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A THERMOCOUPLE EVALUATION MODEL AND EVALUATION OF 
CHROMEL-ALUMEL THERMOCOUPLES FOR HIGH-

TEMPERATURE GAS-COOLED REACTOR APPLICATIONS 

by 

Bev. W. Washburn 

ABSTRACT 

Factors affecting the performance and r e l i 
a b i l i t y of thermocouples for temperature measure
ments in High-Tsmperature Gas-Cooled Reactors are 
investigated. A model of an Inhomogeneous thermo
couple, associated experimental technique, and a 
method of predicting measurement errors are de
scribed. Error d r i f t s for Type K materials are 
predicted and compared with published s tab i l i t y 
measurements. 

I . INTRODUCTION 
The Los Alamos Scient i f ic Laboratory is carrying out a broad program of 

research in High-Temperature Gas-Cooled Reactor (HTGR) safety under the direction 
of the Division of Reactor Safety Research of the U.S. Nuclear Regulatory Com
mission. A part of that program was the study of the su i tab i l i t y and r e l i a b i l i t y 
of thermocouples selected for reactor-safety-related temperature measurements. 
The program for satisfying this objective encompassed studies of the conductor 
materials, insulat ion, sheaths, assembly fabr icat ion, quali ty contro l , r e l i ab i 
l i t y , and fa i lure modes. This report primari ly discusses factors relat ing to 
the performance and r e l i a b i l i t y of Type K conductor materials; however, some 
data on sheathed assemblies are also included. 

A model of a thermocouple with inhomogeneous conductors and an experimental 
technique for determining the model parameters are presented. Examples are given 
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to illustrate application of the model to the prediction of thermocouple measure
ment errors under service conditions. The Inadequacy of conventional thermo
couple calibration concepts applied to the quantitive Investigation and predic
tion of stability is discussed. The methods discussed in this report are general 
aid can be applied to other thermocouple investigation and application situations. 

II. MODEL. 
Classical laws relate speci f ical ly to l inear homogeneous* conductors of d i f 

ferent materials connected in a continuous c i r cu i t . These laws relate the net 
generated emf, junction temperatures, and conductor materials. 

2 3 
Purely thermodynamic reasoning or the free electron theory of metals may 

be used to derive the following equation for the net emf generation of a thermo
couple, 

T 2 T 2 

E n e t = / e l d T + X e2 d T« 
T i M 

where e, and £- represent the absolute values of the emf1 s of the two metals. I f 
the two materials each have one end at T, and one end at T,, 

r* 
E n e t = i tei-'zW. 

T l 
In general, thermocouples are found to exhibit a degree of nonrepeatability 

and in-service instabilities in their emf-temperature characteristics. These 
deviations from the Ideal performance are believed to result from inhomogenelties 
in the conductors. Experimental evidence indicates that inhomogenelties range 
from those present in as-received materials (some of which are fixed and likely 
to remain so) to those that are created by service conditions such as atmosphere, 
temperature, nuclear radiation, and time. 

*A homogeneous thermocouple is one In which each conductor Is homogeneous, in 
both chemical composition and physical condition, throughout Its length. 
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A model of the thermoelectric c i rcu i t must be developed in order to under
stand the performance of a nonldeal thermocouple in a working environment. Fig
ure 1 presents the elements of a thermocouple c i r cu i t that is compatible v.'ith 
the ideal c i r cu i t while also Including provision for perturbations 1n the ideal 
conductors. 

The difference voltage, Ae , generated in section n is related to the re la
t ive Seebeck coeff icient for the section and the temperature d i f f e ren t i a l , i T , 
across the section by 

A e„ = ( s „ + A s J A T „ n * n n n, 

and 

E n = * = / e n = * = / s n + A s n ' A T n 

N N 
= £ S - A T „ V £ A S „ A T „ • 

( i ) 

n = 1 n = 1 

I f conductors A and B are connected at 0 to form a junct ion, e Q = 0. The rela
t ive Seebeck coeff ic ients, s, are determined by 

5 = E A " E B ( la) 

and 

s„ - ( ^ . 4«„ j 

(lb) 

where e. and e„ represent the absolute values of the thermal emf coefficients 
of the conductors A and B. 
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The emf contribution in each section is determined by the absolute thermal 
emf coefficient in each wire and the temperature difference across the section. 
T n corresponds to the temperature of the nth isothermal line intersecting both 
conductors. The physical lengths of the sections may be variable and should be 
chosen compatible with the problem parameters and spatial resolution of the data 
being used.to construct the model. Only those portions of the conductors which 
are subjected to a temperature gradient need be included in a section, i.e., 
portions of conductors under isothermal conditions, throughout the analysis, may 
appear as a node between sections of the model. In general, as will be shown 
later, knowledge of temperature gradients and their physical location with re
spect to a reference position along the conductors is required for the perfor
mance analysis. This is implied in Eq. (1) although a more explicit expression 
can be derived. 

In the general case, s will vary from point to point with the structure of 
the conductors. The s , Eq. (l.b), in the first term of Eq. (1) are taken to 
be the values associated with ideal, homogeneous conductors. Values of s may 
be derived from published thermocouple calibration tables or from calibration of 
actual Materials under investigation. Allowance for deviation from standard 
values should be accounted for if published tables are the reference. 

The is , Eq. (l.b), in the second term of Eq. (1) are obtained by scanning 
the inhomogeneous regions of the conductors with a stepp tumperature gradient 
and measuring the generated emf. The emf is measured relative to either an un
disturbed, homogeneous section of the conductor under test or to an undisturbed, 
homogeneous section of the second material of a thermocouple placed in a refer
ence gradient. The condition of the conductor material in the reference gra
dient is very important since it can introduce a systematic error into atsolute 
measurements referenced to a standard material. 

In inhomogeneous conductors, s will have a spatial dependence relating to 
both chemical composition and physical condition of the conductors. The As n 

account for the variations in the s due to the inhomogeneities. The 4s n may 
be time and temperature dependent and in some cases they can he dependent on the 
previous temperature-time history -f the section. The As coefficients must be 
absolute or relative to the same material as the s coefficients. 
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For a quantitative evaluation of a given thermocouple in a specif ic applica
t ion we must have the coefficients s , the dist r ibut ion of temperature along the 
conductors (the temperature gradient is necessary and suf f ic ient i f none of the 
coefficients s and As n are temperature dependent), and the As (disturbing fac
tors ). 

Carrying the solution of Eq. (1) through additional steps, 

T* I !s" AT"~~/rK s(T)dT • 
N •* <» n = 1 'T 

l im i t Z As n AT — As(T)dT , 
N * " n = 1 J r 

o 

h h 
E =] As(T)dT + J As(T)dT. (2) 

T o T o 

However, in general, 

T = f (x) 

dT = f ' (x )dx , 

s(T) = s ( f (x } ) = f*(x> 

As(T) = As(f(x)) = f f l (x ) 

and Eq. (2) , becomes 

r L X 
E = J f * ( x ) f ( x ) d x + J f A ( x ) f ' ( x ) d x . (3) 

0 0 
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For Ideal homogeneous conductors, s R or s(T) would have the same value in 
all sections under fixed-temperature conditions and would have predictable values 
of temperature coefficient. The temperature coefficient is usually very small so 
for ideal homogeneous conductors, 

sn + A s n = s " eA " E B • 

and f-om Eq. (2) or (3) we obtain 

E - / N U f l -e f i )dT 
T 0 

= (c A - e B )T N - (e A - c B )T 0 i (4) 

which is the form of the emf data usually found in thermocouple calibration 
tables. The significance of the regions of temperature gradient is completely 
lost in Eq. (4). This also shows that conventional calibration, involving only 
E, T .and T„, implicitly assumes that thermocouples are ideally homogeneous. !t 
should be noted that several simplifications are contained in this reduced equa
tion: 

1. eis not a function of position, although it may be a function of tem
perature, 

2. only two conductors are invo'ved, and 
3. each conductor begins at T and ends at T^. 

These are the conditions for which the emf-temperature tables ire intended. 
Equation (4) may also be expressed in terms of physical distance, 

E = j " r*(xjf'(x)dx, 
0 

for ideal homogeneous conductors. This result is not particularly significant 
in this case since there is no true emf dependence on position. 

In general, f.(x) is a function of position, temperature,and time and may 
be defined as 

f A(x) = f(x, T, t) , 
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and Eq. (3) becomes 

E = L f*(x)f (x)dx + I f(x, T, t)f (x)dx (5) 

A. Discussion 
We wish to explore the second term in Eq. (5) which causes departure from 

the ideal homogeneous, classical generated emf. This error term contains, in 
f(x, T, t). 

a. fixed inhomogeneities, a function of position but not temperature or 
time, and 

b. variable inhomogeneities, functions of temperature, position, time, and 
past history. 

It is necessary to identify those effects which contribute to these inhomogenei
ties, to define their magnitudes, signs,and dependence upon service conditions, 
time,and past history, and to determine the temperature gradients in the specific 
application in order to evaluate the measurement performance. Our interest does 
not relate to obtaining greater measurement precision than manufacturing toler
ances can assure. We are concerned about the effects of service conditions and 
inhomogeneities on the accuracy and reliability of the measurements. 

