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Failure of sheathed thermocouples due to thermal cycling
R. L. Anderson
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ABSTRACT
Open circuit failures (up to 100/') in small-diameter thermocouples
used in electrically heated nuclear fuel rod simulator prototypes during
thermal cycling tests were investigated to determine the cause(s) of the
failures. The experiments conducted to determine the relative effects
of differential thermal expansion, wire size, grain size, and manufacturing technology are described.
It was concluded that the large grain
size and embrittlement which result from certain common manufacturing
annealing and drawing procedures were a major contributing factor in the
breakage of the thermocouple wires.
Subject Index: Thermocouples, base-metal; sheathed; Chremel vs
Alumel (Type K ) ; thermal cycling failure; metallurgy.
I.

INTRODUCTION

In many industrial and scientific thermometry
applications improved performance and reliability can
be obtained with metal sheathed thermocouples.
Sheathed thermocouples are used not only to measure temperatures, but also to detect anomalous behavior and
institute corrective action in a proce'-i or experiment
to avoid the development of damaging or dangerous
conditions.
In these cases the reliability of sheathed
thermocouple sensors is of great importance.
Such
usage is encountered, for example, in control and
safety systems of nuclear reactors and fossil-fuelfired steam-generating systems.
• A high rate of open circuits (up to 100?) in
smal1-diaireter thermocouples in electrically heated
nuclear fuel rod simulator prototypes during thermal
cycling tests prompted this investigation to determine
the causes of these failures. Because thermal data are
of prime importance to reactor simulation experiments
employing these fuel rod simulators, such extensive
thermocouple failure is intolerable.

The majority of the open circuit thermocouple
failures occurred during thermal cycling of the fuel
rod simulator prototypes while the temperature of the
fuel rod simulators was being increased. Upon cooling,
the thermocouple circuits often reclosed and the thermocouples read normally. Several factors were investigated to determine the cause of the failure: (1)
differential thermal expansion, (2) size, (3) metallurgy of grain size, (4) production methods, (5)
grounded or insulated junctions, (6) heating rate, and
(7) temperature range of cycling.
11.

A.

FACTORS CONTRIBUTING TO FAILURES
IN SHEATHED THERMOCOUPLES

Differential Thermal Expansion

The differential thermal expansion between the
various components in the thermocouples and the fuel
rod simulators is one contributing factor to the failure of small-diameter thermocouples. Figure 1 presents
a comparison of thermal expan.s ion of the type 316
stainless 3teel used as the fuel rod simulator cladding;
the Inconel 600 used as the sheath material for the
small-diameter thermocouples; Chromel and Alumel (the
thermoelements in type K thermocouples); and platinum.
Therrral expansions of the Iuconel 600 and the Alumel
and Chromel are very closely matched. An approximate
0.37, difference occurs in the average thermal expansion
between the Inconel 600 (and also the Alumel and
Chromel) and type 316 stainless steel at 1000°C.
McFlroy (1) calculated the effect of differential
thermal expansion on the thermoelements of a type K
thermocouple sheathed in type 304 stainless steel. The
following values were assumed for the thermal expansion
coefficient of type 304 stainless steel, Alumel, and
Chromel P, respectively: 19.1 x 10~ 6 , 13.0 * 10" 6 , and
16.2 x 10"s°C~:l. The calculated change in length for
an increase in temperature to 400°C is given by
AL = aL 0 (t-t 0 ) ,
where a is the average coefficient of linear expansion
from. 25°C to 400°C, L o is 30 cm, the assumed room temperature length at to = 25°C, and t is 400°C, the temperature of the length of the thermocouple assembly.
The change in length of each component is 2.2 mm, 1.5
mm, and 1.9 mm for the type 304 stainless steel, the
Alumel, and the Chromel P, respectively. The net
result is that the thermocouple wires are stretched.
The Alumel, for instance, is stretched by 0.6 mm. The
resultant strain in the Alurael is given by

Strain = e = —
.
L
0
The strain in the assumed 30-cm length is then
0.06/30 = 0.002. This strain is probably less than the
total strain at the elastic limit of the Alumel. Thus,
plastic deformation of the Alumel thermoelement should
not be produced by this strain; however, the stress
generated by this strain is large compared to the yield
strength of Alumel and could cause fracture of the
thermoelement at a weak point or a point where the
stress concentration occurs.
B.

