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1.0 Introduction 
The purpose of this effort was to investigate the proposed hypothesis in our previous report [1] 
that the heat tape used to heat the Inconel C-276 reactor vessel was prematurely failing due to an 
increased concentration of silicon and/or chromium on the reactor vessel's outer surface.  The outer 
surface of the reactor vessel is exposed to air when being heated by the heat tape, and the increased 
silicon and/or chromium would produce increased silicon oxide, chromium oxide or an oxide layer 
with a combination of those two elements.  An silicon/chromium oxide layer between the heat tape 
and outer reactor vessel surface is thought/hypothesized to reduce the thermal conductivity of the 
Inconel C-276 material due to silicon oxide and/or chromium oxide having a significantly lower 
thermal conductivity, which has been shown in literature to be as lower as 1.2-2.0 W/mK [2].  This 
is close to a 91% reduction in thermal conductivity compared to the reported 21.9 W/mK (700°C) 
[3] of Inconel C-276, which may result in the heat tape increasing in temperature (at localized 
spots) to the point of premature failure. 

This study investigates different mechanisms that might occur during powder exposure 
experiments (such as elemental diffusion or leaching) that would increase the reactor vessel’s 
surface silicon and/or chromium concentrations and determine each mechanisms effectiveness at 
increasing those elements.  Thermal conductivity measurements of the reactor vessel were 
investigated in tandem with the mechanistic experiments above to conclude whether the actual 
thermal conductivity was statistically reduced such that the heat tape may fail prematurely.  

2.0 Experimental Methods 
2.1 Experimental Inconel C-276 Sample Preparation for Thermal Conductivity 
Measurements 
Samples from the Inconel C-276 reactor vessel, shown in Figure 1 and Figure 2, were taken from 
the lid and side of the body, respectively.  Points 5 and 8 were used to sample from the lid and two 
different radial locations at point 12 elevation were used to sample from the body.  Samples were 
cut from their respective locations using a composite saw blade.  Samples were cut with a length 
and width at least 20mm.  Samples from the body had a thickness greater than or equal to 12mm, 
while samples from the lid had thicknesses between 7.8mm and 9.0mm.  The lid of the reactor 
vessel is thinner than 12mm, which limited its maximum sampling thickness.  The samples from 
the body had a slight curvature due to the body being manufactured from a round bar-stock.  The 
original oxide coating on each sample was untouched while the sides and backside had exposed 
Inconel C-276 bare metal. 

Samples from the reactor vessel lid were machined as flat as possible for analysis.  The oxidized 
surface was placed flat facing down and the bare Inconel surface was machined parallel to the 
oxidized surface to within five one-thousands of an inch.  The two curved samples from the reactor 
vessel body were more complicated to make flat.  Those samples were first placed oxide surface 
down and allowed to rest in their natural resting position.  Once each sample did not move, they 
were clamped in place and the bare metal backside was machined flat. 



 

DISTRIBUTION A. Approved for Public Release; Distribution Unlimited.  OPSEC #:7139 Page 6 of 19 
 

2.2 Experimental Hastelloy X Sample Preparation for Thermal Conductivity 
Measurements 
Samples of Hastelloy X (a high nickel content alloy with similar properties to Inconel C-276) with 
different thicknesses were cut from a piece of 1 inch diameter bar stock.   Samples had thicknesses 
of 5mm, 7mm, 9mm, 12mm, and 15mm. 

Samples were machined as flat as possible.  The top and bottom surfaces were machined parallel 
to each other within one one-thousands of an inch. 

 

Figure 1: Inconel C-276 Reactor Lid Analysis Locations 

 

 