When thermocouples are used in an unfavorable environment or used for very 
long times, the output voltage may drift with time due to the development of in
homogeneities in the conductors in regions of appreciable temperature gradient. 
Subsequent recalibration may detect the presence of such inhomogeneities; 
however, it will not, in iieneral, reveal the true error in the emf generated 
during previous or subsequent service conditions. The error term in Eq. (5) 
shows that the true value of the error can only be determined by recalibration 
conditions which impose the service condition temperature gradient on the con
ductors. If the degraded region of the material is placed in a uniform tempera
ture zone, Eq. (5) shows that such regions will play no role in generating the 
emf. If the recalibration temperature gradient in the degraded region exceeds 
that of the service condition which degraded the Seebeck coefficient, the ob
served error will be larger than that present under service conditions. Many 
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experiments to examine effects of service conditions have been conducted by 
exposing thermocouples to environments which produce varying degrees of inhomo-
geneity and then performing conventional recalibration to arrive at related emf 
errors. Such results are misleading and provide no detailed insight into the 
inservice d? errors. For these reasons we cannot rely on much '>f the publish
ed thermocouple performance data and conclusions based on post-environmental 
testing and recalibration. We will also see, in a following section, how time-
and temperature-dependent inhomogeneities 1n some conductors can be altered in 
the recalibration environment. Recalibration may not only produce an Incorrect 
result but also may change the conditions under investigation in the conductors. 
Many investigations have been conducted with limited objectives to determine 
thermocouple performance in a specific application. Results of these investi
gations, meaningful in the intended application, have a very limited usefulness. 
Equation (5) arid the following discussion should provide a firm basis for future 
thermocouple investigations of more general usefulness in addition to providing 
a method for evaluating thermocouple in-service performance. 
S. Illustrations and Examples 

Figure 2 shows some elementary examples of the emf observed along the length 
of homogeneous and inhomogeneous conductors in assumed temperature profiles. 
Figure 2a shows the emf distribution along the conductors of an ideal, classical, 
homogeneous thermocouple in a temperature profile. 

Figure 2b shews the emf resulting from an arbitrary inhomogeneity super
imposed on the conductors in the same temperature profile. The inhomogeneity in 
the isothermal regions has no effect on the emf but contributes to the error in 
the region of the temperature gradient. 

Figure 2c illustrates the qualitative variation in observed emf when a 
temperature profile is moved along the conductors with respect to the position 
of a fixed inhomogeneity. Alternatively this can be viewed as moving conductors 
having fixed inhomogeneitv- with respect to a constant temperature gradient. 
This also illustrates a case sometimes found in practice. We assume that a 
homogeneous thermocouple was placed in service in temperature profile 1. The 
service environment may produce the assumed inhomogeneity. As the inhomogeneity 
develops, an error in the observed emf will also develop as shown for profile 1 
in the emf plot. At this point, one of several events may occur. First, ser
vice conditions may change such that the temperature gradient is moved with 
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respect to the inhomogeneity and an e r r o r in the observed emf as shown by pro
files 2 or 3 results. The temperature T may change (not illustrated) and pro
duce a different temperature gradient in the inhomogeneous region. The error in 
observed emf will change accordingly. In the event that the inhomogeneity mag
nitude has a temperature-time dependence, any change in the service temperature 
will alter the inhomogenfiity in magnitude and possibly in physical location. 

Another event following service under conditions of temperature profile 1 
may involve recalibration to determine the error in the in-service temperature 
observation. The emf profiles in Fig. 2c illustrate the recalibration "errors" 
which might be observed when using a correct but mispositioned temperature gra
dient. Profiles 3 and 4 would show an error smaller than the actual error while 
profile 2 would give a larger error. Similar "errors" can be generated by using 
a temperature gradient different from that existing in service. 

When the inhomogeneity has a temperature-time dependence, the "error," 
determined by recalibration may be misleading and also the recalibration condi
tions may alter the inhomogeneity. For example, chromel exhibits a temperature-
induced inhomogeneity, due to short-range ordering, with a magnitude which is 
almost time independent, regardless of the previous state of the material, in 
the approximate range of 725 to 925 K. This inhomogeneity in the range of 673 to 
723 K is, in contrast, critically dependent on the time spent in this region and 
the state of the material will thus depend on the time spent in this temperature 
region during cooling from higher temperatures or during recalibration. 

Thus, in general, meaningful recalibration approaches the impossible and ip 
situ techniques are needed if data are required to greater precision than estab
lished error bands. 

III. METHOD FOR DETERMINING INHOHOGENEITIES 
In order to apply the model, we need quantitative information relating 

causes to spatial changes in conductor Seebeck coefficients. The effect of indi
vidual causes or service conditions, such as cold work or irradiation, can be 
impressed on samples cf the conductors and the samples can be subsequently scan
ned with a traveling thermal gradient to determine the resulting spatial varia
tion in absolute or relative Seebeck coefficient. 

A method for measuring the inhomogeneity component, A s n > Eq. (l.b), or 
f(x, T, t), Eq. (5), has been described by Fenton. In this method, the scanning 
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gradient, A, F1g. 3, Is moved along the conductor, X-Y, under test. The refer
ence gradient, B, is fixed with respect to the conductor. The emf between points 
X and Y is proportional to the mean As of the portion of the conductor in gra
dient A with respect to the portion of the conductor in reference gradient B. 
If T.. and T, are known and constant throughout the interval of the gradient scan, 
As(x) can be derived from the measured emf. The conductor may be a single 
material or two materials joined to form a junction at Z. Ir. the latter case the 
measured emf will be relative to material Y-Z in gradient 3, 

The conductor in the reference gradient B must be undisturbed and homogen
eous. From Eqs. (1) or (5), for a single material, X-Y, over the length of the 
temperature gradient, 

Ej. y(x) 
A S X - Y ( x ) - (T'-V ^ C V _ V ( X ) , 

and for two materials joined at Z, 

E x _ y (x) 
(T 2 - T,J = £ XZW - E Y Z W + teXZ(x> 

' V Y ' * ' ' T T p T p - - <Exz (x) " E Y Z W ) -

It is important that the scanning process, including T,, scanning time and con
ductor handling, be conducted in a manner which assures that the inhomogeneity 
of the conductor under test is not altered. The distance s-anned by the gradi
ent should be compatible with the spatial dependence of the inhomogeneity. 

IV. FACTORS AFFECTING RELATIVE SEEBECK COEFFICIENTS 
Disturbing factors may cause the relative Seebeck coefficients, s , to 

deviate (AS ) from their nominal or previous values as the result of changes in 
chemical composition and physical condition throughout the length of the con
ductors. Some d^turbing factors are: 

1. Factors fixed in the material as received (likely to remain fixed in 
service) 
a. batch-to-batch variation in alloys (homogeneously distributed) 
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b. local variations in impurity and alloy composition (inhomogeneously 
distributed) 

c. absorption, by solution or chemical combination, of materials dur
ing fabrication, handling, etc. 

d. loss of constituents by selective evaporation or chemical attack 
during fabrication, handling, jtc. 

2. Metallurgical changes (function of temperature and time; imposed system
atically on the material) 
a. work hardening, annealing 
b. recrystallization 
c. solution/precipitation of constituents 
d. ordering effects 
e. dislocations (permanent or temporary) 
f. nuclear transmutation 

3. Factors imposed by the environment 
a. elastic strain 
b. static pressure 
c. magnetic flux 
d. absorption, by solution or chemical combination, of materials from 

the environment 
e. loss of constituents by selective evaporation or chemical attack. 

V. SPECIFIC FACTORS AFFECTING CHROMEL-ALUMEl PERFORMANCE 
Chromsl-Alumel thermocouples have been proposed for use in the HTGR systems. 

We are interested in evaluating factors which could affect the ca l ibrat ion, 
i ns ta l l a t i on , and in-service performance of these thermocouples in th is applica
t ion . For th is study we have reviewed and evaluated experimental findings 
reported in Refs. 6 through 60. A summary of information on factors believed to 
be important to HTGR applications is presented in the following sections. 
A. As-Received Inhomogeneities 

As with other a l loys, as-received Chromel-Alumel w i l l be subject to a l l 
disturbing factors in 1 above. No quantitative information or test results have 
been found which would separate and ident i fy the contribution of each factor to 
thermocouple error. However, reported data establishes probable l im i ts OR the 
effects of these factors. Measurements indicate maximum variations of 1.3 K 
from the standard tables., with test repeatabi l i ty of - 0 . 5 K, 1n as-received 



Chromel-Alumel thermocouples tested in a gradient of approximately 30-mm length 
between isothermal conditions of 423 K and 298 K imposed on the conductors. This 
is an average gradient of 4.2 K/mm. Other data indicate that as-received in -
homogeneities would not contribute uncertainties greater than 0.05 pV/K in gradi
ents up to 20 Mirni. The Alumel conductor contributed about 80% of the total var i 
at ion. These la t te r uncertainties are relat ive to a stable reference temperature 
gradient along a f ixed segment of the test sample and are believed to be repre
sentative of the errors associated with factors lb through Id , inhomogeneously 
distr ibuted. The errors referred to standard emf tables are believed to be rep
resentative of errors produced by factors la through Id , both homogeneously and 
inhomogeneously distr ibuted. These results give some Insight into the relat ive 
magnitude of as-received batch-to-batch emf variations compared to variations 
within a given batch. Also, the possib i l i ty of batch cal ibrat ion is suggested as 
a means of reducing, for some applications, measurement uncertainties. 
B. Short-Range Ordering 

Chromel, in the temperature range of approximately 475 K to 875 K, exhibits 
time dependent, posit ive emf errors or changes (as) In the Seebeck coeff ic ient 
as shown in Fig. 4. The magnitude of the change 1n the 473 to 723 K range de
pends on both temperature and time at temperature (temperature-time). 