Size Effects

Experience has shown that small-diameter (0.5-mmdiam, for instance) sheathed thermocouples have a higher
failure rate than thermocouples of larger diameter. Yet
the above equation for strain is independent of wire
diameter. There are, however, other factors which enter
into this size dependency, such as the increased surface/volume ratio of small-diameter wires with respect
to large-diameter wires, which accentuates the effects
of damaging surface reactions, and a large grain size.
In particular, as the wires are made smaller by repeated
drawing and annealing, the grain size may become comparable to the wire diameter, particularly if the fabrication conditions are such as to promote accelerated
grain growth. For example, Fig. 2 shows the cross
section of a 0.08-mm-diam Alumel wire from a 0.5-mmdiam thermocouple assembly in which there are several
instances of grain boundaries which extend completely
across the diameter of the thermocouple wire. Since
at high temperatures grain boundaries are inherently
weaker than the graiis per se, the wires should fracture through the grain boundaries due to the high
stresses caused by the differential thermal expansions
noted above.
Because increasing grain size also means decreasing grain boundary area, certain grain boundary embrittling reactions, which begin at the surface of the
wire, may rapidly penetrate completely through the
wire. For example, during high temperature exposure,
the wires may become more rapidly weakened by the
selective oxidation of various alloy components at the
boundaries of large grains than would be the case if
the grains were smaller and the boundary area large.
C.

Metallurgy of Grain Size Phenomena

Because grain size appears to be a major factor in
the failure of sheathed thermocouples during thermal
cycling, the metallurgy of grain size and growth

phenomena will be discussed. The following comments on
grains and grain boundaries were drawn from two sources
(2,3).
Metals and alloys are characterized by a microstructure consisting of small grains, with each grain
being essentially a single crystal. The grain boundaries, therefore, are regions of crystallographic mismatch and have properties that not only differ from
those of the grains, but also vary in their response to
temperature changes. In general, grain boundaries
possess higher strength than grains at low temperatures, but, as temperature is increased, the difference
in strength diminishes urtil at some eqir'.f?ckpr.iv>
temccvatuvc the strengths become equal. Above this
temperature, grain boundaries tend to lose strength
compared to the grains. The low temperature strength
of a metal, particularly yield strength, is known to
increase with decreasing grain size of the polycrystalline aggregate; this phenomenon is further manifestation of the increased grain boundary area, which is a
consequence of small grain size.
Grain boundaries are high surface energy regions.
This factor, coupled with the lattice distortion at
grain boundaries, results -in bound-Tries being pathways
it) which diffusion of impurity and alloy atoms can take
place at a greater rate than within the crystalline
grains. High surface energy may aJso cause grain boundaries to have higher solute concentrations and serve as
sites for solid state reactions such as phase transformations and precipitation reactions, in preference to
the grains themselves. This makes it difficult to
ascertain whether a particular effect is due solely
to a grain boundary or is compounded by one or more of
these grain boundary effects.
Heating of a strained or worked polycrystalline
aggregate causes the formation of new, unstrained
grains by the process of recrystallization. A minimum
amount of strain is required, usually 1-3", to initiate
this process, and the greater the amount of strain, the
lower the temperature required to initiate recrystallization and the smaller the recrystallized grain size.
Time is also a factor in recrystallization, with longer
times enabling the use of somewhat lower temperatures,
but -temperature is a far more potent factor. .If
temperatures above the minimum for recrystal1ization
are encountered, grain growth will take place with the
driving force being a redaction in grain boundary surface energy, with the larger grains growing at the
expense of the smaller ones.

D.

Fabrication Processes in the Manufacture
of Thermocouple Assemblies

Although the detailed procedures followed during
the manufacture of sheathed thermocouple materials are
frequently proprietary information of an individual
manufacturer, the details of the steps; that must generally be followed have been describee by McCulloch
and Clift (4).
The production of sheathed thermocouple material
incorporates several steps, involving preparation and
cleaning of the metal tubing, insulators, and thermocouple wires; assembly of these components; and the
reduction of the cross-sectional trea of the assembly
in steps interspersed with annealing to reduce the
stresses caused by the reduction process.
The preparation of thermocouple materials for
assembly includes stringing preformed, crushable insulating beads onto the thermocouple wires and inserting this subassembly into the metal tubing. The
assembly (of sheath, wires, and insulators) is normally
baked, vacuum pumped, and refilled with c'ry air or
inert gas (argon), and the assembly is sealed by welding the ends closed.
The reduction of the assembly may be effected by
either drawing or swaging, although the drawing process
is usually chosen if fairly extensive reduction is
required [e.g., in the production of very small-diameter thermocouple materials, 0.5 mm (0.020 in.) and
smaller], Drawinp thermocouple materials uses procedures and equipment similar to those employed for the
production of solid wire. The assembly is pulled
through successively smaller dies until the desired
diameter is reached. The reduction is roughly 10% for
each drawing step. During this reduction process, the
drawn material is annealed occasionally to relieve the
cold work introduced into the sheath and thermocouple
wires by the drawing process. This annealing step
typically involves heating the cold-worked material for
a few minutes to 900°C. In a parallel effort to this
investigation, McCulloch and Clift (A) worked out more
carefully controlled drawing and annealing procedures
to improve the metallurgical characteristics of the
thermocouple materials.
The final product consists of the two thermocouple
wires, tightly clamped inside the sheath by the compacted insulation. The degree of compactness normally
ranges between 75% and 85% of theoretical solid density
of the insulant. Thus, when the sheath and thermocouple wires are of different materials (at least one
wire must be different), the strain caused by the differential thermal expansion of the wires and sheath is
manifested almost solely in the wires because of the

