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INFLUENCE OF CO-CO2 ENVIRONMENTS OF THE CALIBRATION 
OF CHHOMEL - P - m L  - 

E. E. McCoy, Jr. 

ABSTRACT 

It i s  shown that the thermal output of Chromel-P-Alumel 

thermocouples decreases as a result of exposure to CO-CO;! 

mixtures at elevated temperatures. These calibration changes 

are significantly greater than those observed f o r  these ther- 

mocouple materials in air. In (302-rich mixtures the negative 
drift is felt to be due primarily to the loss of chromium 

from solution in the Chromel-P wire as a result of oxidation. 

In CO-rich mixtures carburization in addition to oxidation 

removes chromium from solution thus causing the thermal 

electromotive force of the thermocouple to decrease. 





IWLUENCE OF CO-CO2 EMrIROmMFNTS OF TIlE CAILIBRATIOM 
OF CHROMEL-PALUMEL THERMocoul3ms 

. 

H. E. McCoy, Jr. 

INTRODJCTION 

Probably no single problem has hindered the work of the metallurgist 

as has his inability to measure temperatures accurately. 

basic systems are used for making temperature measurements over the range 

of 200 to 1300"C, measurements are made principally with thermocouples. 

For a dissimilar metal element to comprise a good thermocouple, it must 

(a) have a thermal electromotive force large enough to measure with 

reasonable accuracy, (b) have a thermal electromotive force which increases 

continuously with increasing temperature, (c) be available in lots having 

reproducible properties and at a reasonable cost, and (d) have a calibra- 

tion which is not altered appreciably by use at desired service temperatures 

and atmospheric conditions. Several dissimilar metal combinations have 

been found which satisfy the first three requirements, but the requirement 

of calibration stability imposes severe restrictions upon the service con- 

ditions under which these thermocouples can be used. The deMandS for 

materials technology at elevated temperatures and in a variety of environ- 

ments have shown that calibration instabilities in thermocouples pose a 

serious problem in making temperature measurements. These changes in 

calibration are usually brought about by changes in the chemistry of the 

thermocouple which occur as a result of chemical reactions between the 

metals composing the thermocouple and the service environment. 

Although several 

One of the most widely used thermocouples over the temperature range 

of 500 to 1000°C is the Chromel-+Alumel couple consisting of a Chromel-P 

wire (90% Ni-10% Cr) and an Alumel wire (95$ Ni-2$ A1-2% -1% Si). 

materials for this couple are produced by the Hoskins Manufacturing 

Company. As operating experience has been obtained with this thermocouple, 

it has been found that certain environmental conditions lead to significant 

The 
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changes i n  the thermocouple cal ibrat ion.  

several  such deleterious environments and have evaluated the resu l tan t  

changes i n  calibraTion. 

McEl1-o~' and Pot t s2  have defined 

It i s  the  purpose of t h i s  memorandum t o  report  observations made of 

the behavior of Chromel-F-Almel thermocouples i n  carbon monoxide and 

carbon dioxide environments. These t e s t s  vere sun t o  determine sa t i s fac tory  

techniques f o r  measuring temperatures i n  these envlronments ra ther  than a s  

a basic  thermocouple study. A l l  thermocouples were prepared by normal 

techniques with the ho-t junction being prepared by f'using the two wires 

with a Heliarc torch. 

RESULTS 

Carbon Monoxide Environment 

A t e s t  was run i n  which the dr i f t  r a t e  of a 20-gage (0,032-in. d i m )  

Chromc.l-P-A~ume1 thermocouple i n  a carbon monoxide environment was measured. 

A s t a in l e s s  s t e e l  thermocouple w e l l  was sealed inside a refractory tube 

through which carbon monoxide was passed. 

attached t o  the  outside of the thermocouple well  so t h a t  it w a s  exposed 

t o  the carbon monoxide environment. The furnace temperature w a s  controlled 

on the  basis  of the thermal output of the exposed thermocouple. 

of t h i s  t e s t  a re  shown i n  Fig. 1. The thermal output of t he  thermocouple 

exposed t o  carbon monoxide decreased such t h a t  a f t e r  650 hr t he  furnace 

temyerature was ac tua l ly  a t  1000°C i n  order t o  supply the  cont ro l le r  with 

a 34.1-rn~ signal.  

A standard thermocouple w a s  

!She r e s u l t s  

The exposed thermocouple was analyzed for  carbon a f t e r  the  tes t  and 

both wires contained greater  than 5 w t  $ C near the hot junction. 

received carbon analyses o f  the  Chromel-P and A l u m e l  wires were 0.024 and 

0.033 wt $ 9  respectively.  

