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ABSTRACT

Experience with Type C thermocouples operating for long periods in the 1400 to 1600 °C
temperature range indicate that significant decalibration occurs, often leading to expensive
downtime and material waste. As part of an effort to understand the mechanisms causing drift in
these thermocouples, the Idaho National Laboratory conducted a long duration test at 1500 °C
containing eight Type C thermocouples. As report in this document, results from this long
duration test were adversely affected due to oxygen ingress. Nevertheless, results provide key
insights about the impact of precipitate formation on thermoelectric response. Post-test
examinations indicate that thermocouple signal was not adversely impacted by the precipitates
detected after 1,000 hours of heating at 1,500 °C and suggest that the signal would not have been
adversely impacted by these precipitates for longer durations (if oxygen ingress had not occurred
in this test).
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1. Introduction

Tungsten-rhenium alloy thermocouples, such as “Type C” (95 wt%W - 5 wt%Re versus 74
wt%W - 26 wt%Re) or “Type D (97 wt%W - 3 wt%Re versus 75 wt%W - 25 wt%Re) thermo-
couples, may be used to measure temperatures up to 2,000 °C and higher under protective, inert or
vacuum conditions. However, chemical and physical properties of tungsten and rhenium place
some limitations on their use in certain applications. For example, the high vapor pressure of rhe-
nium places limitations on its use in vacuum applications to a maximum temperature of 1,900 °C,
but this selective evaporation of rhenium can be overcome if the couples are appropriately
sheathed.l Likewise, hydrocarbons can attack these thermocouples at temperatures above
1,000 °C.

Operating experience indicates that significant drift occurs when Type C thermocouples are
used to control processes between 1,200 and 1,500 °C. As shown in Figure 1,2 at temperatures
below 1,500 °C, the W-26%Re or W-25%Re alloys used for the negative legs of these thermocou-
ples could be in a two-phase field that includes tetragonal “c” phase (W,Re5) precipitates. If such
phase separation occurs, the formation of precipitates could adversely affect the calibration of
these thermocouples.

Temperalure

20 a0 10 B
Re Atomie Percenlt Tungsie

Figure 1. Tungsten-Rhenium phase diagram.

When tungsten-rhenium thermocouples are employed in a thermal neutron environment, rela-
tively rapid decalibration has been observed.® The thermal neutron absorption cross sections for
tungsten and rhenium are relatively high,4 and thermocouple decalibration due to reduced emf has
been shown to be due to transmutation associated with W/Re compositional shifts and the genera-
tion of osmium in thermal neutron environments.>® However, Type C thermocouple decalibration
has also been observed to occur in fast reactor neutron spectrums,7 where the transmutation rates
are much reduced. Heckelman and Kozar® compared in-pile and out-of-pile drift of tungsten-rhe-
nium Type D thermocouples when soaked at a nominal temperature of 1800 °C for 8000 hours.
For this temperature, the in-pile thermocouples at drifted by over 300 °C, whereas the out-of-pile
thermocouples experienced drifts of 50 °C.
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During the development of Type C thermocouples, it was learned that the ductility of the pos-
itive thermoelement was improved when it was doped with potassium, silicon, and aluminum
compounds. Zysk and Robertson’ indicate that the negative W-26%Re thermoelements are sup-
plied in a stabilized (recrystallized) condition to reduce the change in emf that occurs when the
Type C thermocouples are exposed to their operating temperature. Zysk and Robertson note that
this stabilization is performed by heating thermoelements at 1,200 °C, much lower than typical
Type C thermocouple operating temperatures.

Reference 10 observed the formation of precipitates in tungsten-rhenium alloys heated up to
1,500 °C during in-pile and out-of-pile tests. Additional evidence reported in Reference 7 sug-
gests that the occurrence of these precipitates may lead to decalibration of tungsten rhenium ther-
mocouples when they are operated for long durations at temperatures below 1500 °C. However,
results from testing completed by Burns and Hurst!!-12 suggest that Type D tungsten-rhenium
thermocouple emf is stabilized (and precipitate formation is inhibited) if thermoelements are
heated at high temperatures (at or above 2000 °C) prior to use (although this heating shifts the
emf of the thermocouple).