difference in the cross-sectional areas of the wires
and the sheath. (In a 0.5-iran-diam sheathed thermocouple, for example, the cross-sectional area of the
sheath is about nine times that of the thermocouple
wires.) Furthermore, when a sheathed thermocouple is
installed on or in a massive body, a third set of differential thermal expansions may be introduced, particularly if the thermocouple is brazed in place over a
length greater than several diameters.
Individual thermocouple sensors are fabricated
from the drawn bulk material by cutting the desired
length, removing the compacted insulation from one end
to a depth of one or two sheath diameters, forming the
junction (usually by welding), refilling the cavity
with insulation, and then sealing the end of the
assembly by welding the end of the sheath closed. At
the other end, a 1-2-cm length of sheath is stripped
off to expose the thermocouple wires, and the end of
the sheath is sealed with epoxy resin or, in some cases,
by fusing glass into the open end of the sheath. In a
majority of cases, connectors are attached to complete
the assembly. This is roughly the procedure followed
in the fabrication of insulated junction thermocouples.
The fabrication of grounded junction thermocouple is
less complicated; after removing the insulation, the
end of the sheath is fused into a bead which ent ains
the thermocouple wires. The reference end is sealed
and a connector attached in the same way as with the
insulated junction assembly construction.
E.

Grounded vs Insulated Junction

As described above, the difference between the
grounded and insulated junction thermocouples is in the
welding of the wires into the bead of the end of the
shoath. Thus, the wires in the grounded junction
thermocouple are rigidly clamped to the sheath at the
end. Differences in thermal expansion between the
thermoelements and the sheath, therefore, result in a
stress in the wires that is maximized in the region of
the junction. The thermoelements are further weakened
by the welding process, which tends to create a boundary •across the diameter of the wire when fused into the
bead at the end of the sheath. Evidence of this can be
seen in the micrograph in Fig. 3.
In insulated junction thermocouples there is no
such direct mechanical linkage at the measuring junction. In fact, normally even less coupling to the
sheath occurs at this point than in the bulk of the
thermocouple. The insulant must be removed from the
end of the thermocouple to form the junction and then

repacked. Without further drawing or swaging, it is
impossible to repack the insulation to the density of
the drawn material. Hence, with less mechanical coupling to the sheath, thermal stress should be less likely
to cause a failure near the junction than in the
thermoelements elsewhere in the thermocouple. In
thermal-cycling experiments on grounded and insulated
junction thermocouple assemblies of 3.2 mm diam described by Herskovitz(5), the failure rate of the
grounded junction thermocouples was three times that of
the insulated junction assemblies under the same
cond itions.
III.
A.

EXPERIMENTAL INVESTIGATIONS

Breakage Tests

Room-temperature tensile breakage tests were performed on new, unused samples of 0.5-mm-diam (0.02-in.)
thermocouples from two different manufacturers, designated Vendor A and Vendor B. Six samples, each 25 mm
(1 in.) long, were mounted in a device that measured
both the force applied to the sample and the sample
elongation. Results of the test are given in Table I.
In general, the Incone]-60&-sheathed type K thermocouple materials from Vendor B withstood about a 5%
(absolute) greater elongation before breaking than did
the materials from Vendor A. With Tnconel-sheathed
material, both the wires and the sheaths broke at the
same time. Samples of type K materials sheathed in
type 304 stainless steel were also tested. In these
samples, the thermoelements broke before the sheath.
Additional tests were run on four samples of type S
(Pt-10% Rh versus Pt) thermocouple material sheathed
in stainless steel. Tn all these samples, the Pt-10%
Rh wire broke. (In all cases the tests were terminated
at the first breakage.) Samples taken from portions of
both Vendor A and Vendor B thermocouples that had been
heated to 1100°C previously during calibration runs
were tested, and these samples broke with approximately
the same applied load and with nearly identical elongation as the new, unused samples. As expected, the
data in Table I indicate that differential thermal
expansion among the. sheath, insulation, and thermoelement materials in the thermocouples was not alone
sufficient to explain the thermocouple breakage in the
fuel rod simulator prototypes. Additional testing
under more representative physical conditions and
restraints was indicated.

B.