In the range 473 to 673 K the development of the inhomogeneity is very slow, 
requiring periods of several weeks to months to at ta in equilibrium I t has been 
shown that the electr ical res i s t i v i t y of N1-l0Cr al loy increases toward an 
equilibrium value which 1s independent of thermal history in the temperature 
range 553 to 773 K. The contention that th is increase relates to the degree of 

9 10 
short-range ordering 1s supported on theoretical grounds. Burley used these 
results to derive estimates of times required for annealed Ni-lOCr to reach 
equilibrium res i s t i v i t y values at temperatures in the range between 550 and 770 
K. These estimates agree with times required for the change in Seebeck coef f i 
cient to equil ibrate during heat treatment as reported by Fenton. 

From 723 to 873 K the state is nearly independent of time. The metallur
gical process responsible for this change at 723 K was Investigated • and 
short-range ordering was found to be the mechanism. Figure 4 Indicates an ap
parent complete absenc. of short-range ordering in Chromel (90M-10Cr) heated at 
973 K. However, r ip id quenching is necessary following heat treatment at 973 K, 
otherwise some short-range ordering and associated error or change 1n Seebeck 
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coeff icient w i l l take place in tlie aire during cooling. I t has been suggested 
tnat this change in the Seebeck coeff icient may also be sensitive to the pre
vious mechanical treatment of the material. I t is believed that this may account 
for differences found in the short-range ordering characteristic of d i f ferent 
samples of materials which were apparently f u l l y annealed pr ior to test ing. 

Changes in the Seebeck coef f ic ient , As, w i l l occur in sections of the Chro-
mel conductor during heat treatment, ca l ibrat ion, use, or ^-cal ibrat ion in accor
dance with the temperature-time characteristics of Fig. 4. 
C. Short Term and Reversible Effects 

Factors affecti. ig the Seebeck coeff icient may be homogeneously or inhomo-
geneously imposed on the conductors during fabr icat ion, cal ibrat ion,or ins ta l la 
t ion of the thermocouple. Some of these imposed effects can be altered or re
versed. 

1. Cold Working 
Tests on Chromel and Alumel which had been cold-worked by stretching 

and swaging have indicated changes in the Seebeck coefficients as shown in Fig. 5. 
The sign reversal with increasing elongation in Alumel is unique among the 
common thermocouple materials. Aluniel recovers from cold work at room tempera
ture; the effects of 25% elongation are essentially recovered after six months' 
storage. 

In Chromel, rscovsry from cold work starts at approximately 623 K an"1 is 
complete at 723 K. 

Accidental cold work likely to occur in practice can be represented by 
localized elongations less than 20%. 

2. Heat Treatment 
The temperature-time characteristics for Chromel in Fig. 4 represent 

the changes in Seebeck coeff icient during heat treatment. Reversals in slope 
indicate the presence of more than one effect or a reversible e f fect . The co
e f f i c ien t change in Chromel between 553 and 723 K is due to short-range ordering. 

I f short-range ordering were the only error-producing factor of interest , a 
short-time isothermal anneal at 723 to 773 K should produce a re lat ive ly stable 
emf provided that this aging temperature is not subsequently exceeded. There 
would, however, be an emf error associated with the degree of short-range order 
produced by such aging. A short-time Isothermal anneal at 923 to 973 K, where 
oxidation effects w i l l be negl igible, followed by a rapid quench should leavp 
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the material 1n the ground state and recovered from any cold-work effect o r i g i 
nally present. The Seebeck coeff icient error-vs-temperature characteristics of 
Fig. 4 and the potential for grain boundary attack should be considered before 
Chromel is heat-treated. 

The mechanism for the change around 923 to 973 K, for longer treatment times, 
has not been investigated. Although the onset of oxidation effects is generally 
considered to be 1n the 1148 to 1173 K region, this mechanism may be start ing to 
influence the change in Seebeck coeff icient around 900 to 973 K as grain boundary 
attack has been observed in Alumel at 723 t< in 10-20 voK oxygen-argon mixtures 
and in both Alumel and Chromel at 923 K. In free stat ic a i r , local penetration 
of grain boundaries in both alloys has also been observed after 30 min at 923 K. 
Heat treatment has been used to show the effects of short-range ordering and cold 
work; at 20!! elongation these effects are separate and addit ive. 

Bare Alumel exhibits temperature-time dependent changes in the Seebeck co
e f f i c ien t as shown in Fig. 6; changes due to heat treatment, l ike those for cold 
working, are anomalous. Retesting af ter f ive months' storage at room temperature 
indicated a decrease in coeff ic ient changes for samples treated at 723 to 873 K, 
an increase in changes between 623 and 723 K and f i n i t e effects at 623 K where 
none were seen pr ior to aging. Mineral insulated Alumel, in contrast, did not 
show changes in the Seebeck coeff icient with heat treatments up to 1023 K for 
periods of 90 days. 

P. Non-Reversible Effects 
Metallurgical changes may be imposed Inhomogeneously on the materials 

during fabrication or service. Impurities or contaminants 1n the materials used 
in the assembly or in the service environment may cause changes in the alloy 
solutes during use. The thermoelectric emf of an al loy can be altered by changes 
in chemical composition such as the addition of an element unintentionally (con
tamination), or the removal of an element by preferential oxidation or v o l a t i l i 
zation. 

Figure 7 shows effects of solute content on the thermoelectric emf of 
nickel-chromium and nickel-aluminum allows. These data indicate magnitude and 
sign differences in the relationship between emf variation and solute content 
changes in the various al loys. However, some observations, useful in the inter
pretation of test results, can be made from these data. 

The effect of variations in chromium content 1s less at low temperatures 
(523-873 K) than at high temperatures (1273 K). D r i f t tests on Chromel under 
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conditions where the chromium content is altered would be expected to show small
er emf changes or smaller temperature errors at low temperatures than at high 
temperatures. When the rate of solute depletion is temperature dependent, a 
given change in chromium concentration requires more time at low temperatures 
than at high temperatures. Since the slope of the emf vs concentration changes 
sign with concentration, the behavior of the emf change with solute depletion 
will depend on the initial solute content. The chromium content corresponding 
to zero slope is greater at high temperature than at low temperature. If solute 
depletion were the only mechanism causing the emf to change, the emf drift would 
be expected to depend on the initial solute content and the temperature. If the 
Alumel is assumed to be stable, the Chromel-Alumel (90Ni-10Cr) thermocouple emf 
is expected to initially increase and then decrease at temperatures up to about 
1275 K as the solute depletes. The change from increasing to decreasing emf 
would take a much longer time at lower temperatures, assuming that the solute 
depletion is temperature dependent. This seems straight forward; however, not 
all published drift data behave in this manner which suggests that other mechan
isms, environmental factors, solute depletion in the Alumel, or test techniques 
are in/olved. 

Fiqures 7f throuqh 7i show the effect of the solute concentrations on the 
thermoelectric emf in nickel aluminum alloys. All of the solutes, Al, Co, Mn, 
and Si, have a significant effect on the emf. Data on the reduction of these 
solutes in various environments have not been compiled and reviewed; most re
ported investigations have concentrated on the Chromel alloy. Error-temperature 
relationships could also be developed for prediction of error contributions with 
solute depletion in Alumel. Selective oxidation of aluminum and manganese in 
Alumel are believed to contribute to the changes in emf-temperature charac
teristics. Analysis of one Alumel sample, before and after 9500 h at 1223 K in 
air, indicated 1.5 wt% and 1 wtiS reduction in aluminum and manganese, respec
tively in the sub-scale oxide layer. The composition of the unoxidized core was 
believed to have not changed; however, no confirming data were obtained on 
possible related thermoelectric emf changes. Tests for composition changes, 
while informative, should not be regarded as conclusive evidence of thermo
electric performance. Îi nonuniform oxidation, both the composition and the 
homogeneity of the conductor change during the formation of an oxide. In the 
case of uniform oxidation, the presence of oxide alone does not cause a thermo
electric change. Metallurgical studies must therefore be accompanied by thermo
electric studies. 
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Some constituents 1n the alloys play important roles in the service environ
mental test performance of the thermocouple aside from making the temperature-emf 
characteristic follow a specific cal ibrat ion within an established tolerance. 
Several al loy compositions which meet the Type K cal ibrat ion are available ana 
these alloys have been cal led, perhaps too loosely, Chromel-Alumel, grades of 
Chromel-Alumel, or simply Type K in reports of investigations. We therefore 
cannot make detailed interpretation and comparisions of many published test 
results. 