To gain insights about the potential for such particulates to form and their impact on Type C
thermocouple calibration, a long duration test was conducted at INL’s High Temperature Test
Laboratory (HTTL) in which Type C thermocouples were removed at 1,000 hour intervals, so that
sectioning could be performed to assess what, if any, phase changes occurred during each heating
period and correlate the appearance of such phases with any drift in the Type C emf. This docu-
ment reports results from this test and post-test evaluations.

2. Approach

The long duration tests were conducted using the setup shown in Figure 2. Thermocouples
were inserted into several alumina tubes (2.5 cm OD) within a larger diameter alumina muffle
tube (8.9 cm OD) in a tube furnace. The tube furnace is configured to provide a continuous flow
of gettered argon through each of the smaller (2.5 cm OD) alumina tubes. Critical control of inert
gas flow into each process tube is facilitated using a header fitted with adjustable needle valves.
This ensures flow balance into each tube thereby protecting thermocouples from oxidation. Oxy-
gen content within each of the smaller process tubes was periodically monitored using an oxygen
monitor. Typically, oxygen concentrations of less than 0.1% were observed during testing.
Enlarged photos in Figure 2 illustrate thermocouples inserted into multiple alumina process tubes
within the tube furnace’s larger muffle tube and the header attached to one end of each smaller
alumina process tube.

The tube furnace is rated for use at temperatures up to 1800 °C. Temperature profiles indicate
that there is a central region of the furnace, approximately 18 inches in length (of the total furnace
length of 36 inches) that is maintained at constant temperature. Thermocouples were placed in the
furnace such that their tips were at the center of the furnace, which is also in the center of this con-
stant temperature region. Test data were automatically recorded at frequent intervals and stored on
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Multiple
tubes with
thermocouples

Figure 2. Typical setup for long duration tests.

a computer. As noted in Section 1, it was planned to remove thermocouples at 1,000 hour inter-
vals. Because the furnace would be maintained at 1,500 °C throughout testing, thermocouples
would slowly be withdrawn from the furnace to allow them to cool and preclude sheath oxidation.

Table 1 lists the thermocouples included in this long duration test. As indicated in this table,
three sources provided Type C thermocouples (containing 0.020" diameter thermoelement wires,
hafnia insulation and molybdenum sheaths) for this test. Source A provided four thermocouples
(e.g., A15-13, A15-14, A15-15, and A15-16), Source B provided one thermocouple (B15-17),
and Source C provided three thermocouples (e.g., C15-18, C15-19, and C15-20). The use of mul-
tiple smaller process tubes allowed segregation of thermocouples from different sources.

Table 1. Thermocouples tested at 1,500 °C.

Room Temperature
Room Temperature | Insulation Resistance (ohm)
Designator Description Loop Resistance (ohm) “+” wire “-” wire

A15-13 Type C - Source A 7.50 >3ell >3ell
Al5-14 Type C- Source A 7.47 >lell >lell
Al5-15 Type C - Source A 7.47 >6e10 >6el0
Al15-16 Type C - Source A 7.48 >4el10 >4el0
B15-17 Type C - Source B 2.75 >lel2 >lel2
C15-18 Type C - Source C 2.21 >lel2 >lel2
C15-19 Type C - Source C 2.18 >lel2 >lel2
C15-20 Type C - Source C 2.20 >lel2 >lel2

Table 2 compares information about the materials included in the three types of Type C ther-
mocouples included in this test. As shown in this table, similar materials were included in each
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thermocouple. Although thermocouple sources would not disclose vendors for thermocouple
component materials to INL, sufficient information was disclosed for INL to conclude that the
materials were procured from different manufacturers.