Thermal-cycling Tests

The test apparatus shown in Fig. 4 was constructed
to simulate the combined effects of thermal cycling and
differential thermal expansion on the failure of fuel
rod simulator thermocouples without the necessity of
fabricating special fuel rod simulators. Samples were
prepared by collapsing 1.5-mm-diam (0.06-in.) stainless
steel tubing over a length of 0.5-mm-diam (0.02-in.)
thermocouple material. The clamping of the collapsed
tubing to the outside diameter of the thermocouple
sample was intended to simulate the strong mechanical
connection that exists between the fuel rod simulator
cladding and the thermocouples, chiefly through the
medium of the compacted boron nitride insulation. The
ends of the thermocouple materials were stripped to
expose the thermoelements. The ends of the collapsed
stainless steel tube were clamped in a test stand. The
clamps also served as the electrical contacts of the
current used to heat the tubing. The thermoelements
were connected at one end of the sample, and at the
other end the two wires were connected to a circuit to
monitor the loop resistance of the sample wires during
testing. Changes of the loop resistance were recorded
on a strip-chart recorder during the thermal cycle
tests, and a counter activated by the controller recorded the number of cycles. When a break occurred in
one of the thermoeler.ents, the recorder pen went offscale and tripped n microswitch to shut down the system.
A microprocessor-based programmer was used, which permitted any desired thermal cycle to be programmed.
The temperaturr of the sample was monitored with a small
bare-wire thermocouple spot welded to the stainless
steel tube at the center of the test specimen, the point
of maximum temperature. This thermocouple was also the
sensor for the system controller. Table II gives the
results of the ^Thermal cycle tests. As indicated, the
rates of temperature changes were either 100 or 20cC/s.
The thermocouple temperature was raised from 350 to
850°C in 5 s, held at 850°C for 60 s, cooled to 350°C
in 5 s, and held there 60 s before repeating the cycle.
Only one of the Vendor A Inconel-sheathed thermocouple specimens endured 1200 or more thermal cycles.
Ths Vendor B Incone1-sheathed thermocouple specimens
endured on the average two or three times more thermal
cycles than did the Vendor A thermocouple samples or
else did not fail. Subsequent tests with additional
samples of Vendor B thermocouple materials were run
with temperature cycling from 350 to 750°C at 15°C/s.
These samples endured about 5000 cycles before failure.
Two samples from each of two Vendor A assemblies were
stretched by 5% before thermal cycling. This treatment
reduced the number of cycles to failure by a factor of

about 2. The wires from selected samples of the thermally cycled thermocouple materials were subjected to
metallographic analysis.
Microstructural examination and analysis of the
thermoelements from eleven of the thermally cycled
specimens were used to evaluate the effects of the
cycling treatments. Longitudinal sections were prepared to better present the average microstructural
features because a larger area can thus be examined
than in a transverse section. Sections of the thermoelements were taken from three location? along the test:
specimens to represent the unheated region, the region
of transition from little or no heat to full heat, and
the region of maximum heating. Each specimen was
therefore sampled at (1) an unheated end (2) 20 to 30
mm from this end, and (3) the center. It was also
anticipated that some of the breaks which occurred
during testing might be located and examined.
Table III shows the samples examined metallographically. Each test piece was cut open so as to
obtain lengths of both Chromel and Alumel thermoelement
wires from the three desired locations. The thermocouple sheath was opened in one of two ways: (1) an
X-acto '•• ;:"e blade was used to split the sheath, or (2)
the sheath was penetrated by filing through it. The
1 •.;r">i method, although used only on samples 21 and
ZJ, was probably les.s apt to damage the wires within
the sheath, but this was dependent to a large degree on
the position of the wires with respect to the location
at which the sheath was penetrated. The 0.08-mm-diam
(3-mil-diairO wires were exposed and the location of any
breaks noted with an estimate as to whether the break
had been a test failure or was caused by the extraction
procedure. After removal of any short lengths of
broken wire, the MgO or (AI2O3) insulation was shaken
out and any additionally needed wire samples were cut.
The ferromagnetism of the Alumel thermoelement was used
to distinguish it from the Chromel.
IV.

SAMPLING AND MICROSTRUCTURE

Tabli III lists the thermal cycled specimens
chosen for further metallographic investigations.
Table IV contains observations made during the sampling
process. In all cases except for Samplts 33 and 36,
and possibly 21 and 23, the Alumel showed embrittiement
either at 20 to 30 mm from an end location or at the
center of the sample or both. Only in Sample 25, and
possibly 16 and 30, did there appear to be a chance of
damage to the Chromel caused by the sampling procedure.
The six metallography specimens from each sample
were mounted so that longitudinal sections of the
Chromel arid Alumel wires from locations at an end, 20