I t should be mentioned that other base metal combinations could provide im
proved s tab i l i t y over that of the Type K thermocouples but many of these combina
tions have emf-vs-temperature characteristics which depart from the Type K curve. 
There has been reluctance to change from the Type K characteristic and much work 
has been done trying to improve s tab i l i t y while conforming to the existing emf 
characterist ic. 

1. Oxidation 
No data for temperature-time effects of oxidation on the Seebeck co

efficients, comparable to that in Figs. 4 and 6, were found during this investi
gation. Oxidation is generally considered to occur at temperatures above 1148 K. 
Test data, though indicating widely varying results particularly above 1148 K, 
may be useful in establishing error limits above 923 K. 

When an alloy is exposed to an atmosphere containing a partial pressure of 
oxygen at an elevated temperature, the constituents of the alloy will not oxidize 
unless the partial pressure equals or exceeds the equilibrium pressure of the 
oxide. If the partial pressure of oxygen in the atmosphere surrounding the 
thermocouple is greater than the equilibrium pressure, equilibrium can only be 
achieved by consuming the oxygen. Thus an atmosphere having an oxygen pressure 
greater than the equilibrium value will be oxidizing. Depending upon the temper
ature and partial pressure of oxygen, the atmosphere may be oxidizing to any or 
all constituents of an alloy. 

Nickel-chromium alloys subjected to high temperatures in free air are self-
protecting from continuous oxidation due to the protective nature of the natural 
oxides which form on the surfaces. Some atmospheres, however, destroy this pro
tective oxide coating or prevent its formation and become corrosive to certain 
of the alloy constituents. 

Long-term emf drifts are caused by the development of compositional inhomo-
geneities as reactive solutes are depleted by oxidation, in particular by 
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internal oxidation and diffusion. On prolonged exposure in air at temperatures 
in the region of 1073 to 1273 K, Chrome! and Alumel alloys produce several oxide 
layers of differing morphology. This behavior is characterized by the forma
tion of (a) an outer scale layer of N10,(b)an internally oxidized zone in which 
precipitates of oxides of the solute elements appear distributed in a solute-
depleted alloy matrix, and (c) ternary oxides which appear in the liner layers 
of the scales as the result of solid state reactions between internal ox'de pre
cipitates and the NiO of the outer scale layer. 

The oxidation processes produce oxide layers containing metallic elements 
in proportions which are different from those of the original alloy and a solute-
depleted zone forms in the alloy matrix between the metal/scale interface. Sub
stantial solute concentration gradients appear beneath the internally oxidized 
zone as the solutes diffuse outward and the porous zone advances inward to re
place the alloy matrix consumed in scale formation. The degree of depletion has 
been estimated by measurement and correlated with the thermal emf drift which it 
causes. Figure 8a shows the measured concentration of Ci vs distance from 
the center of a Chromel wire following depletion of the solute during various 
times of exposure in air at 1223 K. The change in composition of the sample was 
estimated from the data in Fig. Ba and this change was used to estimate the 
corresponding emf change using the emf-composition characteristics of Fig. 7a 
These changes in emf can then be integrated over the temperature gradient to 
provide the estimate of emf drift shown in Fig. 8b. The limits on the calcu
lated drift reflect uncertainties in measuring the initial chromium content and 
depletion. A measured drift of Chromel in Fig. 8b is shown for comparison with 
this calculation; however, this is not the same material sample for which the 
metallurgical data are presented. 

The three controlling factors in oxidation are composition, temperature,and 
the partial pressure of oxygen. Inhomogeneous composition changes along the con
ductors are thus related to the temperature distribution and meaningful investi
gations into long-term emf stability or drift must take this distribution intc 
account. 

15 
I t has been suggested that mtergranular attack might be inhibited by i n 

creasing the solute content beyond that required to cause a t ransi t ion from an 
internal to an external mode of oxidation and/or by choice of solute elements 
that preferent ial ly oxidize to form impervious oxide f i lms. These fi lms would 
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substantially inhibit the diffusion processes essential to internal oxidation and 
would tie up the residual oxygen in the thermocouple assembly. Such alloys havo 
been developed. 

An obvious approach is to eliminate the oxygen since intergranular attack 
1 3 lfi has not been observed in the absence of oxygen. However, data indicate 

that low levels of oxygen may be more disturbing than higher levels so it would 
be necessary to ensure that all oxygen can be removed as a practical considera
tion. Rapid selective oxidation of chromium in Chromel has been observed at 
low oxygen partial pressures 1n the range 1073 to 1323 K. It is generally con
cluded that these alloys should not be exposed to marginally oxidizing atmos
pheres. 

Tests, usually referred to as stability or drift tests, under conditions 
known to be oxidizing show that oxidation produces changes in the Seebeck coef
ficient which result 1n positive emf errors relative to the emf generated by un-
oxidized conductors. The magnitude of the coefficient change exhibits dependence 
upon time, temperature, pressure, and environment, including impurities or conta
minants. In other than a gross sense, the quantitative understanding of the 
dependencies between causes and effects is far from clear. In many investiga
tions, test conditions designed to isolate and study a particular phenomenon have 
either not been entirely successful, have ignored the temperature distribution, 
or have inadvertently involved two or more conditions (causes) whose effects do 
not correlate. 

Oxidation is also believed to be a principal cause of embrittiement failure. 
2. Reduction 

If the atmosphere surrounding the thermocouple has less oxygen than the 
reaction equilibrium value, dissociation of oxides in the thermocouple will 
oocur. 

When the partial pressure of oxygen 1n the atmosphere around che Chromel 
conductors is almost equal to the partial oxygen pressure of nickel oxide at the 
temperature of the conductors, the chromium is oxidized while the nickel remains 
unchanged or is oxidized only to a limited degree, (see Fig. 9). This has been 
referred to in the art uj "green rot" since the selective oxidation of the 
chromium in the Chromel alloy forms green colored chromic oxide. Partial oxygen 
pressures which are low enough tc rsjse "green rot" occur in mixtures of carbon 
monoxide and carbon dioxide or in industrial gases such as nitrogen, hydrogen, 
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or helium containing small amounts of moisture as drawn from high-pressure 
cylinders without special precautions to remove the moisture. 

Carbonaceous or sulphur bearing materials attack the Alumel surface more 
severely than the Chranel surface. After a few hours' exposure at 1073 K in 
these environments, a Chromel-Alumel thermocouple will exhibit about S% decrease 

1R in emf output. 
A rich exothermic gas atmosphere at 1373 K is moderately -educing on the 

oxides and attacks the Chromel-Alumel thermocouple rapidly by preferentially 
oxidizing the chromium. Reduction causes an emf decrease which can be substan
tial in the first few hours of exposure followed by a significantly slower rate 
of decrease at longer exposure times (Ref. 19, p 29*). Figure 10 shows time-de
pendent changes in temperature indications of Chromel-Alumel thermocouples in 
protection tubes of various types when exposed to a rich exothermic gas at 1366 K. 

It is generally recognized that these alloys should not be exposed to re
ducing atmospheres. 

3. Irradiation 
Thermocouples exposed to neutron radiation may undergo nuciear r=c-:t'ons 

which alter the composition (radiation transmutation) of the conductors and over 
a period of time significant changes in composition may result. Thermal and 
epithermal neutron fljx is responsible for the transmutation; fast neutron reac
tions, in general, cause very little change in composition. Some changes in 
compo.ition, as shown "n Fig. 7, will alter the emf-temperature characteristic 
of the thermocouple. 

20 The extent of these nuclear reactions has been calculated from known 
physical properties of the isotopes of the elements in some common thermocouple 

20 conductors. Table I gives a comparison af the original composition of Chronel 
and Alumel and the calculated compositions after t»n years of irradiatioi. 
(3.16 x 10 n/cm ) at a thermal neutron flux of 1 x 10 n/cm' -sec. Figure 11 
shows the calculated transmutation in Chromel and A'umel in this flux as a 

22 2 function of time up to 20 years (6.32 x 10 n/cm ). These data indicate that 
Chromel is relatively stable; however, a reduction of approximately 0.35! in 
Chromium content at 6 x 10 n/cm was calculated. This reduction, if homo
geneously imposed, can produce changes in the Seebeck coefficient, Fig. 12, 
which vary with temperature and which may result in ;i positive error of several 
degrees at temperatures of 973 to 1373 K if the transmutation occurs in a region 
of temperature gradient. 
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TABLE I 

IRRADIATION-INDUCED COMPOSITIGK CHANGES: 

Thermocouple Material Irradiation Time 
(years) 

Weiqht -Percent Composition by Elements Thermocouple Material Irradiation Time 
(years) Al S1 \l Cr Mn Fe Co N1 Cu 

Chromel 0 

10 

0.36 

0.36 

0.00 

0.14 

+0.14 

9.58 

9.43 

-0.16 

89.87 

89.76 

-C. l l 

0.00 

0.10 

+0.10 

0.00 

0.14 

+0.14 

9.58 

9.43 

-0.16 

89.87 

89.76 

-C. l l 

0.00 

0.10 

+0.10 

Alumel 0 

10 

1.60 

1.59 

-0.01 

0.74 

0.76 

+0.01 

3.3S 

f 21 

-1.14 

0.02 

1.16 

+1.14 

0.33 

0.22 

-0.11 

95.20 

95.19 

-0.01 

0.04 

0.14 

+0.10 

0.74 

0.76 

+0.01 

3.3S 

f 21 

-1.14 

0.02 

1.16 

+1.14 

0.33 

0.22 

-0.11 

95.20 

95.19 

-0.01 

0.04 

0.14 

+0.10 



The effects of the calculated solute changes in Alumel are believed to be 
potentially much more serious. Information on the effect of variations in sili
con content in a range of less than 1 wt? has not been found; however, data 
for the emf dependencies of other elements in Table 1 were used to estimate ex
pected temperature errors in Chromel-Alumsl thermocouples. Excluding the effects 
of changes in silicon, capper and iron content, the following estimates of 

22 measurement error were made for 20 years' exposure to a tota1 dose of 6 x 10 2 n/cm , conservatively assuming that the affected regions of the conductors are. 
in the temperature gradient. 