The as- 

Small pieces of the thermocouple wires near the hot junction were 

examined metallographically. Representative photomicrographs of the  as- 

received wires a re  shown i n  Fig. 2 and those of the  t e s t  wires are  shown 

"D. L. McElroy, Progress Report 1, Thermocouple Research Report for 
the  Period N o u .  I., 1956 t o  Oct. 31, 1957, OIm-2467 (March 5, 1958). 

*J. 3'. Potts,  Jr7 and D. L. McElroy, Thermocoup1.e Research t o  1000"c - 
Fina l  Report, Nov. 1, 1957 - through June 30, 1959, OWL-2773 (Jan. 16, 1961). 
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Fig. 1. Effect of a Carbon Monoxide Environment on the Calibration 
of Chromel-P-Almel Thermocouples. 
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Fig .  2. 
'Therm~coouple Wire in the  As-Polished Condition. 

Photomicrographs of As-Hecrived (a) Chromel-P and (b) AJ-umel  
1OOX.  
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i n  Figs. 3 and 4. 
the  e n t i r e  cross sect ion.  The Chrome1 wire was heavily oxidized and a 

grain-boundary p rec ip i t a t e ,  probably a chromium carbide, w a s  formed. 

The Alumel wire was i n t e rna l ly  oxidized throughoi_rt 

95% C02-5 VOL $J CO Environment 

Three 24-gage (0.020-in. diarri) Chromel-P-Alumel thermocouples were 

t e s t ed  a t  approximately 650, 750, and 850°C i n  flowing 95 vol  $ C02-5 

vol $ CO. 

c a l ly  fastened t o  the hot junc-Lion of a ca l ibra ted  24-gage (0.020-in. 

dim) P t  vs Pt-lO$ R h  thermocouple. 

d i f f e ren t  distances i n t o  a furnace t o  obtain the  d i f f e ren t  hot-junction 

temperatures. A l l  of the thermocouples were contained i n  a 2-in. d i m  

ref rac tory  tubz through which the gas mixture flowed. 

ature w a s  controll-ed by a thermocouple placed near the furnace windings. 

Comparative thermal electromotive force  readings were made of the t e s t  

Chromel-P-Alumel and the noble metal thermocouples as a furic-tion of time. 

The r e s u l t s  of the t e s t s  are  shown graphically i n  Figs. 5 ,  6, and 7. 

Much of +he s c a t t e r  obtained i n  these measurements resu l ted  from the 

furnace tube being moved and thus causing the hot-junction temperatures 

t o  change s l igh t ly .  

ca l ibra t ion  s h i f t  of about 7 O C .  

continued t o  d r i f t  posi t ive and reached a value of 10°C after 2500 hr. 

A t  750°C an i n i t i a l  pos i t ive  ca l ibra t ion  s h i f t  equivalent t o  about 1 6 ° C  

was observed. The pos i t ive  d r j f t  continued t o  a maximum value of 1 9 ° C  

i n  80 kr. 

temperature too l o w  by 50°C a f t e r  2500 hr. 

s h i f t  was not noted, but  ra ther  the thermocouple drif t e a  negatively through- 

out the  t e s t .  After 2500 h r  the  indicated temperature was low by about 

120°C. 

b r i t t l e .  

The hot junction of each of these thermocouples w a s  mechani- 

The thermocouples were inser ted  

The furnace temper- 

The thermocouple a t  650°C showed an i n i t i a l  posi t ive 

The thermal electrornotlve force output 

The thermocouple then began t o  d r i f t  negative and indicated a 

A t  850°C the  I n i t i a l  pos i t ive  

A t  the  end of the 2500-hr t e s t ,  all thermocouples were extremely 

Samples were cut from the  thermocouples f o r  carbon analyses. The 

samples were physical ly  located over the distance from l t o  2 i n .  from the 

hot  junction. The carbon analyses of these specimens a re  given i n  Table 1. 

Since the  samples were small and were severely oxidized, it i s  f e l t  t h a t  

the s m a l l  apparent changes i n  carbon content a re  not s ign i f icant .  
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Fig .  3. Photomicrographs of ChromeI-P Thermocouple Wire Tested in CO. 
Photographed in -the as-polished condition. (a) lOOX,  (b) 500X. 
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Fig. 4.  Photomicrographs of Alumel. Thermocouple Wire Tested in CO. 
Photographed in the as-polished condition. (a) I.OOX, (b) SOOX. 
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Tab1.e 1.. Carbon Anal-yses of' Chromel-P and. Alimel Thermocouple Wires 
E.xposed t o  95 co2-5 CO Mixture f o r  2500 hr 

Carbon 
Temperature Wire Content 
of Exposure Ik s i. gn art i on ( w t  %) 

A s  -re ce i ve d. 