Figure 2: Inconel C-276 Reactor Body Analysis Locations 

2.3 Experimental Inconel C-276 Sample Preparation and Testing Parameters for 
Silicon and Chromium EDS Measurements 
Additional samples from the Inconel C-276 reactor vessel, shown in Figure 2, from three different 
radial locations at point 13 elevation, were also taken.  Samples were cut from their respective 
locations using a composite saw blade.  Samples were cut with a length and width at least 20mm 
and a thickness greater than 12mm. 
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Each sample first had a physical notch placed on one side to indicate the surface being 
characterized using Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy 
(EDS) and/or Thermal Conductivity measurements.  The first sample was placed with its notched 
surface facing upwards not touching any other material.  The second sample had its notched surface 
placed downwards on heat tape (Model BW0101020L from BriskHeat, Columbus, OH, USA) 
mentioned in the previous report [1].  The final sample had its notched surface facing downwards 
on a piece of high-temperature insulation described in the previous report [1].  All three samples 
were tested simultaneously and placed inside a muffle furnace. They were heated in air to 700°C 
using a ramp rate of 10°C/min and held at that temperature for 5 hours before being cooled back 
to room temperature.  All three samples had their notched surfaces characterized after every 10 
hours of heating using the EDS.  All three samples were heated for 50 hours in total, each, with 
each sample being characterized six times (which includes the baselines measurement). 

3.0 Characterization Methods 
3.1 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy 
(EDS) Experiments 
The wt% concentrations of multiple elements were identified and measured before and after each 
experiment in Section 2.3 using a Hitachi SEM (Hitachi; Krefeld, Germany) with an Oxford 
Instruments EDS detector (Oxford Instruments; Concord, MA, USA). EDS measurements were 
taken using a beam voltage of 20.0  kV, a 30 µm aperture, a 512 s scan speed, a 10 mm working 
distance, and a 100x magnification. At least four measurements were taken for each sample and 
averaged to account for sample composition variations.  While the operating parameters each 
sample was exposed to did appear to significantly impact the wt% concentration of multiple 
elements, the silicon and chromium concentrations were focused on for the purpose of this report 
as those are related to the hypothesis being explored in Section 1.  

3.2 Thermal Conductivity Experiments 
Thermal conductivity was used to characterize changes to the heat transfer of the different Inconel 
samples cut from the lid and body of the reactor during post-mortem analysis. A C-THERM 
Technologies Trident thermal conductivity instrument (C-Therm Technologies Ltd.; Fredericton, 
New Brunswick, CA) was used to acquire these measurements. Measurements were taken at room 
temperature (~23°) and 200°C using a ceramics calibration.  Thermal paste was used as a contact 
agent between the sample and thermal conductivity instrument sensor.  Each sample made optimal 
contact between its testing surface and the sensor for best results. 

Measurements at 200°C were acquired first by heating the muffle furnace to 200°C and allowing 
the furnace to thermally equilibrate for 1 hour.  The thermal conductivity instrument was placed 
inside the heated furnace, then the sample was placed on the instrument sensor, and finally a weight 
was placed on the top of each sample. The furnace was then closed and allowed to thermally 
equilibrate at 200°C for an additional 30 minutes before measurements were taken.  Samples tests 
at room temperature were not placed inside the furnace and held in place on the sensor using a 
weight during each measurement.  
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4.0 Results 
4.1 Inconel C-276 Elemental Characterization 
The following analysis first characterizes the most probable mechanism that would produce 
elevated silicon and/or chromium surface concentrations in the Inconel C-276 material, which uses 
operating conditions similar to those as the reactor vessel underwent during powder exposure 
experiments.  As mentioned in Section 2.3, three reactor vessel samples were characterized to 
determine whether air alone, in contact with the heat tape or contact with the high-temperature 
insulation, resulted in the highest elevated silicon and/or chromium surface concentrations.  The 
sample exposed only to air is meant to test if self-diffusion is the dominant mechanism.  The 
sample in contact with the heat tape will test if the heat tape influenced elemental levels or whether 
the sample in contact with the insulation had a greater influence on elemental levels. 

4.1.1 Chromium Element Measurements 
Figure 3 details the surface chromium wt% from sample 1, which was exposed to air alone while 
being heated.  The baseline measurement of chromium was 16.32 wt% at 0 hours of testing.  The 
chromium wt% increased after 10 hours to 17.66 wt% and ended at 19.06 wt% after 50 hours of 
testing.  Chromium wt% values did statistically increase between the baseline measurement and 
10 hours of heating, but remained statistically similar between the 10 and 50 hour measurements. 

