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1. Executive Summary

Min-K 1400TE? insulation material was characterized at Oak Ridge National Laboratory
for use in structural applications under gradient temperature conditions. A previous report
(ORNL/TM-2008/089) discusses the testing and results from the original three year
duration of the project. This testing included compression testing to determine the effect
of sample size and test specimen geometry on the compressive strength of Min-K,
subsequent compression testing on cylindrical specimens to determine loading rates for
stress relaxation testing, isothermal stress relaxation testing, and gradient stress relaxation
testing.

Initial gradient stress relaxation testing was completed, although under slightly
different thermal conditions than those originally proposed 850/450°C and
450/190°C with a maximum initial stress of 100 and 200 psi (690 and 1380 kPa). The
duration of these tests spanned between 100 and 1300 hours. Following completion
of the initial isothermal and gradient temperature stress relaxation testing, an effort was
undertaken to convert two mechanical testing frames with a set-up to conduct isothermal
stress relaxation tests to perform gradient stress relaxation tests and to improve the
robustness of the gradient stress relaxation test set-up in an effort to complete tests of six-
month to one-year duration. To facilitate this, the test frames were retrofitted with new
heater platens, improved thermal insulation, improved electrical connections, and a back-
up power supply system to run all four retrofitted test frames. Temperature gradients for
new testing consisted of 700/100°C (5 tests) and 800/190°C (1 test) with initial loads of
200 psi (1380 kPa). Loading was performed under strain control utilizing a twelve-step
loading scheme with loading every half hour at a rate of 5.56% strain/hour. Loading was
followed by stress relaxation under constant strain with testing scheduled to be carried
out for six-months (4,400 hours) and possibly extended to one-year (8,760 hours). One-
year results of these tests are discussed in the previously published report (ORNL/TM-
2008/089).

Of the tests describe above, two were continued past the one-year mark. These were
Gradient Test #13 and #15, both with 700/100°C temperature gradients. At the time of the
writing of the previous report, Test #13 had been running for over one year with over
10,050 hours of exposure and a current stress level of 105 psi (724 kPa). This test was
continued during year four for a total test duration of 18,135 hours and the final stress
level was 92 psi (634 kPa). Because of malfunction of the machine crosshead, this test
was simply terminated instead of being unloaded and cooled. At the time of the writing of
the previous report, Test #15 had been running unaltered for over one year with over
9,735 hours of exposure and a current stress level of 126 psi (869 kPa). The test was
continued during year four for a total test duration of 17,935 hours and the final stress
level was 120 psi (827 kPa). Following completion of the test, Transient Strain Event
(TSE) testing was performed on this sample before it was cooled to room temperature.

In parallel to the above long-term gradient stress relaxation testing, three additional tests
were started with the intent of obtaining data of one-year duration under a variety of
temperature gradients ranging from 1100°F (593°C) down to room temperature and an
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initial load of 7812 Ibf (155-158 psi, 1069-1089 kPa). Existing test frames were
refurbished and retrofitted with modified heater platens, improved thermal insulation,
improved electrical connections, and a back-up power supply system.

The three additional stress relaxation tests ran on the refurbished, modified mechanical
test frames previously all reached one-year of test duration as described in the previous
report (ORNL/TM-2008/089). The first test, which was started in April of 2006, had a
gradient of 1,100/300°F and an initial loading of 7,812 Ibf (155 psi). At the one-year
mark (April 2007), this test had relaxed to 96 psi (662 kPa). This test was continued until
July of 2008 at which time it had been running for 19,650 hours and had reached a stress
level of 84 psi (579 kPa). At the conclusion of the test, the sample was unloaded at a
constant rate of 1.0% per hour until the current stress was reduced to 9.21 psi (64 kPa),
which corresponded to a reduction in strain from 11.44 to 8.92%. Following the reduction
in strain, the sample was held under constant displacement over night (20.5 hours) during
which the stress increased from 9.21 to 10.70 psi (64 to 74 kPa). The sample was then
fully unloaded at the same constant rate of 1.0% per hour, followed by cooling of the
sample. The second test, which was also started in April of 2006, had a gradient of
1,000/160°F and an initial loading of 7,812 Ibf (158 psi). At the one-year mark (April
2007), Test #2 had relaxed to 115 psi (793 kPa). This test was continued until April of
2008 when it was ended due to a computer failure. At the time of the failure, this test had
been running for over 17,375 hours and was at a stress level of 100 psi (689 kPa). The
third test, which was started in May 2006, had a gradient of 900/~50°F and an initial
loading of 7,812 Ibf (157 psi). At the one-year mark (May 2007), Test #3 had relaxed to
119 psi (820 kPa). This test was continued until July of 2008 at which time it had been
running for 18,455 hours and had reached a stress level of 116 psi (800 kPa). At the
conclusion of the test, the sample was unloaded at a constant rate of 1.0% per hour until
half the current strain was removed (this corresponded to a reduction in strain from
approximately 3.6 to 1.8%). This resulted in a reduction of stress to 45.37 psi (313 kPa).
Following the reduction in strain, the sample was held under constant displacement over
night (19.5 hours) during which time the stress increased from 45.37 to 46.62 psi (313 to
321 kPa). The sample was then fully unloaded at the same constant rate of 1.0% per hour,
followed by cooling to ambient temperature.