TEMPERATURE (K) ERROR (K) 
533 -14 
811 -37 
1089 -63 
1367 -92 

For those solutes on which no information has been located, the following 
qualitative effects on the above errors were derived using data in Refs. 21 and 
22: 

a. increase in silicon (0.74 to 0.75S) may increase errors slightly (in
creases of 0.5 to 3.0 K are estimated between 533 to 1367 K), 

b. increase in copper (0.04 to 0.32%) may reduce errors slightly (reduc
tions of 2 to 10 K are estimated between 673 and 1273 K) and 

c. increase in iron (0.02 to 2.0%) may reduce errors slightly below 675 
21 to 775 K but is expected to increase significantly errors above 873 K. 

While these predicted errors may seem quite large, it is important to be 
mindful of the temperature gradient assumption and to observe that the calcula
ted errors depend on the assumed initial solute concentrations and the relation
ships in Figs. 7a- 7i. Data in the literature indicate a relatively wide range 
of values for initial solute contents in "Type K" thermoelements (see Refs. 23, 
p. 126; 10; 15; 24; 25; and 26) and the emf changes vs changes in solute con
tents shown in F1gs. 7a - 71 are sensitive to this initial content. It should 
not be surprising that error calculations differ from experimental values and 
that experiments, with or without radiation, give a variety of different results. 
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This study has found no experimental error studies which reported knowledge of 
the i n i t i a l solute contents of the actual materials under investigation. 

Somewhat to the contrary, there are statements to the effect th^t exist ing 
evidence assures that thermocouples are l i t t l e affected by i r radiat ion (Ref. 27, 
P. 140) and that Chromel-Alumel thermocouples have performec1 sat is factor i ly up 

on 01 
to 5500 h with neutron fluences of 6 x 10 nvt fast and 2 x 10 nvt 28 thermal. All bases for these beliefs have not been reviewed; however, review 
of available references does not substantiate such belief. Understanding of the 
decalibration effect of solute depletion may be incomplete if sound experimental 
evidence shows little effect due to irradiation, for some materials, post-
irradiation composition agrees with calculated values while the extent of de-
calibration due to these changes in composition could not be predicted (Ref. 29, 
p. 29.1). 
E. Factors Affecting Long-Term Performance 

He are concerned with errors and failures caused by changes in the materials 
over the lifetime of tne installation. Any factor which causes the depletion 
of solutes in the conductors will have an adverse affect on service life. 
Among such factors are the presence of impurities or contamination which may 
cause selective oxidation of the solutes or reduction of protective oxides, 
oxidizing or reducing gases or compounds in the environment to which the conduc
tors are exposed, nnd nuclear radiation. 

U General Considerations For Chromel-Alumel 
Chromel-Alumel thermocouples are acceptably stable in clean, freely 

oxidizing atmospheres such as normal air up to about 1075 to 1175 K over extend
ed periods of time. It might seem that similar performance could be attained in 
other atmospheres by protecting the thermocouple with a tube or sheath.. This 
has not always been true. !n fact, performance of shpathed thermocouplas has 
been very poor in many cases, relative to performance in air, especially above 
1123 K. 

One of the most common causes of emf deterioration has been impurities or 
contaminants inside the assembly. When heated, these contaminants become oxi-

23 
dizlng or corrosive. Investigation indicates that both oxidation and reduc
tion may occur in protected (swaged) assemblies to the ex*ent that the standard 
Type K error limits (i2.2 K, 255 to 550 K; i 3/«, 550 to 1533 K) are frequently 
exceeded, particularly above 1123 K. 

21 



In a protected or swaged assembly, oxygen, available from entrapped air or 
refractory insulators, may contribute to the stability problem. The substoichio-
metric character of refractory oxides such as BeO and HgO is responsible for 
free atoms of oxygen. Fast neutron bombardment can also free oxygen from the 
oxides. With an inadequate air supply and stagnation in the tube, oxygen is 
initially deputed by normal oxidation of the surfaces. When the critical low 
partial pressure of oxygen is reached, intergranular oxidation of the Chromel 
begins. In a completely sealed tube this action can be supported by oxygen 
contained in oxidized surfaces or insulation inside the protective enclosure. 

1 ̂  16 It has been shown ' that there is no evidence of Mi-alloy degradation in 
oxygen-free argon environments up to 923 K; however, the attack can be severe 
for a few (<1 to 20) voU 0 2 at 725 to 925 K. Both Chromel and Alumel are at
tacked in this range; however, most investigations ' * ' seem to have con
centrated on the preferential oxidation of chromium in Chromel as a cause of 
calibration drift. Such preferential treatment of Chromel at the expense of in
vestigating solute depletion in Alumel does not appear warranted and some evi
dence in support of this observation will be presented in paragraph F. Prefer
ential oxidation can be significantly reduced and the thermocouple life extend
ed by excluding oxygen from the protective assembly. The addition, inside the 
assembly, of a material such as titanium, which has a greater affinity for oxy
gen than doe: chromium, has been shown (Refs. 17; 27', p. 16) to reduce preferen
tial oxidation. 

An electrical analog of the thermal emf generation with preferential 
oxidation present on the conductor surface and test data (with the preferentially 
oxidized zone removed by grinding) show that the negative error due to 'surficial 
preferential oxidation1 can be reduced but not elimiiated by removal of surface 
oxide; therefore the solute in the core is also affected by the 'preferential 
oxidation ,' 

Discussion in Ref. 32 indicates additional evidence of core attack during 
surficial oxidation when calibration could not be restored by pickling or mach
ining the surface, but could be restored by subsequent heating at high tem
perature in a hydrogen atmosphere. This was believed to have removed the oxi
dation in the core to restore the calibration. Other investigations of the 
outer oxidized zone of solute depletion indicate similar positive error depen-
-'2ncy on the outer oxide zone produced by heating in air at 1223 K. The oxide 
formed on the conductor surface does not contribute significantly to emf change 
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until just prior to complete oxidation of the element. It should be noted that 
photomicrograph studies, while informative, do not provide reliable information 
concerning solute depletion throughout the element. 

Some predictions for radiation effects on conductors were introduced in a 
previous section. Transmutation of the solutes will result in progressive alter
ation of the thermoelectric emf throughout the service life of the thermocouple. 
These changes are not linear with time and the resulting emf variations are not 
linear with composition changes. In general, errors of either sign could be 
expected at early tines in service followed by increasing negative errors toward 
end of life. 

The ability of the conductors to maintain calibration and to withstand ther
mal cycling 1s an important requirement. Although this study was primarily 
limited to the conductors, some mention of thermal cycling-dependent failures of 
conductors or hot junction grounding connections should be included. Sheathed, 
insulated assemblies may be of either the grounded or ungrounded junction type. 

33 Failure rates tend to be higher with the grounded junction type. Based on a 
limited sample of non-irradiated thermocouple assemblies, ungrounded conductor 
assemblies would be expected to survive about three times more thermal cycles 

33 than grounded conductors between 1255 and 645 K at rates of approximately 
100 K/sec. Under these thermal cycling conditions, Chromel-Alumel thermocouples 
with ungrounded conductors average about 1.9 x 10 cycles to failure. Thermal 
cycling of ungrounded units between 923 and 703 K produced no failures at 1.5 x 

4 10 cycles. No data were given on calibration stability under these cycling 
conditions. 

This performance should be quite acceptable in most applications, howe"er, 
these findings are for assemblies which have not undergone significant distur
bances in structural long-range order as might be induced by fast neutron bom
bardment. 

Diffusion of the elements of the measured atmosphere into the protected area 
1s of concern. Figure 10 shows errors observed with several protective assemb
lies In a reducing atmosphere of rich exothermic gas at 1365 K. Carbon monoxide, 
carbon dioxide, and nitrogen, hydrogen, or helium containing small amounts of 
moisture must be kept out of the assemblies. While diffusion may have occurred 
in some instances, this condition is believed to be unnecessary to cause corro
sion in protective tubes. Clean assemblies have exhibited selective oxidation 
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of the chromium 1n a critical temperature range of approximately 1075 to 1315 K. 
This degradation was found to correlate with the protective tube length-to-
diameter ratio. 

Embrittlement is believed to be determined in part by disturbances in the 
structural (crystalline) long-rarige order of binary and ternary conductor alloys. 
Such disturbances, induced by fast neutron bombardment over a period of time, 
would result in structural weakness which could contribute to common mode failure 
if the affected materials were mechanically disturbed. 