Table 2. Composition information provided by Type C thermocouple vendors.

Source Thermoelement Wires Insulation Sheath
A Material Tungsten- 5% Rhenium /Tungsten - 26% Rhenium Hafnia Molybdenum
Comments According to ASTM E988 > 98% pure 99.9% pure
B Material Tungsten- 5% Rhenium /Tungsten -26% Rhenium Hafnia Molybdenum
Comments According to ASTM E988 > 98% pure 99.9% pure
C Material Tungsten - 5% Rhenium /Tungsten - 26% Rhenium Hafnia Molybdenum
Comments According to ASTM E988 99.95% pure 99.95% pure

3. Test Results

Figure 3 presents the emf data obtained from the Type C thermocouples during this test. As
shown in this figure, all of the thermocouples experienced significant drift by the time that the test
was terminated at 3,000 hours.

30
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5 E A15_150oltage)
. Ala_160altage)
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Figure 3. Measured emf of Type C thermocouples included in 1,500 °C test.

All thermocouples obtained from Source C experienced significant drift within the first 600
hours of the test. Thermocouple C15-18 displayed somewhat erratic behavior near the beginning
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of the test. Between 550 and 600 hours, the signals from all three Source C thermocouples experi-
enced significant degradation. The remaining Type C thermocouples (from Sources A and B)
experienced minimal drift until after 1,000 hours. The signal from two of the Source A thermo-
couples, A15-13 and A13-16, didn’t experience significant degradation until after 2,500 hours.

When attempting to remove the first Source C thermocouple at 2,000 hours, it was discovered
that all three Source C thermocouples had bonded together and that the outer surface of these ther-
mocouples had significantly eroded (see Figure 4). Note that such sheath erosion was not
observed on the larger diameter, thicker-walled, Source A thermocouple that was removed from
the furnace at 2,000 hours, although its outer surface appeared oxidized. In addition, the oxygen
monitor did not detect higher amounts of oxygen present in the smaller (2.5 cm) alumina tube
holding the Source C thermocouples.

Figure 4. Source C thermocouples after 2,000 hours at 1,500 °C (thermocouple rotated for insert).

By 3,000 hours, the signal from all Type C thermocouples had experienced more degradation
than anticipated. Hence, it was decided to terminate the test at this time. During removal of the
Type C thermocouples, it was observed that all Type C thermocouples had bonded together and
experienced significant oxidation and erosion.

4. Post-test Visual Examinations

During disassembly of the test, significant deposits of oxidized material were observed on the
flow tubes containing the thermocouples (see Figure 5). After removal from the tube furnace, it
was found that these tubes were “bowed” and fractured at certain locations. Such fractures could
have allowed air to come into contact with the thermocouples during testing, although the time
when air ingress occurred was unknown. As shown in Figures 6 and 7, all Type C thermocouples
had experienced significant oxidation by the time that the test was terminated.
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Figure 5. Tube furnace after 1,500 °C test.

OT-GASO014-20-2

Figure 6. Source A thermocouples (A15-13 and A15-16) after 3,000 hours at 1,500 °C.

5. Post-test Examinations

Post-test examinations of the Type C thermocouples included macro photographs and Scan-
ning Electron Microscopy (SEM) evaluations to determine oxygen content and compositions. In
particular, SEM evaluations focused on the composition of tungsten, rhenium, molybdenum, haf-
nium, and oxygen in each wire and the sheath. In some thermoelement wires, a core region was
surrounded by a more porous outer region. In other wires, precipitates had formed. In such cases,
compositional analyses were conducted on each region and the precipitates.

Table 3 summarizes SEM evaluations for the compositions of wires and precipitates observed
in the Type C thermocouples during this test. Note that the wires of thermocouples were arbi-
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Figure 7. Source C thermocouples (C15-18 and C15-20) after 3,000 hours at 1,500 °C.