 

Figure 3: Chromium Wt% Results for Sample 1 in Air 

Figure 4 details the surface chromium wt% results from sample 2, which was in contact with the 
heat tape while being heated.  The baseline measurement of chromium was 16.34 wt% at 0 hours 
of testing.  The chromium wt% increased after 10 hours to 19.11 wt% and ended at 19.66 wt% 
after 50 hours of testing.  There was some variability over the 50 hours of testing and the chromium 
wt% was observed to reach  a value as high as 20.62 wt% after 30 hours, but it still was statistically 
similar to the 50 hour measurement.   
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Figure 4: Chromium Wt% Results for Sample 2 in Contact with Heat Tape 

Figure 5 details the surface chromium wt% results from sample 3, which was in contact with the 
insulation while being heated.  The baseline measurement of chromium was 16.29 wt% at 0 hours 
of testing.  The chromium wt% increased after 10 hours to 18.30 wt% and ended at 20.33 wt% 
after 50 hours of testing.  As with the other two samples the final 50 hour measurement was 
statistically similar to the 10 hour measurement.   

 

Figure 5: Chromium Wt% Results for Sample 3 in Contact with Insulation 
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4.1.2 Silicon Element Measurements 
Figure 6 shows the surface silicon wt% results from sample 1, which was exposed to air alone 
while being heated.  The baseline measurement of silicon was 0.00 wt% at 0 hours of testing.  The 
silicon wt% increased after 10 hours to 0.06 wt% and ended at 0.08 wt% after 50 hours of testing.  
There was a small amount of silicon that was initially brought to the surface, but it appears to have 
stayed constant over the duration of testing.   

 

Figure 6: Silicon Wt% Results for Sample 1 in Air 

Figure 7 details the surface silicon wt% results from sample 2, which was in contact with the heat 
tape while being heated.  The baseline measurement of silicon was 0.00 wt% at 0 hours of testing.  
The silicon wt% increased after 10 hours to 0.12 wt% and ended at 0.77 wt% after 50 hours of 
testing.  Unlike all the other measurements beforehand these results show a clear, statistically 
significant increase in silicon as the heating duration was increased. 

 

Figure 7: Silicon Wt% Results for Sample 2 in Contact with Heat Tape 

0.00
0.20
0.40
0.60
0.80
1.00
1.20

0 10 20 30 40 50

Si
lic

on
 W

t %

Heating Duration (hrs)

Air

0.00
0.20
0.40
0.60
0.80
1.00
1.20

0 10 20 30 40 50

Si
lic

on
 W

t  
%

Heating Duration (hrs)

Heat Tape



 

DISTRIBUTION A. Approved for Public Release; Distribution Unlimited.  OPSEC #:7139 Page 11 of 19 
 

Figure 8 details the surface silicon wt% results from sample 3, which was in contact with the 
insulation while being heated.  The baseline measurement of silicon was 0.00 wt% at 0 hours of 
testing.  The silicon wt% increased after 10 hours to 0.13 wt% and ended at 0.14 wt% after 50 
hours of testing.  There was a slightly higher silicon wt% at the 49 hour mark, which was 0.29 
wt%, but was statistically similar all the previous results and the 50 hour measure reduced the 
silicon wt%, which indicated this was not a trend.   

 

Figure 8: Silicon Wt% Results for Sample 3 in Contact with Insulation 

After comparing all three samples, it appears the only mechanism that increased the surface silicon 
content in a significant manner, was contact with the heat tape.  These results align well with our 
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ceramics calibration and are close to the edge of the low metal calibration.  The fact the Inconel is 
so close to the edge of the low metal calibration may influence results. 

The ambiguity in which calibration to use, combined with whether the samples were lower than 
the minimum thickness, lead to some additional necessary testing, shown below, to characterize 
the impact sample thickness had on material thermal conductivity measurements compared to 
reported literature values.  The following section analyzes the thermal conductivity of the alloy 
Hastelloy X, which has a similar thermal conductivity profile, using different sample thickness 
between 5mm and 15mm at room temperature.  These samples were first tested using the low metal 
calibration and then tested using the ceramics calibration to see both which matched literature the 
closest and which deviated more from literature as a function of sample thickness. 

4.2.1 Inconel C-276 and Hastelloy X Thermal Conductivity Thickness Dependence 
This next section discusses the Inconel C-276 metal used in the lid and body of the reactor vessel.  
This material is much more resistant to corrosion, so material degradation is expected to be less, 
but still may have occurred and needs to be characterized. 