to iO mm from an end, and near the center could be prepared . The very small diameter wires made specimen
preparation difficult so that well-polished samples
were not obtained. The preparation was sufficient,
however, to provide the desired information. Figure^
5 through 13 are representative photomicrographs of the
microstructures of the Vendor A Chromel samples', the
large grain size at the end did not noticeably change
in the heated area nor did the 4% elongation given
Samples 18 and 23 effect any change in grain size upon
subsequent heating. Figure 6, the micros trueture of
Chromel from Sample 25, is included because this sample
received a prior exposure to 1100°C, as discussed in
Sect. 1T.C. This probably caused the larger starting
grain size, which was also observed in Sample 31; alsc,
no other Chromel specimens showed the grain boundary
phase appearing in Fig. 6b. The microstructure in Fig.
7 from Vendor B Chromel Sample 30 was generally also
representative of Vendor B Chromel Samples 26 and 33.
The small initial grain size (Fig. '/a) increased after
exposure to the elevated temperature. In Fig. 8 there
was no apparent grain growth in the Chromel wire of
Sample 34, a situation which was also noted in Sample
36.
The large grain size and grain boundary segregates
or voids shown in Fig. 9, the Alumel from Vendor A
Sample 16, were also present in the strucCures of Samples 18, 21, and 23, but very few jf the apparent grain
boundary voids appeared in the latter two samples. The
microstructure of the Alumel of Sample 25 is shown in
Fig. 10; apparently the prior exposure ro 1100°C increased the amount of grain boundary phase or void
formation. The microstructures n Fig. 11, the Alumel of
of Sample 30, are representative
lso of Samples 26,
31, and 33, except that Sample 2u shuwed fewer grain
boundary voids. Figure 12, the microstructure of
Aiumel from Sample 34, shows a somewhat smaller grain
size, which did not increase after the exposure to
elevated temperature, a situation analogous to its
Chrome] counterpart in Fig. 8. Essentially, the same
comments £pply to the microstructure of the Alumel of
Sample 36 in Fig. 13; however, no grain boundary phase
or voids were seen in the specimen frcm this sample.
A.

Electron-beam Nicroprobe Analysis

Table IV notes that the electron-beam (EB) microprobe and the scanning electron microscope were
employed to help resolve some of the questions arising
from these tests. The metallographic specimens of the
Chromel and Alumel thermoelement wires of Sample 25
were analyzed in the EB microprobe to determine if the
alloy composition was different at the apparent voids

at the grain boundaries. The EB microprobe analysis to
the center of the Alumel specimen of Sample 25 resulted
in the data shown in Fig. 14, indicating a concentration
of aluminum at the grain boundaries and a slight depletion in adjacent regions. Although no oxygen analysis
was made on this specimen, the study described in
Section IV.C, "Grain Growth Experiments," showed that
the aluminum at the grain boundaries of the Alumel was
present as the oxide. It is inferred, therefore, that
aluminum diffused within the Alumel in which it was
present at a concentration of about 2%, to the grain
boundaries where it was oxidized. The oxidiation
process changed the chemical form in which the aluminum
exists at the grain boundaries and created a concentration gradient so that aluminu.n diffused from within the
alloy to what are essentially aluminum-depleted grain
boundaries. The Aluir.cl ?0-30-mm specimen from Sample
25 (Fig. 10), which had been preexposed to 1100°C,
shows the extent to which this depletion of aluminum
can take plr.ce. The increase in electrical resistance
of the thermoelements noted in the course of the cycling experiments is probably due to the effective
reduction of the cross-sectional area by the intergranular aluminum oxide.
An analysis of the 20-30-mm Chromel specimen of
Sample 25 yielded the data shown in Fig. 15. The two
grain boundaries were enriched in chromium, and the
areas immediately adjacent were depleted. The analysis
also revealed the presence of 18 to 30 wt. % oxygen
associated with the chromium in the boundaries. Also
silicon, normally present at a level of about 0.1 wt.
% in the alloy, showed a concentration of 0.9 to 2.5
wt. % at the grain boundaries. It appears, then, that
chromium in the Chromel behaves in a manner similar to
the aluminum in the Alumel, but requires a higher temperature for diffusion.
Because of the grain boundary embrittlement problem caused by the formation of oxides in grain boundaries extending completely through the wires, differentiil thermal expansion becomes a factor in the
failure. With no embrittlement, the thermal expansion
difference of the Chroinel and Alumels with respect to
type 316 stainless steel can be easily accommodated
because it is on the order of only 0.5% at 1000°C.
However, the combination of (1) grain boundaries extending completely through the thermoelements, (2) the
formation of a brittle oxide grain boundary material,
and (3) the notch effect at the tip of the brittle
phase all make the thermoelements, and in particular
the Alumel wire, susceptible to fracture at very small
strains.
It is also not inconceivable that the volume
expansion occurring in the formation of aluminum oxide
from aluminum and chromium oxide fir-./n chromium could

contribute to the strain to fracture. Since electrical
continuity was often reestablished on cooling, however,
any such volume expansion was probably of little
significance.
B.

Scanning Electron Microscope Examination

Breaks in the Alumel center specimens o. Samples
21 and 23 believed to be caused by thermal cycling
rather than the specimen dissection procedure were examined in the scanning electron microscope. The micrograph of Sample 21 indicated a progressive fatiguelikr
failure caused by the thermal cycling. This was
evidenced by several concentric curved parallel striations on the fracture surface. Sample 23 showed
rounded features which could have been an aluminum
oxide intergranular region or possibly an intergranular
interface that was smoothed and rounded by successive
opening and closing due to the thermal cycling.
C.