07-GAS0014-20-3

trarily labeled “A” and “B” during sectioning, and SEM evaluations verified which wire was W-
26%Re and which was W-5%Re. Visually, the W-5%Re wire could usually be identified by the
deep crack that occurs during the manufacturing process.

Table 3. Summary results for Type C thermocouple post test evaluations.

Exposure W-5%Re W-26% Re
Duration,
ID hrs ID | Porous? |Cracked?| wt% W >1% ID | Porous? |Cracked?| wt% W >1% |Precipitate®| wt% W | wt%Re
A15-13 3,000 A Yes 64.5-91.96 | O,Mo, | B | Near edge Yes 73.7 o Yes 51.1 46.4
Throughout Re, Mg,
AL H
Al15-14 1,000 B | Near Edge Yes 90.11-92.36| O, Al, Hf | A | Near edge |Near Edge| 74.0-74.2 | O, H® Yes 50.2-52.4 143.0-47.2
and Crack
A15-15 2,000 A |Throughout| Yes 472-778 | O,Mo, | B Limited No 74.0 0, Mo Yes 49.8 45.8
Hf, Al, region and
near edge
Al5-16 3,000 B | Throughout Yes 68.9-82.6 | O, Mo® A Outer Yes 73.1F (0] Yes 49.8 47.8
regions
B15-17 | 3,000 A |Throughout| Yes | 61.0-91.5 |O,Mo,Fe,| B |Mostouter| No |73.1-7628| O Yes NAP NAP
Hf, Mg® regions
C15-18 3,000 A | Throughout Yes 38.3-93.2 0, Mo B Outer No 71.7 0, Mo Yes 52.7 43.1
region
C15-19 2,000 A | Throughout No 48.1-86.8 | O, Mo B | Near edge No 722 (0] Yes 51.8 45.7
C15-20! 3,000 A | Throughout Yes 60.7-81.7 0, Mo B Outer No 75.2 (0] Yes 51.7 44.8
regions

a. Precipitates in central region of wire found to primarily contain W and Re with less than 2 wt% O.
b. Mg, Al, and Hf only near outer edge or pores of wire
c. Hf and lower concentrations of W (down to 48.5wt% )found in deposit on edge of this wire.

d. Mo concentrations up to 27.2wt% found on outer edge of wire (reducing W concentration to 50.2wt%).

e. Hf and Mg detected in pore.
f. Outer porous ring composition contained W (34.3-52.9%), Re (30.8-54.6%), and O (1.4.-4.2%).
g. Outer porous ring contained 67.1% W, 7.5%Re, 11.6% O, 7.4%Hf, 2.3%Mg, and 1.4%Mg
h. Values for precipitates observed in this thermoelement aren’t available.
i. C15-18 and C15-20 bonded together.
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5.1. Endstate after 1,000 Hours of Heating

Only one Type C thermocouple, A15-14, was removed after 1,000 hours of heating. As noted
above, it was originally planned to conduct the test for 4,000 hours and remove a thermocouple
from each source at 1,000 hour increments. Hence, removal after 1,000 hours was limited to a
thermocouple fabricated by Source A, which was the only source that supplied the requested four
thermocouples. As shown in Figure 3, the signal from all four Source A thermocouples was stable
after 1,000 hours at 1,500 °C. Hence, the removed thermocouple, A15-14, was randomly selected.