Figure 9 shows the reported thermal conductivity for untested Inconel C-276 [3] and Hastelloy X 
from 20°C to 900°C [4].  The grey squares represent Inconel, the black circles represent Hastelloy 
X, and the red triangle is the calculated thermal conductivity at 200°C using a linear trendline from 
the reported data.  Both sets of data are nearly identical and show a nice linear trend within the 
temperature range used in our previous report (400-700°C). 

 

Figure 9: Literature Baseline Values for Inconel C-276 and Hastelloy X Thermal Conductivity 
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These literature results were used as a reference against the tested Hastelloy X samples using 
different testing calibrations and different sample thicknesses. 

Initially the Hastelloy X samples were tested at room temperature (~23°C) using the Low Metal 
and Ceramic calibrations to determine which calibration resulted in values closer to the reported 
literature values and if sample thickness influenced the determined thermal conductivity. 

Figure 10 and Figure 11 detail the thermal conductivity values for Hastelloy X measured at room 
temperature using the low metal and ceramic calibrations, respectively.  It was observed that at 
room temperature, the sample thickness did not impact the measured results, using either 
calibration.  It is not apparent which calibration produced results consistent with literature since 
both have nearly the same deviation.  The only observed difference was the low metal calibration 
had values lower than literature and the ceramic calibration had values greater than literature.  Neat 
Inconel C-276 was investigated next using the low metal and ceramic calibrations to determine if 
the material produced a noticeable difference.    

Figure 12 shows the thermal conductivity of neat, untested, Inconel C-276 at room temperature 
using the low metal and ceramic calibrations, compared to literature.  While the ceramic calibration 
is still elevated compared to the Inconel literature value it is still statistically similar and is 
significantly closer to literature than the low metal results. 

 

Figure 10: Hastelloy X Thermal Conductivity at 23°C with Varying Sample Thicknesses using 
the Low Metal Calibration Compared to Literature. 
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Figure 11: Hastelloy X Thermal Conductivity at 23°C with Varying Sample Thicknesses using 
the Ceramic Calibration Compared to Literature. 

 

Figure 12: Untested Inconel C-276 Thermal Conductivity at 23°C using the Low Metal and 
Ceramic Calibrations Compared to Literature. 
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Based on these results the ceramic calibration was used for sample testing as it showed the closest 
results compared to literature; however, it was still inconclusive whether sample thickness varied 
results. Elevated temperature measurements, closer to the operating temperatures used in the 
previous report (400-700°C), may result in more varied thermal conductivities with respect to 
sample thickness.  Next, the Hastelloy X samples were tested at 200°C and compared to literature. 

Figure 13 details the thermal conductivity values for Hastelloy X measured at 200°C using the 
ceramic calibration.  At elevated temperatures it was not observed that thinner samples statistically 
deviated from literature.  Experimental results show samples 9mm or thicker statistically are the 
same as the reported literature values.  Samples sizes as thin as 8mm are also statistically similar 
based on interpolation of the data between 7mm and 9mm.  The sample thickness where thermal 
conductivity deviates from literature may change at even greater temperatures, but 200°C is the 
highest the testing instrument could reach.  These results, when compared equally at these same 
conditions, do at least provide statistically similar results compared to literature and was viewed 
as a good comparison. 

Inconel C-276 lid samples mentioned in Section 2.1 were determined to be thick enough, based on 
the results shown in Figure 13.  Those two samples were tested at ~23°C and 200°C and compared 
to literature. 

 

Figure 13: Hastelloy X Thermal Conductivity at 200°C with Varying Sample Thicknesses using 
the Ceramic Calibration Compared to Literature. 
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4.2.2 Inconel C-276 Lid and Body Thermal Conductivity Measurements 
Both the Inconel reactor vessel lid and body samples, mentioned in Section 2.1, were measured at 
room temperature (~23°C) and 200°C.  Results from the two lid samples were usable, however, 
the curvature of the samples from the body did not allow enough contact area to touch the 
instrument and those results were unusable. 