Grain Growth Experiments

There was a tendency for the Chromel and Alumel
wire, particularly the Chrome! wire, ; n Samples 34 and
36 not to exhibit the giain growth observed in rther
samples. Except for the fact that these were the only
two samples from Vendor A (Table I ) , this difference
cannot be explained. As Fig. 12 reveals, a finer
Alumel grain size may serve to reduce the rate at which
the grain boundaries are penetrated because there is
more grain boundary area near the surface of the wire.
Comparing the grain size of Vendor A samples with
Vendor B samples, it is obvious that the Vendor A
alloys have a considerably coarser grain sizu in the
unheated material. It is also evident that on the
average, disregarding prior treatments, the Vendor B
thermocouples withstood more temperature cycles before
failure than the Vendor A materials.
Separate experiments were conducted to determine
factors that contribute to recrystallization and grain
growth in sheathed thermocouples. In the course of
fuel rod simulator fabrication, the thermocouples
receive longitudinal strains, principally from swaging,
which in combination with operational heating-could
cause excessive grain growth in the 0.08-min-dinm (3mil-diam) Chromel and Alumel thermoelements. To examine the possibility of this occurring, unused lengths
of thermocouples from the two manufacturers were subjected to various strains and annealing temperatures.
Short sections from the thermocouples of both
manufacturers were strained 1, 2, 3, 5, and 10% in
a tensile test machine. The strained lengths were cut

into small pieces, and one piece of each different
strain from each manufacturer was sealed into an
evacuated quartz ampoule, a total of ten specimens per
ampoule. One ampoule was heated for 4 h at each of the
four annealing temperatures, 650, 760, 870, and 1010°C.
The individual specimens were mounted for metallcgraphic examination such tliat the thermocouple wires
would be sectioned at a srill angle to their axes to
provide a larger cross so • •_ ion for examination.
Figures 16 and 17 show as-received wire from hoth vendors.
The identity of the individual wires was determined
with a good decree of certainty by visual evaluation of
their response to etching. Th.= urain size, particularly of the Chrorael, of the Vendor B thermoelements
was S I M H e r than that of the Vendor .•'-. wires.
An examin.it ion or the micros true tures i,: the wires
from the Vendor A thermocouples shoved no combination
of strain and annealing temperature which produced
growth of grains to a size noticeably in excess ot that
of the starting material. The very large initial grain
size of the t henna) elements was undoubted!v the reason
for thi.i. For the thermocouples of Vendor B, it was
necessarv that the thermoelements be sttainod .it legist
10" and annealed at 370= C or strained a minimum of 5".
and annealed at 1010 a C before evidence of rorrvsLalli.'.ation to a l.-ir.ae grain size was observed.
Figures
18 .;nd 19 shot; the mic rost rue lures observed for the
1010'C, A-h anneals of thernieol ements strained 2 ,-it.d
and 5".
Recrvs ta 11 i;:a t i en is moro noticeable in the
Chrome 1 than in the Alunel. again probably because of
the initial 1 v larger Alu-el grain size. One interesting observation indicative of the role that grain
boundaries rr.av pl.iv is the appearance in Fit;. 20 of
grain boundary voids in the etched surface of the
Alumel of Vendor A annealed at 10iC°C (Fir;. 2 0 b ) . The
same behavior was also observed in the Vendor B Alu-.ei
annealed at I010°C. Void.s were observeii close to the
wire surface in the etched cross sec Lions o* ni?t.illographic samples of Alumei from both m.uiuf .ic t urers
for all strains after anneal irm .st 10i0°C, ,il though
to a lesser extent for 10^ strain.
?pecisens frcn both vendors that- had originally
been polished v.ith .i!uninu~. oxide were prepared for F.B
niici'-oprob'1 ana Ivs i ;• by being repoiished with ci.i~on.!
abrasive and not etched. Only the Alur.el was analyzed,
and the results were as mentioned in tiie section on
El ec t ron-beam Microprobe Analysis" (i.e., ,~> I u~:'. v.uv. was
concentrated at the gra i;: boundaries in the forr. of
aluminum oxide).

V.

CONCLUSIONS

The grain size of thermocouple wires was found to
be a major contributing factor to the failure of
thermocouple.-; subjected to thermal cycling. Repeated
heating and cooling of sheathed thermocouple sensors
can lead to failure in thermocouple wires by the fracturing of the wires along grain boundaries embrittled by
the formation of metal oxides. The oxides were found
to be those of aluminum in the Alutnel and chromium in
the Chrome 1. Grain growth resulted in the presence of
single grain boundaries across the wire. Knbritclement
of these boundaries bv the oxides allowed the wires to
fracture under the influence of small strains due to
differential thermal expansion. The failures were,
therefore, essentially independent of total thermocouple levjith.
7'he formation ot oxides at the grain boundaries is
enhanced by prior exposure to temperatures above the
operating temperature. For equal times of exposure,
Alu~el becomes embrittled at lower temperatures tiian
the Chromel. An initially finer grain size in riio
thermoelement wires results in longer operating life.
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TABLE I. Results of breakage tests on thermocouples from two
different manufacturers.