As shown in Figure 8, grain structure formation and some outer surface degradation could be
seen in both thermoelement wires of the A15-14 thermocouple after heating. It should be noted
that it isn’t known how much of the grain growth occurred during heating and how much occurred
during the “stabilization” process for the Type C thermocouple wires prior to manufacturer cali-
bration. SEM evaluations did not detect significant amounts of molybdenum in either wire. Pre-
cipitates were observed in the W-26%Re wire. These precipitates were composed of between 50-
52wt%W and 43-47 wt%Re (consistent with the phase separation suggested by Figure 1). The W-
5%Re wire showed the expected deep crack. SEM evaluations did not detect any significantly dif-
ferent compositions in material in the crack (although a “shiny” precipitate could be observed on
the inner surface of the crack at larger magnifications). Oxygen concentrations in both wires typi-
cally varied from 1 to 2 wt%. Wire exterior surfaces appeared to have experienced minimal
attack. However, a precipitate found on the outer region of the W-26%Re wire contained higher
concentrations of W (up to 46%) and slightly higher concentrations of O. Minimal change was
observed in the sheath.

P——100m

15-14

—S%Re Thermoelement W Re Thermoelement

Figure 8. A15-14 thermoelements after 1,000 hours at 1,500 °C.
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5.2. Endstate after 2,000 Hours of Heating

After 2000 hours of heating, thermocouples A15-15 and C15-19 were removed. As shown in
Figure 3, the signal from all three Source C thermocouples degraded within the first 650 hours of
testing, but the A15-15 was the only Source A thermocouple with a degraded signal. Hence, the
Source C thermocouple removed, C15-19, was randomly chosen; but the selected Source A ther-
mocouple, A15-15, was chosen because its signal had degraded more than the remaining Source
A thermocouples.

Figures 9 and 10 show thermoelement wires and sheaths of these thermocouples after 2,000
hours of heating. It is interesting to observe that the W-5%Re wires in both of these thermocou-
ples experienced similar degradation. Wire compositions in non-porous locations of the W-5%Re
wires varied significantly, containing tungsten (39-87 wt%), rhenium (2-21 wt%), and molybde-
num (13-43 wt%). Voids within the pores were found to contain inclusions composed of hafnia
(up to 24 wt%). Oxygen content in both wires remained between 1 and 2 wt% at most locations,
although up to 2 5wt% oxygen was detected in porous region of the W-5%Re wire. Precipitates
found within the W-26%Re wires contained between 50-52%W and approximately 46% Re (con-
sistent with the phase separation suggested by Figure 1). Molybdenum was not detected in the W-
26%Re wire except where pores were observed (near a limited region at the center of thermocou-
ple 15-15 and on the exterior surfaces of 15-15 and 15-19). The pores extending into the center of
the W-26%Re wire in 15-15 contained Mo (1-4 wt%), W(50-74 wt%), Re(14-45 wt%), and Hf(1-
4 wt%). Similar compositions were measured on the exterior surfaces of both wires: W(39-80
wt%), Re (5-21 wt%), Mo (14-31 wt%), Hf (0-1 wt%), and O (2-7 wt%).

W-5%Re Thermoelement W-26%Re Thermoelement

Figure 9. A15-15 thermoelements after 2,000 hours at 1,500 °C (100X).

Figure 11 shows representative sections of the inner surface of the molybdenum sheath from
the A15-15 thermocouple. As shown in this figure, the interior of the sheath near each wire of this
thermocouple differed in appearance, with more degradation occurring near the W-5%Re wire.
Figure 12 shows representative sections from the outer surface of the thermocouples, A15-15 and
C15-19.
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W-5%Re Thermoelement W-26%Re Thermoelement

Figure 10. C15-19 thermoelements after 2,000 hours at 1,500 °C (100X).

15-1

Near ermoelernent W-5%Re Near Theoelement W-26%Re
Figure 11. A15-15 sheath after 2,000 hours at 1,500 °C.

As indicated in Table 4, higher concentrations of tungsten were detected on the inner surface
of the A15-15 molybdenum sheath. SEM evaluations indicate that the inner surface of the A15-15
and C15-19 sheaths contained higher concentrations of tungsten (up to 70 wt% on the inner sur-
face of the C15-19 thermocouple).

INL/EXT-07-13531 10



50 ym
1519

T AL5-15  CI5-19
Figure 12. Outer surface of A15-15 and C15-19 sheaths after 2,000 hours at 1,500 °C (200X).