Complete failure by fracture of thermocouple conductors has occurred in 
simulated reactor environments. Failures have also occurred in reactor service 
but it is not known if precise causes have been determined. Failure by fractuiu 
can occur as a result of a grain boundary embrittlement while such embrittlement 
has little effect on emf. (This embrittlement can be caused by sulphur attack, 
preferential grain boundary oxidation which produces films of ether alumina or 
chromium oxide in the grain boundaries, or by precipitation of chromium carbide 
similar to "weld decay" in austenitic stainless steels. Fast neutron bombardment 

13 also contributes to embrittlement.) One drift test reported little emf drift 
after several thousand hours in a furnace; however, this thermocouple disinte
grated upon handling following removal from the furnace. This suggests that 
thermocouples which appear to be indicating temperatures acceptably well may 
suddenly experience gross failure (common mode) when subjected to mechanical 
shock. 

A simple model was used to predict possible emf behavior following conduc
tor failure in the presence of non-Ideal insulators. Results indicate that the 
emf change may be of either polarity thus making the observed temperatur- '"'!gh 
or low. This change is not necessarily of sufficiently large magnitude so as 
to make the indication obviously suspect and such gross error behavior (Refs. 27, 
p. 140; 34; 35) should not be relied upon to identify failures. The magnitude 
and polarity of the erroneous indication depend on conductor impedance, insula
tion impedance in the region of the break, which conductor breaks, grounded or 
ungrounded hot junction, and also on the location of the break wit,i respect to 
temperature and irradiation profiles along the conductors. Any model used to 
analyze the effect of conductor failure would involve the characterization of 
the insulation, a subject where several viewpoints exist. At least one 
investigation of a controlled conductor break has been reported (Ref. 27 p. 53). 
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This out-of-p i le experiment showed that the open c i r cu i t thermocouple er.,f agreed 
closely with that of a ,iormal thermocouple over a temperature range from 1143 to 
1873 K. Another experiment' at 1273 K using MgO-insulated Chrome 1 and 
Alumel conductors (without hot junction] in a swaged assembly generated an emf 
accurately matching that of a Chromel-Alumel thermocouple. 

Experience indicates that long-term s tab i l i t y in a given environment is 
dependent on conductor size. This dependence was f i r s t observed with units that 

32 were not sheathed or protected from the environment. Dahl reported d r i f t s for 
8-to 22-gauge conductors. Results for 28 to 36-gauge wire would be expected to 
produce larger d r i f t s because their greater surface-to-volume rat io provides 
greater sensi t iv i ty to environmental reactions. Although some differences in 
d r i f t would correlate with wire gauge, there has been no special attempt in 
this study to distinguish these correlations. Reference 23 reported cal ibrat ion 
d r i f t of Chromel-Alumel conductors from 20 to 36 gauge. Dr i f t in sheathed 
assemblies did not correlate with conductor size during tests at 1253 K; however, 
there was some indication that 20-gauge conductors produced more stable thermo
couples than did the smaller gauges. Reference 36 indicated that 24-gauge con
ductors in l/8-in.-o.d. sheaths are more stable than conductors of an unspecified 
gauge (assumed smaller than 24 gauge) in l/16-in.-o.d. sheaths. The smaller 
assembly has up to four times the d r i f t observed in the larger assembly at 
1473 K. 

2. HTGR-Related Factors 
Impurities in the HTGR coolant, and perhaps He i t s e l f , must be kept 

30 37 from the assembly internals. Oata for bare conductors ' indicate that emf 
d r i f t s in flowing "pure" He may be greater than those observed in C or C-Si 
environments at temperatures of 1033 to 1255 K. Tests in a flowing CO environ-

pq ^n 
merit ' showed excessive d r i f t or fa i lure af ter 200 h at 1093 K. Tests at 
923, 1023, and 1123 K in flowing 95 vol% CO-, 5 vo l* CO had two dif ferent general 
error trends. At 923 K there was an i n i t i a l sh i f t of +7 K (posit ive error) and 
continuing positive error d r i f t to 10 K at 2500 h. At 1023 K an i n i t i a l posit ive 
sh i f t of 16 K occurred. Positive d r i f t continued to a maximum of 19 K at 80 h 
followed by a negative d r i f t to an error of -50 K at 2500 h. At 1023 the 
i n i t i a l positive error sh i f t was not observed but the error dr i f ted negatively 
to about -120 K at 2000 h. A l l thermocouples were reported being extremely 
b r i t t l e after 2500 h. 
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Dr i f t tests on Chromel-P-Alumel showed positive error d r i f t s typical of 
an oxidizing atmospheie when exposed continuously to l'lowing helium at 1273 K. 
Experiments with uncontaminated assemblies in stagnant helium atmospheres at 
1273 K showed rapid negative error d r i f t s followed by a d r i f t rate of approxi
mately -0.6% per h. This trend is typical of Chromel-Alumel in a reducing at-

38 irosphere. Dull Chromel heated at 1273 K in stagnant helium quickly brightened, 
negative errors developed, and the magnetic attract ion increased. The observa
tion of magnetic attraction indicates s igni f icant loss of chromium solute as 
Ni-Cr al loy becomss magnetic at about 7 wtt Cr and the negative d r i f t would be 
predicted froc.i Fig. 7d for large loss of chromium. Bright Chromel-P also devel-

38 oped large negative errors. The helium used in these experiments was passed 
through a l iou id nitrogen-charcoal trap and analyzed at less than 1 ppm oxygen 
and water. However, gas analysis during heating of the dul l Chromel showed 
presence of CCL, CO, H-, and a trace of H,0 which may have been in part respon
sible for the d r i f t s . 

Pure carbon monoxide w i n not oxidize nickel at e le . . _.' temperatures but 
would readily oxidize the solutes such as chromium, aluminum, manganese,and s i l i 
con (Ref, 39, p. 349). Carbon dioxide would be oxidizing to a l l elements present 
in Chromel-Alumel (Ref. 39, p. 349). In CO-r'ch mixtures, carburization, in 
addition to oxidation, removes chromium. 
F. Long-Term Stabi l i ty 

I f we Integrate the Seebeck coeff ic ient changes at appropriate heat-treat
ment times in Fig. 4, we can construct a typical curve of maximum expected 
Chromel-Alumel thermocouple measurement error due to short-range ordering vstem
perature as shown in Fig. 13. The standard error l imi ts for Type K thermocouples 
are shown for comparison. The standard error l imi ts appear to apply to new wire, 
as sold, and they seem to imply very l i t t l e , i f anything, about accuracy after 
heat treatments, anneals, or a period of use. Figure 13 does not include effects 
of solute depletion and assumes that the material was I n i t i a l l y in the ground 
state. Since short-range ordering is reversible and I ts degree is dependent on 
time, temperature, and past thermal histor./, the error curve represents a maximum 
expected error caused by short-range ordering upon i n i t i a l heating. Such 
errors are possible since, when measuring temperatures above 523 K, the portion 
of the Chromel conductor 1n regions where the temperature exceeds 523 K w i l l 
have varying degrees of short-range ordering according to the temperature and 
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time relationships of Fig. 4 The error in Seebeck coefficient will then vary 
along the affected length of conductor in the temperature gradient. The inte
gral of the product of the coefficient change and the associated temperature 
gradient then provides the maximum error curve. This anplies to the initial 
heating of undisturbed conductors in a temperature gradient. If the affected 
(inhomogeneous) region of the conductor and the environmental temperature pro
file are now moved with respect to each other, tha error shown could increase or 
decrease, depending on the actual temperature profile and the relative direction 
of motion, due to the temperature dependence of short-range ordering and its 
reversible nature. 

In addition, one might conceivably create the situation where Chromel has 
been made to achieve the maximum degree of short-range order (for example, by 
heat treatment at about 575 K) and is then used to measure a temperature of 
473 K or lower. Short-range order errors of 3 K could occur in this case at 
473 K. If such a treated conductor were used to measure temperatures above 
575 K, the portion of the conductor in the gradient up to 523 K would contribute 
+3.5 K error and the portion in the gradient above 523 K would contribute addi
tional errors as determined by the curve in Fig. 13. It is doubtful that any
one would want to actually create this postulated situation in practice; however, 
some reported heat treatments prior to evaluation testing have been responsible 
for similar errors. 

To consider effects of solute depletion, curves of Seebeck coefficient 
changes such as those in Fig. 12 are integrated to produce temperature error 
vs temperature relationships as shown in Figs. 14a, b, and c. These figures 
show the errors expected for depletion of chromium in Ni-Cr alloys of two dif
ferent initial Cr concentrations. It is of interest to note that the error is 
positive over the range of temperatures and depletions considered for an alloy 
with 10 wt? initial chromium content while both positive and negative errors of 
lesser maximum magnitude are expected when an initial 9 wt% Cr alloy is depleted. 
A depletion of approximately 0.8 to 0.9 w « Cr in Fig. 14a agrees well with sta
bility data of Dahl 3 2 at 1473 K for 200 h. If the solute depletion is consider
ed to be a function of time, it is easy to visualize the time behavior of the 
error at a given temperature in Figs. 14a and 14b and to see that considerably 
different stability test results may be expected from the two similar Ni-Cr 
alloys. 
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Figure 14c shows expected errors derived from Fig. 12b with arbi t rary solute 
depletions in both the Ni-Cr and Ni-Al al loys. The general shape of this error-
temperature relationship agrees well with data in Ref. 32, part icular ly below 
1073 K. The Alumel error curve in Fig. 14c compares closely to errors reported 
in the above reference for 8-gauge conductors, 50 h at 1473 K, 400 h at 1363 K, 
and 1000+ h at 1253 K. 