A s  -received 

650 "C 

650 "C 

750 "C 

750 " C  

850 "C 

8.50 "C 

Chrome 1 -P 

Al.mel 

Chrome1 -P 

Alumel 

Chrome1 -P 

Alumel 

Chromel-I) 

Al.ume1 

0.022 

0.015 

0.009 

0.0.17 

0 -0.1.7 

0.012 

0.009 

0.016 

Metallographic samples were taken from the thermocouples which i n -  

cluded the hot Junctj-on and about 1 in .  of each wire. 

photomicrographs a re  shown i n  Figs.  8 through 13. 

were oxidlzed appreciably. 

i n t e rna l ly  t o  a depth of about 3.5 mils (Fig. 9).  The Chromel-P w i r e  i n  

general looked qu.ite good except for oxidation i n  i so la ted  arexs such a:; 

t h a t  shown i n  Fig. 8. The depth of t h i s  a t t ack  extended t o  5 mils. A t  

750°C the Chromel-P wire was in t e rna l ly  oxidized throughout (Fi-g. 10). 

The A l u m e l  wire w a s  uniformly oxidized t o  a depth of 1 .5  m i l s  (Fi.g. 11) 

A t  850°C 'both t he  Chromel-P and the  Almel. wires were in t e rna l ly  

oxidized throughout (Figs. 12  and 13). 

Representative 

A t  650°C both wires 

The A l w n e l  wire was uniformly oxidized 

CO;! Enviroiiment 

'Three 20-gage (0.032-in. diam) Chrornel-P-Almel thermocouples were run 

1000 h r  i n  a carbon dioxide environment. 

t o  small. s t a in l e s s  s t e e l  tabs which were the intended tes t  pieces.  Although 

electromotive force readings w e r e  not made as  a function of time, the  

electromotive force output of each thermocouple w a s  checked a t  the i n i -  

tiation and at the  end of the  1000-hr exposure. The thermocouples were 

b r i t t l e  a f t e r  tes t .  Small specimens w e r e  cut near the  hot junction for 

carbon analyses. The avai lable  data  on these thermocouples are given 

i n  Table 2.  

The thermocouples w e r e  attached 
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Fig. 8. Chromel-P Tjnermocouple Wire Exposed to Flowing CO2-5 vol $ CO 
at 650°C for 2500 hr. As-po1.ishe.d. (a) lOOX, (b) 500X. 
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Fig. 9 .  Alwnel Thermocouple Wire Exposed to Flowing CO2-5 vol  5 CO 
at 650°C f o r  2500 hr. As-polished. (a) lOOX, (b) 500X. 



Fig. 10. Chromel-P Therrnocouple Wire E-osed -to PlowIrrg 
(a) IOOX,  C02---5 vol  '$ CO at 750°C foi- 2500 hr. 

(b) 500X. 
As-polished, 



- 15 - 

Fig. 11. A l m e l  Thermocouple W Z r e  Exposed to Flowing co2-5 vol ($ CO 
at 750°C for 2500 hr. As-polished. (a) 1.OOX, (b) 500X. 
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Fig. 12. Chromel-P Thermocouple Wire Exposed to F l o ~ l n g  CO;?--5 vol. ‘$J CO 
at 850°C for 2500 hr. As-polished-. (a) JOOX, (b) 500X. 
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Fig. 13. A l u m e l  Tnermocouple Wire E q o s e d  t o  Flowing CO2-5 vol $ CO 
at 850°C for 2500 hr. As-pol-lshed. (a) IOOX, (b) 500X. 



- 1.8 - 

Table 2. Data on Chromel-P-Alumel Thermocouples 
Exposed t o  F l o w i ~ g  CO2 for 1000 hr 

- -~ ~ 

Indicated Carbon 
Original. Te ape r a t ur e 'GJire Content 

Temperature a f t e r  1000 h r  Designatj on (wt $) 

As-received 

As-received 

'704 "C 

70.4 "C 

815 "C 

815 "C 

927 " C  

927 "C 

Chrome 1 -P 

Alume 1 

698 "C Chromd-P 

698 "C A l u m e l  

723 "C Chromel. -1 

723 " C  Alume 1 

804 "c Chromei -P 

804 " c  Alumel. 

0.006 

0.008 

0,013 

0.014 

0.020 

0.018 

0.003 

0 .on 

I n  a t e s t  similar to the above i t  w a s  found t h a t  i n  257 h r  the output 

of three thermocouples d r i f t e d  such t h a t  the indicated temperatures changed 

from 833 t o  753"C, from 722 t o  774 "C, and from 620 t o  611°C. 

examination of these thermocouples w a s  made. 