Figure 14 details thermal conductivity values for the two lid samples and untested Inconel C-276 
measured at 23°C using the ceramic calibration, compared to the reported literature value.  As with 
the Hastelloy X samples, these are all statistically similar to the reported literature value.  At room 
temperature the oxide coating on the two lid samples did not influence the results significantly, 
which is to be expected. 

Figure 15 details thermal conductivity values for the two lid samples and untested Inconel C-276 
measured at 200°C using the ceramic calibration, compared to the reported literature value.  The 
untested sample had slightly lower thermal conductivity than at 23°C but was still statistically 
similar to the literature result.  The two oxidized lid samples, however, did show a significant 
change compared to literature.  They were both observed to be similar to each other and were both 
approximately 35.90% lower than literature, which is significantly outside the standard deviation 
of literature or any other measured sample in this report. 

 

Figure 14: Untested and Lid Inconel C-276 Sample Thermal Conductivity at 23°C using Ceramic 
Calibration Compared to Literature. 
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Figure 15: Untested and Lid Inconel C-276 Sample Thermal Conductivity at 200°C using 
Ceramic Calibration Compared to Literature. 

5.0 Discussion and Conclusions 
Overall, these results strongly support the hypothesis that a silicon and/or chromium oxide layer 
on the Inconel vessel surface reduced its thermal conductivity.  These findings point to silicon 
deposition through contact with the heat tape and/or high-temperature insulation being a realistic 
mechanism for increasing the silicon content on the vessel surface, forming silicon dioxide, and 
decreasing the Inconel C-276’s thermal conductivity.  As silicon dioxide is a strongly insulating 
material, coupled with the fact silicon was significantly elevated on the Inconel surface in an 
oxidizing environment, point to a strong likelihood this contributed to lowering the Inconel thermal 
conductivity.  Elevated chromium on the reactor vessel’s surface, detailed in the previous report 
[1], could also be a contributing factor, as this study found it could be diffused to the Inconel C-
276 surface from its bulk interior through an increased operating temperature.  

While it was not possible to take thermal conductivity measurements above 200°C using the 
conductivity instrument in this study, a statistically significant difference between the Inconel C-
276 lid samples and reported literature values at 200°C was established.  The two lid samples had 
similar thermal conductivities which were about 35.90% lower than what literature has reported at 
200°C.  This difference in thermal conductivity, at 200°C, may not be large enough to produce 
failures in the heat tape, but operational heat tape failures in the previous study [1] occurred at 
temperatures between 600-700°C.  Differences between measured thermal conductivities in this 
report and literature would be expected to be even larger at those increased temperatures, thus 
increasing the potential for heat tape failure further.  An additional point to mention is that the 
silicon content was greater on the reactor vessel’s body than the lid, where the heat tape was 
located.  The previous report [1] detailed that the silicon content of the reactor vessel’s body was 
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45 wt%, compared to 1.5 wt% on the lid.  While the reactor vessel’s body samples could not be 
accurately tested (due to the sample curvature), it is viewed as likely and probable the increased 
silicon in those samples would have lowered those thermal conductivity measurements further; 
however, it is difficult to approximate how much lower the thermal conductivity would be with 
increased silicon. 

In conclusion, this report details that increased silicon and chromium levels can be formed using 
operating conditions, such as those that the Inconel C-276 reactor vessel experienced, detailed in 
our previous report [1].  The elevated silicon and chromium individually, or together, (in the form 
of an oxide material) appear to have resulted in statistically lowering the thermal conductivity of 
the Inconel C-276 below reported literature values at 200°C by 35.90%.  This reduction in thermal 
conductivity is thought to increase further when at operating temperatures of 600-700°C, which 
was experienced by the Inconel samples.  Finally, while the curved samples from the body could 
not be accurately tested, the increased silicon content observed on those samples is also viewed as 
likely to decrease the thermal conductivity further yet.  While these findings may not result in the 
heat tape immediately failing catastrophically, they support the hypothesis the heat tape life 
expectancy is reduced significantly.  Based on these findings it is recommended that future 
experiments should remove the surface coating from the Inconel that is in contact with the heat 
tape.  Simple abrasion of the surface may be sufficient to reduce or completely remove the elevated 
silicon and chromium levels and extend the life of the heat tape.   
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