Table 4. Composition variations on A15-15 and C15-19 sheaths.

‘Weight Percent
Sheath Location

w Re Mo Hf (0]
Inner surface of A15-15 near A wire 1 50 2 36 2 9
(see Figure 113) 2 53 1 44 0 2
3 33 0 51 2 14
4 23 1 57 3 13
5 2 1 91 1 5
Inner surface of A15-15 near B wire 1 54 2 37 1 5
(see Figure 11b) 2 1 89 1 4
Outer surface of A15-15 (see Figure 12) 1 2 78 1 17
Outer surface of C15-19 (see Figure 12) 1 2 75 2 17

5.3. Endstate after 3,000 Hours of Heating

As discussed in Section 3, the signal from all of the Type C thermocouples had significantly
degraded after 3,000 hours. Post-test examination showed that the sheaths had experienced signif-
icant oxidation and erosion. Many, such as the C15-18 and C15-20 thermocouples shown in Fig-
ure 13, had “bonded” together. SEM analysis of the bonded region detected Mo (68-88 wt%, with
lower concentrations at points 1 and 7), Re (1-23 wt% with higher concentrations at points 1 and
5), W (2-10 wt%, with higher concentrations at points 7 and 9), and O (3-23 wt%, with higher
concentrations at points 4 and 10).

Figures 14 through 18 show thermoelement wires and sheaths of the thermocouples that were
heated for 3000 hours. It is interesting to observe that both wires in each of these thermocouples
experienced similar degradation (Table 3 summarizes measured wire compositions). Furthermore,
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Figure 13. C15-18 and C15-20 (connected) after 3,000 hours at 1,500 °C.

the observed degradation in both wires was more severe than observed in the thermocouples that
had been heated for 2,000 hours. In the case of the W-26%Re wires, the outer half of the wire is
porous. Oxygen concentrations within all of the wires was between 2-3 wt% (20-23 at%)),
although SEM evaluations indicated oxygen concentrations of up to 14 wt% (52-59 at%) in inclu-
sions of porous regions (see examples in Figure 19). Molybdenum concentrations varied from 0 to
28 wt%. Precipitates in the W-26%Re wire ranged between 50 and 56 wt% W and 43 and 46 wt%
Re (consistent with the phase separation suggested by Figure 1).

W-5%Re Thermoelement W-26%Re Thermoelement

Figure 14. A15-13 thermoelements after 3,000 hours at 1,500 °C (100X).
The three regions shown in Figure 20 for 15-13 are representative of thermocouple sheaths

heated for 3,000 hours. Higher oxygen concentrations were detected on the inner surface
(16 wt% O at location 3) and outer surface (16 wt% O at location 1) with lower concentrations

INL/EXT-07-13531 12



W-5%Re Thermoelement W-26%Re Thermoelement

Figure 15. A15-16 thermoelements after 3,000 hours at 1,500 °C (100 X).

W-5%Re Thermoelement W-26%Re Thermoelement
Figure 16. B15-17 thermoelements after 3,000 hours at 1,500 °C (100 X).

(5 wt% O at location 2) in the central region. Significant amounts of tungsten (42 wt%) were
detected on the inner sheath surface (location 3); whereas, less than 2 wt% tungsten was detected
at other locations (less than 1 wt% at location 2 and less than 2 wt% at location 3. The balance at
all three locations was primarily molybdenum (79 wt% at location 1, 91 wt% at location 2, and 39
wt% at location 3).

6. Material Property Considerations

SEM evaluations suggest that molybdenum, rhenium, and tungsten in these thermocouples
oxidized. In addition, the porous degradation of thermoelement wires appears to always occur
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W-5%Re Thermoelement W-26%Re Thermoelement

Figure 18. C15-20 thermoelements after 3,000 hours at 1,500 °C (100X).

when molybdenum was detected. Evaluations suggest that tungsten was more easily transported
from the matrix in a vapor state (since the W-5%Re wire suffered more degradation) and that the
molybdenum partially replaced vaporized tungsten.