Sample

NuiDoer
of
tests

Elongation
(%)

Load
(newtons)

"ype K in Inconel 600 sheath
Vendor A, 120,
unheated

3

16.5

58.7

Vendor A, 120,
previously heated

1

14.9

45.4

Vendor B, unheated

3

21.8

63.1

Vendor B, previously
heated

1

14.6

51.1

25.9

75.1

31.2

84.5

Type S in stainless steel
Vendor B, heated and
unheated
Type K in stainless steel
Vendor B, unheated

TABLE II.

Small-diameter thermocouples thermal cycling to failure.

Source
identification
Vendor A
-120
-120
-120
-129
-129
-129
-129
-23
-23
-74
-74

-74
-74

Sheathed material

Inconel
Inconel
Inconel
Inconel
Inconel
Inconel
Inconel
Inconel
Inconel
Inconel
Inconel
Inconel
Inconel

600
600
600
600
600
600
600
600
600
600
600
600
600

Cycles to failure

113
1756 ; no break
166

509
662
264 (after 5% elongation)
198 (after 5% elongation)
93

52
260
135
72 (after 5% elongation)
80 (after 5% elongation)

Vendor B

-2

Inconel 600

-2
x4652
HF2001
HP2001

Inconcl 600
304 stainless steel
304 stainless steel
304 stainless steel

HP2001
HP2001
x32726
x32726
x32726
x32726
x32726
x32726
X32726

304 stainless steel
304 stainless steel
Incoi.el 600
Inconcl 600
Inconel 600
Inconel 600
Inconel 600
Inconel 600
Inconel 600

x32726

Inconel 600

1111 (heated to 110°C for
50 h)"'
1023 (from unheated section)1'
385
999 (unheated section)
277 (from heated section;
calibrated to 870°C)
450 (unheated section) 5
579 (unheated section)^
1457; no break
786''
r
374L'
1305; no break /'"
1199; no break
1307; no break"
5498; no break (350 to 750°C
in 30 s or 15°C/s)
4709; no break

In the cycle the thermocouple temperature is raised from 350 to
850°C in 5 s (100°C/s), held at 850°C for 60 s, cooled to 350°C in
5 s, and held there 60 s before repeating.
Samples subjected to metallography.
'Same as above cycle, except duration of heating and cooling periods
was increased to 30 s (20°C/s).

TABLE III.

Sample
No.

Thermally cycled type K thermocouple specimen identification and history.

Source

Length
(mm)

Sheath

Thermal
cycling
rate(°C/s)

Cycles
to
failure

16
18

Vendor A 120
Vendor A 120

156
165

Inconel
Inconel

100
100

662
198

21
23

Vendor A 74
Vendor A 74

137
144

Inconel
Inconel

100
100

260
72

25
26
30
31
33
3A
36

Vendor
Vendor
Vendor
Vendor
Vendor
Vendor
Vendor

91
88
94
94
94
138
141

Inconel
Inconel
Stainless steel
Stainless steel
Stainless steel
Inconel
Inconel

100
100
100
100
20
20
20

1111
1023

B
B
B
B
B
B
B

2
2
hp 2001
hp 2001
hp 2001
x32726
x32726

999
277
579

Remarks

5% Elongation
before test
5% Elongation
before test
Prior 1100°C exposure
Virgin section
From BDHT Thermocouple
From heated section
Stopped at 1457 cycles

374

TABLE IV. Notes on sampling of sheathed type K
thermocouples.
Sample
,,
No.

„
.
Remarks

16

Alumel somewhat brittle near end; very brittle
and broken into many pieces at center. Chromel
fairly ductile; not broken at end and at only
one place near center.

18

Alumel ductile at end, somewhat less resistant
to bending 20-30 mm from end, and either broke
or had broken at center. Chromel ductile and
unbroken at all three locations.

21

Alumel ductile at end and either broke or had
broken 31 mm from end; break near center, assumed to be due to test, sent to scanning electron microscope for examination; rest of Alumel
center fairly ductile. Chromel unbroken and
ductile at all locations.

23

Alumel ductile from end to 34 mni from end, had
broken in two places near center, assumed due to
test; one sent for scanning electron microscope
examination; rest of Alumel center fairly
ductile. Chromel unbroken and ductile at all
locations.

25

Alumel ductile at end, broke or had broken in
three places from 16 to 30 mm; broke or had
broken in several places near center. Chromel
unbroken from end to 35 mm; broke or had broken
n>2ar center but still had bend ductility.
Alumel center sample and Chromel 20-30-mm sample
analyzed in EB microprobe.

26

Alumel unbroken and ductile from end to 33 mm;
uncertain as to whether there was a break at
the center. Chromel unbroken and ductile from
end to 30 mm; broke (most likely) or had broken
35 mm from end; unbroken at center.

30

Alumel broke or had broken 13 mm from end; broke
near center in handline, otherwise fairly
ductile. Chromel unbroken and ductile to 28 mm
from end; broke or had broken near center,
otherwise ductile.