While no quantitative data have been found, i t is believed also that the 
Seebeck coeff ic ient variations with time and temperature, shown in Fig. 4 for 
90Ni-10Cr a l loys, are a function of the chromium content. Nickel alloys of 
about 14 to 15 wt/S Cr are believed to not exhibit these coeff icient changes 
while 20 »t% Cr al loy exhibits a short-range order Seebeck coeff ic ient error 
opposite in sign to that for 10 wt% Cr al loy. 

Based on this analysis of error behavior with solute depletion, i t is be
lieved that some differences between reported Chromel-Alumel s tab i l i t y test re
sults may be attr ibuted to differences in i n i t i a l conductor solute contents. 
These considerations also indicate that more basic information, similar to that 
in Fig. 4, on changes in Seebeck coeff ic ient with temperature, time, and environ
mental paramenters 1s needed for known conductor compositions. 

Figure 15 presents error-temperature curves derived for short-range ordering 
in Chromel, for several solute depletions, and for nuclear transmutations in both 
al loys. Only short-range ordering and transmutation relationships have been 
related to exposure time in the disturbing environment; i t is doubtful that 
solute depletions can be s imi lar ly related to exposure time, in general, we 
would expect errors to be i n i t i a l l y posit ive because of the predominance of the 
short-range ordering ef fects. As the solutes are chemically attacked by the 
environment or by impurities in the assembly, the errors could be of either sign 
depending upon i n i t i a l solute content and which solute or oxide is al tered. In 
a freely oxidizing environment, the errors in this phase would normally d r i f t 
posit ively along with those due to the short-range ordering ef fect . In a reducing 
atmosphere they would d r i f t negatively, perhaps rapidly. As the nuclear trans
mutations increase, the d r i f t would be negative. The graph shows that the trans
mutation of manganese makes the principal contribution to the negative error pro
duced by thermal neutron i r rad ia t ion. 
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G, Insulation and Sheath 
I t was the original intent of this study to also address insulators, sheaths, 

and swaged assemblies, among other concerns, for in-reactor use; however, termi
nation of the task made i t desirable that we t ry to conclude a portion of the 
study in a meaningful way rather than address a l l ident i f ied concerns super
f i c i a l l y . We mention several concerns b r ie f l y . 

The insulation must be compatible with the conductor and sheath materials 
over the time-temperature intervals of interest. Some refractory oxides are 
responsible for releasing oxygen in the assembly. The degree of insulator com
paction is important as this has been related to thermocouple fa i lu re . ' The 
puri ty of the insulation is very important and there have been questions in the 
past regarding the control and measurement of the impurity contents to desired 
levels of precision. 

Several models have been proposed (Refs. 27, p. 53; 29, pp. 21.1, 35.1, 31.1; 
42; 43; 44; 45; 46) for predicting thermocouple errors caused by insulator 
shunting of the generated emf, part icular ly at high temperatures. These models 
have nut been reviewed; however, a l l depend on knowledge of the insulation phy
sical and electr ical properties in the environment. Published data on these 
properties do not indicate that a great deal of confidence should be placed in 
the i r use. Considering the var iab i l i t y of thermocouple test data, for cases not 
involving insulat ion, i t i s d i f f i c u l t to imagine how these models can be ve r i 
f ied or j u s t i f i e d . Fortunately, this problem is believed to bs of interest 
above 1600 to 1800 K, which is above the useful range of Chromel-Alumel. 

Radiation-induced variat ions, however, are of interest part icular ly for 
their effect on the observed emf when a thermocouple conductor fa i l s ias an 
open c i r cu i t in a reactor environment. Reference 35 is suggested for a review 
of thermal-and radiation-induced changes in refractory oxides and for an analy
sis of the effects of conductor open-circuit fa i lures. 

The in tegr i ty of the sheath throughout the l i fet ime of the assembly is very 
important. Sheath materials, part icular ly 50Mo-50Re, did not hold up well in 
tests at 1033 to 1255 K in C, C-Si, He, H-, and CO atmospheres.37 Niobium 
sheathing must be avoided in the HTGR gas environment as this material is be-

35 
lieved to oe subject to strong gas-phase corrosion. 

In some environments, austenitic stainless steels have a tendency to form 
p i ts . While their depth may normally be re lat ive ly shallow, tolerance against 
sheath penetration is needed. Susceptibi l i ty to p i t t i ng varies with surface 
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condition, the smoother the surface the better the resistance. Tantalurn-
sheathed, BeO-insulated, W-Re thermocouples have exhibited high failure rate and 
decalibration when the Ta sheath contacted graphite (Ref. 29, p. 27.1). 
VI. IN SITU CALIBRATION 

Figure !6a illustrates a hypothetical case where irradiation induced changes 
in composition are impressed on thermocouple conductors in an assumed tempera
ture profile and an in situ calibration temperature profile is applied to the 
conductors while they are in service. It is assumed that the conductors have 
emf characteristics similar to those illustrated in Figs. 7b and H a , 
T. = 1273 K, T . = 1373 K,and that 0.5% of the chromium has been transmuted 
The change, A S , in the Seebeck coefficient will be small at 1323 K (Fig. 14a) but 
will increase at lower temperatures in the region x,-x, °f t n e temperature gra
dient. In the temperature range between T and T ,, A~s„ is very small compared 

o ca i n 
to the variation of As in the gradient between x, and x,> 

If the effects are dependent only on change in composition, relative emfs 
as shown in Fig. 16a would be predicted. These voltage profiles qualitatively 
compare the emfs generated in the inhomogeneous conductors with those in the 
ideal homogeneous case. The inhomogeneity in region *:-|-x~ would cause the ob
served emfs for T. and T . to be greater than the expected readings in the 
ideal case. The reading of T ,, in the assumed profiles, would contain an ad
ditional, very small positive error due to small As" (or integral of As(T)) over 
the region of the calibration temperature gradient. This postulated in situ 
calibration would provide a good estimate of the maximum error at 1373 K for 
chromium depletions of 0.55S or less. Calibration at other temperatures would 
contain larger contributions to As from inhomogeneities in the calibration 
temperature gradient; however, the overall error at the calibration ctr.,perature 
would be determined properly under the assumed conditions. 

It is of interest to note in Fiq. 14a> derived from Fig. 7b for a typical 
nickel alloy with an initial chromium content of 9%, that reductions of chromium 
content to 8.5% could produce errors of +5.4 K between 1273 and 1373 K while ex
hibiting smaller errors above and below this range if calibrated by conventional 
techniques. This illustrates the need for improved methods of investigation and 
calibration technique and also shows that use of a single calibration tempera
ture to assess In-service calibration error and the effects of environmental 
testing may produce fortuitously good or bad results. 
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Figure 16b illustrates another hypothetical case, which may be representa-
48 tive of conditions prevailing during a reported in situ, in-pile calibration. 

No temperature or neutron flux profile data along the conductors were given in 
the report; however, from the description of the test rig, it is possible that 
the flux-affected regions of the conductors were at approximately isothermal 
conditions during calibration. Any emf error observed during calibration will 
relate only to possible departure from isothermal conditions in region 0-x, and 
inhomogeneities 1n region x-|-x2, which was not altered by the neutron flux. Thus 
it is possible that effects other than irradiation-induced inhomogeneities were 
measured. The.results of these calibrations, as shown in Fig. 16b, applv only 
to the detailed conditions under which they were obtained. Reporting of the 
irradiation temperature and differential emf observed between this temperature 
and the calibration temperature, though not as accurate as the calibration point 
information, would have been very informative. 
VII. EXPERIMENTAL DATA 

Documentation of experience, in varying detail, with over 1500 Chromel-
Alumel thermocouples of various designs in a variety of environments has been 
reviewed. A portion of this information is presented in the following sections. 

A. Bare Elements 
Some published data for maximum observed errors in bare Chromel-Alumel ther

mocouples operating in a freely oxidizing environment are presented in Fig. 17. 
These data cover 1000 to 18 000 h of operation, as indicated in the f igure, and 
as a result they do not d i rect ly correlate for temperature-time error dependen
cies as plot ted. In addit ion, th is simple summary cannot convey a l l of the per
t inent detai ls such as heat treatments, t'ermal cycl ing, and other differences 
which have important bearing on the observed errors and their interpretat ion. 

32 Also the methods used to arrive at most, but not a l l , of the plotted errors 
are subject to some question. The observed errors in the range 523 to 923 K are 
within the maximum expected error for the short-range ordering inhomogeneity 
calculated from Fig. 4. Negative errors at 573 and 663 K are not confidently 
predicted by any mechanisms in a freely oxidizing atmosphere covered in this 
study. Errors above 1073 K could co'--:late with oxidation or various solute 
depletions; however, we have n" Jata on which to base such comparisons. 

