOR 2 hr IN ARGON, RlLL,hBW€B BY 
WATER QUENCH. C A T M O W  ETCH. I O B X .  TRANSVERSE OltTION, 

TREATMENT "A" FOLLOWED BY AGING AT Q 1 6 O 6  FOR 64 hr IN ARGON, WATER 
QUENCH, CATHPBIC ETCH. 5QBX. TRANSVORSE SECTION. 

TREATMENT "A" FOLLOWED BY AGING AT 6 4 9 T  FOR 64 hr IN ARGON, WATER 
QUENCH. CATHODIC ETCH. 5OOX. TRANSVERSE SECTION. 

TR€ATMENT'A" POLLOWEO BY AGING AT 6 4 9 O C  FOR 64hr IN ARGON, WATER 
BUINCH, CATHOQIA ETCH. SOOX, LONWUQINAL SECTION. 

Pig. 1.1. Phot6mlcrographr of Chrorne1.P After Solution HeQt ,f$eutmmt a d  Aging Weat freatmentri 
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Calibration data obtained on these samples are 
shown in Table 1.1. The 400°C recovery treatment 
caused a posi t ive emf change which i s  associated 
with recovery o f  in i t ia l l y  cold-worked material. 
Resist iv i ty measurements before and after th is  
treatment are shown in  Table 1.2 and veri f ied 
that the as-received wire was cold-worked. The 
calibrations o f  the heat-treated wires showed no 

changes greater than predicted in the preceding 
analysis o f  the effects of chromium carbide pre- 
c i  p i  tat  i on. 

The above does not prevent carbide precipitat ion 
i n  Chromel-P or Alumel from occurring i f  a carbon 

source exists external to the wire. Indeed, as 
Fig. 1.2 shows, carbide precipitat ion can occur 
and i s  quite serious i n  i t s  effect. Chromel-P, 

Tab le  1.1. Ca l ib ra t ion  Data of Heat-Treated Chromel-P and Alumel 

Mater ia l  and Cond i t ion  
Deviation' (pv) a t  Temperature Indicated 

T i n  Pointb Z i n c  Po in t  T i n  Po in tC 

Chrome I-P 

As received +18 + 25 +62.6 

Recovered 4 hr a t  400°C +126.9 +181 + 140.3 

Solut ion heat-treated 2 hr a t  1149°C + 120.4 + 198 + 168.3 

1149C anneal and aged 64 hr a t  816°C +75.5 +138 +138.1 

A lumel  

As received + 14.4 +13.5 -8.5 

Recovered 4 hr a t  400°C -1.1 +6.3 -7.5 

Solution heat-treated 2 hr a t  1149°C +51.8 +20.5 +34.1 

1149OC anneal  and aged 64 hr a t  816°C + 162.5 +200.5 + 157 

nDeviat ion i s  pos i t i ve  i f  the Chromel-P, Pt(orAlume1, Pt) thermocouple gave more than the standard emf and nega- 
t i v e  i f  i t  gave less than the standard. The standard values ( in  m i l l i v o l t s )  are: 

Thermocouple T in  Po in t  . Z i n c  Po in t  

Chromel-P, Pt  7.022 13.427 
Alumel, P t  , 2.397 3.796 

bMeasured before heat ing to  the z inc  point. 

CMeasured af ter  heat ing  to the z inc  point. 

Tab le  1.2. E lec t r i ca l  R e s i s t i v i t y  a t  0°C 

Values i n  ohm-centimeters 

Condi t ion A lumel  Chromet-P 

x 10-6 x 10-6 

As received 29.067 65.149 

Recovered 4 hr a t  400°C 29.052 67.368 

Solut ion heat-treated 2 hr a t  1149OC 28.252 64.7096 

Aged 64 hr a t  816°C 27.1 885 63.865 
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-RECEIVED CHROMEL-P AN0 ALUMEL PRIOR TO CO 
EXPOSURE UNETCHED. 

-1 
(U) 

CHROMEL-P PACK-CARBURIZED AT l0DO'C 
FOR 24 hr. OLYCEREGIA ETCH. IOOOX. 

I' 

# I  ( d )  
X I  

ALUMEL AFTER 720 hr AT 816OC IN CO 
ATMOSPHERE (DEWPOlNT,-46°C). UNETCHED 

.:- I I 

CHROMEL-P AFTER 720 hr AT 816°C IN CO 
ATMOSPHERE (DEWPOINT,- 46°C). UNETCHEI 

Fig. 1.2, Photomicrographs Illustrating the Effect of Carburizing Atmosphere on Chrornel-P and Alumel. 
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pack-carburized at  1000°C for 24 hr (Fig. 1.2a), 
shows a gross precipitate in the grain boundaries, 
presumably chromium carbide. A Chromel-P, 
Alumel thermocouple dr i f t  test in a dry carbon 
monoxide atmosphere a t  816OC for 720 hr (see 
Figs. 1.2b-1.2g) also shows a second phase 
present, which caused a 20% decrease in the 
thermal emf a t  816°C. (A change of 7 mv in 34 
was observed.) Chemical analysis of these 
Chrome1 and Alumel samples indicated more than 
5 wt % carbon present, so some free carbon must 

be present since this represents an excess of 
carbon for the avai lable chromium to  form 
chromi urn carbide. 

From these tests i t i s  concluded that carbide 
precipitat ion can occur and can cause large 
changes in thermal emf i f  some form of carbon 
i s  avai lable to  the thermocouple. However, i f  an 
inert or oxidiz ing atmosphere i s  maintained, there 
i s  not suff icient carbon in typical as-received 
Chromel-P to  cause a detectable change in thermal 
emf attr i  butdble to  carbide precipitation. 

r .  
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