31

Alumel broke or had broken 16 mm from end; incipient breaks in two adjacent locations;
ductile at end; brittle 20-30 mm from end; had
broken in two places near center and brittle.
Chromel unbroken and ductile to 30 mm from end
and at center.

TABLE IV.
Sample
„
No.

(continued)
,
Remarks

33

Alumel and Chromel ductile at and near end and
in center; found no break.

34

Alumel broke or had broken 24 mm from end;
partial break at 29 mm; somewhat less ductile
in this area than at end; broke or had broken
near center; fairly brittle near center;
seemed less magnetic tnan usual. Alumel unbroken and ductile to 28 mm and at center.

36

Alurael and Chromel both ductile and unbroken
at end to 3 mm and at center. No sign of
break.
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FIG. 1. Comparison of average linear expansion of
thermocouple alloys and typical sheath materials.

FIG. 2. Grain structure in a 0.1-mm-diam Alumel
wire. Several grain boundaries extend completely
across the wire.

FIG. 3.

Micrograph of grounded thermocouple junction.
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4.

Thermal-cycling test apparatus.

(b)
FIG. 5. Microstructurc of Chromel from Vendor A,
Sample 16. (a) Sample taken from test specimen 20-30
mm from end. Unheated sample from end showed similar
structure. (b) Sample taken from center of test specimen. (Magnification 400X)

(c)
FIG. 6. iMIcrostructure of Chromel from Vendor B,
Sample 25, at three locations. (a) Sample taken from
end (unheated) portion of test specimen. (b) Sample
taken 20-30 ram from end. (c) Sample taken from center
of tost specimen. (Magnification 400X)

(c)
Fid. 7. Microscructure of Chrome! frni:i W-ndor ii,
Sample 30, at three locations.
(.0 Sample t .ken ir^ir.
end (unheatod) portion of test sporinea.
(hi Sample
taken 20-30 mm from end.
(c) S.jmplc' l iken fro::i center
of test specimen.
(Magnification AOOX)

rlC. S.
M k r o s t r u c m r c of Chrome! rnffl Vendor B,
S^mjiie }-'. , .it center oi t e s t specimen.
S t r u c t u r e w.as
siiniJ.-sr in samples taken froir. end and ^t 20-30 ir.r. frora
ciiii.
(MJ^II i r icat ion 400X)

FK". 9. Microstructure of Alumel from Vendor A,
Sample 16, ut three locations. (a) Sample taken from
end (unheated) portion of Cett specimen. (b) Sample
taken 20-30 n;yn from end. (c) Sample taken from center
of test specimen. (Ma^ni f ic.Jt ion

(c)
Fie;. 10. MicrostrucLuru oi Alumcl from Vendor A,
Sample 25, at three locations. (,T) S.imple taken from
end (iinhenlc'd) portion of test specimen. (b) Sample
taken 20-30 mm from end. (c) Sample taken from center
of test specimen. (Magnification iOOX)

FIG. 11. Microstructure of Alumel from Vendor B,
Sample 30, at three locations. (a) Sample taken from
end (iinheated) portion of *sst specimen. (b) SampJe
taken 20-30 mm from end. (c) Sample taken from center
of test specimen. (Magnii> 'ution 400X)

FIG. 12. Microsirructure of Alumel from Vendor B,
Sample 34, at three ..ocations. (a) Sample taken from
end (unheated) portion of test, specimen. (b) Sample
taken 20-30 mm from end. (e) Sample taken from center
of test specimen. (Magnification 400X)

FIG. 13. Microstructure of Alurael from Vendor B,
Sample 26, at two locations. (a) Sample taken 20-30
mm from end. (b) Sample taken from center of test
specimen. (Magnification AOOX)
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FIG. 14. Electron beam microprobe scans across two grain boundaries
in Alumel, sample 25 (FIG. 10c), containing segregated material. (Concentration based on intensity ratios and could vary significantly from actual
value. )
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FIG. 15. Electron beam microprobe scans across two grain boundaries
in Chromel, sample 25 (FIG. 6b), containing segregated material. (Concentration based on intensity ratios and could vary significantly from actual
value.)

(b)
FIG. 16. Cross sections of thermoelements from
as-received Type K thermocouples f.-om Vendor A. (a)
Etched Chromel. (b) Alumel (wires noc positively
identified). (Magnification 750X)

CbJ;
FIG. 17. Cross sections of thermoelements from as-received Typo K
thermoelements from Vendor B. (a) Etched Chrorool. (b) Alumel (wires
not positively identified). (Magnification 750X)

FIG. 18. Cross sections from Type K thermocouple wires from Vendor B.
Wires strained 2% and annealed 4 h at 1010°C in vacuum. (Magnification
750X)

(b)
FIG. 19. Cross sections from Type K thermocouple wires from Vendor B.
Wires strained 5% and annealed 4 h at 1010°C in vacuum. (Magnification
750X)

FIG.-20. Cross sections from Type K thermocouple wires from Vendor A.
Wires strained 2% and annealed U h at 1010°C in vacuum. (Magnification
750X)