No fu r r i e r  

Appreciable negative d r i f t s  have been observed f o r  Chromel-Fillurnel 

thermocouples i.n various CO-CO;! environments. These d r i f t s  a r e  con- 

siderably l a rge r  than -those observed by Pot ts  and McElroy2 for Chromel-P-- 

Alwnel thermocouples i n  a i r .  it i s  f e l t  t h a t  the behavior of these 

thermocouples i n  CO-CO;! environments can be explained i n  terms of chemical 

reactions which tend  t o  carburize and oxidize the components of .the ther-  

mocouple. 

Chromel-P-Al-umel thermocouple goes through a maxlmum with respect -to 

chromium content. Sjnce the composition of Chrrmel-P has been chosen t o  

give the m a x i m u m  -thermal electromotive force,  any change i n  the chromium 

i n  solution i n  the a l loy  decreases .the thermocouple output. Carburlzation 

and oxidati.on wou1.d bo-th remove chromium from s o l i d  solut ion and cause the 

thermocouple t o  d r i f t  negative a Pure carbon monoxide w i l l  not  oxidize 

nickel a t  elevated temperatures but would readi 1.y oxidize the alloying 

elements present i n  Chromel-P and Alurne3. such as chromium, aluminum, 

A s  discussed by McE1.royl the thernal  electrotnotive force of a 
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manganese, and s i l i con .3  

present.  

Alumel wire was oxidized the most heavily i n  air. 

Figs.  3, 4, and 8-13 show t h a t  t h i s  i s  a l so  the t rend i n  CO-CO2 environ- 

ments although not t o  the extent  observed iii air .  Due t o  the strong 

tendency of chromium t o  form a carbide, carburization i s  primarily a 

problem with the Chromel-P wire. 

of the C r 4 C  type, 0.1 w t  $ C can reac t  with about 1.74 w t  ’$ Cr. Hence, 

t he  chromium concentration i n  solut ion would be reduced and the themo- 

couple would dr i f t  negative. Chemical analyses have indicated a sub- 

s t a n t i a l  increase i n  the carbon content of the thermocouples exposed t o  

pure carbon monoxide but indicated no increase i n  carbon content as a 

r e s u l t  of exposure t o  carbon dioxide and the CO2-5 vol 4bp CO mixture. 

l e a s t  two possible explanations can be given for the  i n i t i a l  pos i t ive  

d r i f t s  observed i n  the thermocouples i n  the co2-5 vo1 $ CO environment. 

One p o s s i b i l i t y  i s  t h a t  the chromium content of the Chromel-P l ay  somewhat 

above the composition which gives the m a x i m u m  thermal electromotive force.  

As  the  thermocouple was held a t  temperature, some of the  chromium w a s  con- 

sumed t o  form chromium carbide with a r e su l t i ng  increase i n  the thermal 

electromotive force.  Another possible explanation i s  t h a t  the e f f e c t s  

of cold working were being removed by annealing. 

been shown t o  lead t o  pos i t ive  d r i f t s  J.n ca l ibra t ion .  

Carbon dioxide would be oxidizing t o  a l l  elements 

The oxidization s tudies  by Pot t s  and McElroy2 showed t h a t  the 

The photomicrographs I n  

If the carbide formed i s  assumed t o  be 

A t  

The l a t t e r  process has 
2 

Although it i s  known t h a t  the loss of soluble chromium decreases the 

output of these thermocouples, it i s  qui te  possible t h a t  the lo s s  of other 

a l loying elements may s ign i f i can t ly  a l t e r  the ca l ibra t ion  of Chromel-P- 

Alumel thermocouples. However, data a re  not avai lable  which allow an 

estimate of the magnitudes of such changes. 

CONCLUSIONS 

It has been shown t h a t  the thermal output of Chromel-PAlumel ther -  

mocouples decreases a s  a result of exposure t o  CO-CO;! mixtures a t  elevated 

temperatures. These ca l ibra t ion  changes a re  s ign i f i can t ly  greater  than 

3L. S. Darken and R. W. Gurry, Physical Chemistry of Metals, p 349, 
M c G r a w - H i l l ,  New York, 1953. 
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those observed for these thermocouple materials in air. In C02-rich 

mixtures the negative drift is felt to be due primarily to the Loss of 

chromium from solution in the Chromel-P wire as a result of oxidation. 

In CO-rich mixtures carburization in addition to oxidation removes 

chromium from solution thus causing the thermal electromotive force of 

the thermocouple to decrease. 

The assistance of E. D. Bolling and M. D. Allen who prepared the 

metallography and B. McNabb and K. W. Boling who made the experimental 

measurements is gratefully acknowledged. 
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