Material property information'>>'# indicates that certain oxides of these elements experience

boiling at temperatures lower than 1,500 °C (e.g., MoO; vaporizes at 1,155 °C, WO, vaporizes at
1,470 °C, and Re,O; vaporizes at 360 °C). Negative formation energies are estimated for these
oxides at 1,500 °C. Hence, material property information suggests that all of these oxides could
easily be vaporized at 1,500 °C. However, results show that tungsten oxide was more readily
transported.

Evaluations also indicate that precipitate composition and appearance remained similar, irre-
spective of heating duration. Detected compositions ranged from 50-53wt% W and 43-46wt%Re,
irrespective of thermocouple source or heating time. Note that this composition is consistent with

INL/EXT-07-13531 14



Figure 20. Representative sheath after heating at 1,500 °C for 3,000 hours.

values indicated by the phase diagram shown in Figure 1. As shown in Figure 21, similar precipi-
tates were observed in three Source A thermocouples, irrespective of heating time. Because these
precipitates had not adversely affected Source A thermocouple calibration at 1,000 hours and
because their composition and appearance remained similar throughout the test, results suggest
that these precipitates would not have affected calibration at later times.

7. Summary and Recommendations for Future Evaluations

Results from a long duration test to evaluate Type C thermocouple drift at 1,500 °C were
adversely affected due to oxygen ingress. Nevertheless, the results do provide some insights about
the impact of precipitate formation on thermoelectric response. In particular, post-test examina-
tions indicate that thermocouple signal was not adversely impacted by the precipitates detected
after 1,000 hours of heating at 1,500 °C and suggest that the signal would not have been adversely
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15-1

A15-14 (1000 hours) A15-15 (2000 hours)

F
| AT

1516

A15-16 (3000 hours)

15-13 (3000 hours)
Figure 21. Comparisons of precipitates observed in Source A W-26%Re thermocouple wires (magnifi-
cations varied).

impacted by these precipitates for longer durations (if oxygen ingress had not occurred in this
test).

Post-test examinations indicate that the test results were significantly impacted by oxygen
ingress. However, the following observations are of interest.

* Post test examinations indicate consistent degradation irrespective of the thermocouple
source (although the vendors producing the wires for these three sources weren’t known in
all cases, it was known that the wires were acquired from different manufacturers).

* After 2,000 hours, the W-5%Re thermoelement wires were significantly degraded,
appearing porous. SEM examinations detected molybdenum concentrations up to 43 wt%.
Oxygen concentrations (away from voids) remained below 2 wt% in these wires.

* High concentrations of tungsten (up to 70 wt%) were detected on the inner surface of the
molybdenum thermocouple sheaths after heating for 2,000 hours (in the case of 15-15, the
tungsten concentration went from 50 wt% on the inner surface to less than 2 wt% in the
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bulk). Rhenium was detected on the outer surface of the sheath, but in lower concentra-
tions (between 0 and 2.3 wt%).

* After heating at 1,500 °C for 3,000 hours, high concentrations of molybdenum were
detected throughout the W-5%Re thermocouple wire and on the porous outer ring of the
W-26%Re wire, irrespective of thermocouple source.

» Particulate formation appearance and composition remains constant, approximately 50-
53 wt% W and 43-46 wt%Re, irrespective of heating duration. Note that this composition
is consistent with values indicated by the phase diagram shown in Figure 1.

It is recommended that this test be repeated to observe if similar results are obtained when
oxygen ingress doesn’t occur. If such a test is repeated, it is also suggested that some of the Type
C thermocouples be heated at temperatures higher than 1500 °C prior to testing (to observe the
impact on precipitate formation and decalibration).
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