The data in Fig. 4 and the model were used to calculate errors introduced 
by 673 K heat treatments reported in Ref. 27, p. 14. Agreement was good as 
shown in Table I I , 
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TABLE ll 
ERRORS INTRODUCED SY HEAT TREATMENTS 

TEMPERATURE ERROR 
MEASURED CALCULATED 

H. T. 30 min at 673 K 
673 K +1.75 K +1.2 i C.5 K 
693 K +1.88 K +1.< ± 0.5 K 

H. T. 4 h at 673 K 
505 K +3.2 K +2.5 - 0.5 K 
693 K +4.4 K +4.6 ± 0.5 K 

Figure 4 and the model were also used to calculate errors lar comparison 
with measured errors reported in Refs. 49 and 50. Similarly good agreement was 
obtained. 
B. Sheathed Elements 

Some published data for maximum observed errors in sheathed (:hroiT«l-Alumel 
thermocouples are plotted in Fig. 1(3. Thefo data cover 2000 to 18 000 h of 
operation and to the extent that time and temperature produce drifts, direct 
correlations between results are not intended. These data are presented without 
distinction of details such as insulation and sheath materials, wir» gauge, 
sheath diameter,or fabrication procedure. Comparison of these drift data with 
those in Fig. 17 indicates no significant differences in stability. If anything, 
the sheathed units may be slightly less stable. One significant point appears in 

51 
this figure; the thermocouples developed and tested at CAMEL possess a stabi
lity for 10 000 h at 1353 K that is superior to other assemblies tested at 
lower temperatures. Rigorous quality control on all components and steps of the 
assembly is believed to have resulted in thermocouple performance that is in
dependent of the environment - oxidizing or reducing, pressure or vacuum -
limited only by the permeability of the sheath and end seals. Other efforts to 
control materials and assembly (Refs. 27, p. 95; 29, p. 27.1; 52, p. 551) have 
experienced some difficulty and the degree of success with subsequent work is 
not known. 

The following metallurgical changes are postulated as a possible explanation 
of causes and effects that could produce reported error-tima trends of sheathsd 
Chromel-Alumel thermocouples. During prolonged exposures at 1073 to 1273 K, 
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among other changes, precipitates of oxides of the solutes appear in the depleted 
alloy matrix. In early stages of these changes, formation of an alloy of alumin
um, probably A1 20 3, has been found in the Chrorcel conductor. that norn?? ly 
does not contain aluminum. Oxides of chromium appear in later stages. Oxides 
of aluminum, manganese,and silicon appear, presumably at a later stage, at the 
grain boundaries in the Alumel conductor. Figure 9 and Ref. 39, p 349, show that 
at high temperatures and sufficiently low partial pressures of oxygen, aluminum 
would be preferentially oxidized. At a given temperature, increasing partial 
pressure of oxygen would subsequently selectively oxidize the manganese and sili
con in the Alanel conductor. This would be expected to reduce the emf error 
produced by the aluminum removal. Additional increase in oxygen partial pressure 
would result in oxidation of chromium in the Chromel. This would normally in
itially contribute to increased error in a positive direction in the 1073 to 
1273 K range but would be expected to change to a.negative error contribution 
{Fig. 14a) if the depletion continued. This reasoning suggests that sealed, 
sheathed assemblies might be expected to exhibit positive emf errors early in 
life at high temperatures if care were taken to reduce, but not eliminate, the 
free oxygen inside the assemblies. Errors from short-range ordering would 
also be positive and are presumed to add to errors produced by the initial solute 
depletions. Long term drift of increasing negative errors would be expected to 
follow the initial positive errors. Figure 19 shows calculated error-temperature 
characteristics for three values of aluminum depletion and for three values of 
chromium depletion accompanied by a fixed depletion of aluminum. A limited 
amount of dissolution in the Chromel-Alumel wires at the hot junction was 
believed to have occurred during 10 000-h tests at 1373 K. Data on 97 
assemblies show that the drift in all cases is in the direction of increasing 
negative errors with time. Detail in this data does not appear to show ap
preciable initial positive error drift as suggested by the above reasoning. 

C. Combined Disturbing Effects Including Irradiation 
We would expect the effects of irradiation to combine with the effects "f 

oxidation, impurities, contamination, etc., in producing emf-temperature errors. 
While we have no real insight into this from the published data, we might make 
some judgment, based on transmutation predictions and solute depletion by oxi
dation, as to expected error trends under these combined conditions. Alteration 
of the chromium and aluminum content would initially cause positive errors 
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increasing in magnitude with temperature. Alteration of silicon and iron con
tent would tend to be compensating while expected changes in manganese would 
combine to produce large negative errors. On this basis it is expected that in
itial error drifts would be positive at all temperatures followed by decreasing 
error magnitudes at high temperatures and finally errors would become negative, 
particularly at high temperatures and long exposure times. Some published test 
data for measured errors in irradiated Chromel-Alumel thermocouples are shown 
for comparison in Fig. 20. None of the information assembled for this figure 

53 provides insight into drift trends with time and only one reference provided 
experimental data which might permit separation of irradiation effects from 
those of other factors. The errors shown for irradiated units do not differ 
significantly from those in Fig. 16 for unirradiated, sheathed assemblies. The 
methods used to arrive at most of the reported errors in Fig. 20 are subject to 
considerable question. Separation of effects would be important for the analy
sis, understanding, and implementation of effort to improve the performance of 
these devices. 

VIII. SUMMARY AND CONCLUSIONS 
Instabilities in thermocouples cannot be related quantitatively to their 

causes by classical theory and conventional calibration techniques since both 
assume that the conductors are ideally homogeneous. Thermocouple conductors 
are routinely produced in an essentially homogeneous condition; however, all 
types develop inhomogeneities to some extent during use. A model of the inhomo-
geneous thermocouple and an empirical method for determining inhomogeneity in 
the Seebeck coefficient were presented. The role of temperature gradient in the 
generation of thermoelectric emf and temperature errors was stressed. The inap-
propriateness of post-service or post-test use of conventional calibration tech
nique to determine in-service errors was discussed; much of the reported error 
data have been generated by this method. 

Factors which cause the relative Seebeck coefficients to vary (inhomo
geneity) and which affect long-term performance were delineated. Bases for the 
general belief that thermocouples are little affected by irradiation and that 
Chromel-Alumel thermocouples have Derformed satisfactorily were sought, but not 
found. If these beliefs are based on sound experimental evidence, our under
standing of the decalibration mechanism may be incomplete. 
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In the Investigation of irradiation effects it would seem that a prerequisite 
should be to achieve thermocouple designs with consistent and acceptable 
stability and reliability when exposed to environmental factors (other than irra
diation) for extended periods of time. The dependence of the Seebeck coefficient 
errors with environment, temperature, and time should be determined for such de
signs. Then the effect of irradiation on error in Saebeck coefficients should be 
determined and presented in a manner permitting meaningful correlation with neut
ron fluences and temperature. These designs and error data could then be used 
for a broad spectrum of applications. The in situ, in-pile calibrations done to-
date are believed to be the best information available provided these were con
ducted in a manner that assured application of the calibration temperature gra
dient to the conductor region affected by a known neutron fluence. This approach 
has the disadvantage of very limited information yield per test. It is believed 
that the scanning gradient method can be of significant value in maximizing the 
meaningful data obtained from thermocouple testing, particularly from irradia
tion effects testing. 

Although insulation and sheath problems were not included in this study, the 
presence of oxygen, impurities,and contaminants in the assembly is of concern. 
We have considered the effects of several elements on the conductors and the emf-
temperature characteristics; these and other elements expected to be present in 
the HTGR coolant must be kept out of the assembly if the thermocouples are to 
have good long-term stability and reliability. In particular, impurities and 
contaminants whose transmutation by-products are degrading to thermocouple per
formance must be eliminated inside the assembly. Organic matter can form carbon 
that can lead to a reduction reaction and traces of moisture may enhance radia
tion effects. The sub-stoichiometric character of some refractory oxides, such 
as BeO and MgO, is responsible for the presence of free oxygen atoms and fast 
neutron bombardment san also free oxygen atoms inside the assembly. Embrittle-
ment caused by fast neutron bombardment could produce common mode failures. 

Even though there exists significant disparity among published results from 
studies in the temperature region above 1148 K and possibly a diversity of opin
ions supporting the authenticity of such results, it is believed that sufficient 
Insight may exist to permit the construction and successful use of Chromel-Alumel 
thermocouples above 1123 K for extended periods of time with acceptable confidence 
in measurement error limits. Confirmatory studies, however, may be needed to 

36 



verify the one previous thermocouple design that performed satisfactorily above 
1123 K. 

If acceptable error limits are not attainable with present knowledge, more 
basic work will have to be performed to isolate conditions and effects and to 
identify those parameters that must be more closely controlled in order to 
achieve acceptable performance. An alternative to this is to select other alloys 
that are environmentally and thermoelectrically stable in the application. This, 
however, may also involve work to isolate detailed conditions and effects in 
order to successfully apply the alternative alloys and to assure that long-term 
stability can be achieved. Users may also have to accept thermocouples that do 
not conform to currently accepted standard calibrations. 
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