Previously, during the long term gradient stress relaxation testing, data were fitted with
an exponential model and compared with predictions made using isothermal stress
relaxation data. Data were also fitted with the previously derived ORNL mathematical
model, a Maxwell model, and a KWW model. These fits were updated weekly as new
data became available to evaluate convergence of each model. Subsequent modeling with
data in excess of one-year duration was also pursued. It was found that a simple log
function (y = a — b * log(x)) best described the long-term gradient stress relaxation data.
Where y is the normalized stress and x is time. In all cases, an R value of 0.98 was
obtained using this function. After obtaining two year duration data, the same log
function was again used to fit the data. In all cases, an R value of greater than 0.97 was
obtained using this function.



Also, previously the effect of fitting various time scales of data for predicting long term
behavior was investigated. Fits were made using the same simple log function as above
using data from 1,000, 2,500, 5,000, 7,500, and 9,000 hours. In each case, predictions
were made out to 10,000 and 50,000 hours. From this analysis, it appeared that data
between 5,000 and 7,500 hours was sufficient to predict behavior out to 10,000 hours.
Data of less than 5,000 hours tended to under predict the stress relaxation. Data of greater
than 7,500 hours accurately predicted the stress relaxation, but did not provide any
improvement in the prediction. Therefore it was hypothesized that it may not be
necessary to extend testing to this duration, even for predictions out to 50,000 hours.

A similar investigation of the effect of fitting various time scales of data for predicting
long term behavior was repeated with the two-year duration data. Analysis incorporating
the new data out to 17,500 hours found that at 10,000 hours the predictions of the 7,500
and 12,500 hour fits were the best. For Test #13, no increase in accuracy was seen for the
15,000 hour fit and a decrease in accuracy was seen for the 17,500 hour fit. For Test #15,
fits of data less than 7,500 hours tended to under predict and fits of data greater than
12,500 hours tended to over predict the stress. The same kind of analysis as reported in
the previous report (ORNL/TM-2008/089) was repeated with data at 17,500 hours. For
Test #13, all predictions over estimated the remaining stress in the sample with the
15,000 and 17,500 hour predictions being the closest (errors of 4.69 and 6.25%,
respectively), followed by the 5,000 and 2,500 hour predictions (errors of 6.70 and 6.92%,
respectively). The predictions for Test #15 where found to be much better. Predictions
made with 5,000 hours of data or less under predicted the remaining stress and
predictions made with 7,500 hours of data or more over predicted the remaining stress.
The 12,500 hour prediction was the closest with an error of 0.52%, closely followed by
the predictions with 7,000 and 10,000 hours of data (errors of 0.54 and 0.62%,
respectively).

Mathematical modeling of the Min-K stress relaxation behavior exhibited by the
additional long-term gradient stress relaxation testing under a variety of temperature
gradients was also performed. The same simple log function (y = a — b * log(x)) utilized
above was used to fit the long-term gradient stress relaxation data obtained. In each case,
an R value of 0.90 or greater was obtained using this function.

Also, similar to above an investigation of the effect of fitting various time scales of data
for predicting long-term behavior was performed. Analysis out to 17,500 hours (out to
12,500 hours for Test #2) was carried out to determine the accuracy of the various fits to
predict actual test data. For Test #1, all predictions over estimated the remaining stress in
the sample with the 5,000 and 7,500 hour predictions being the closest (errors of 4.89 and
5.17%, respectively), followed by the 17,500, 10,000 and 12,500 hour predictions (errors
of 5.28, 5.51, and 5.54%, respectively). For Test #2, all predictions were very close, but
the prediction made with 12,500 hours of data was the closest (error of 0.02%), followed
by predictions made with 10,000 hour and 1,000 hour data (errors of -0.16 and 0.32%,
respectively). For Test #3, predictions were again close with the 7,500 hour and 15,000
hour predictions being the closest (errors of 0.05 and 0.12%, respectively), followed by



the 10,000, 5,000 and 17,500 hour predictions (errors of -0.27, -0.30, and 0.39%,
respectively). No clear trends were evident in this analysis.

2. Introduction

Characterization of the thermomechanical properties of Thermal Ceramics’ Min-K
1400TE material, hereafter referred to as Min-K, was undertaken at Oak Ridge National
Laboratory (ORNL) in support of its use for structural applications under a gradient
temperature regime in an inert environment. In particular, ORNL sought to determine the
high temperature compressive strength and stress relaxation behavior of Min-K up to
900°C in helium along with the formulation of a general model for the mechanical
behavior exhibited by Min-K under these conditions. Testing consisted of general high
temperature compressive mechanical testing, isothermal stress relaxation testing, and
stress relaxation testing of samples exposed to a thermal gradient. This report is an
addendum to the previous final report issued for this project (ORNL/TM-2008/089)
which covered the original three year project duration. This report presents data and
results from the fourth and final year of the project which extended gradient stress
relaxation testing out to two-year duration.

3. Gradient Stress Relaxation Testing

3.1 Experimental Procedures

Gradient stress relaxation testing was originally intended to be performed at various
temperatures and loads as indicated in Table 1 (Gradient Sequence) using 6 (15 cm)
diameter, 3” (7.5 cm) long cylindrical samples. Testing was performed using the set-up
shown in Figure 1, which consists of an electromechanical testing machine (Instron
Model 1380) equipped with load and displacement digital controllers, a 35 kN load cell, a
heated Inconel platen above the sample, and a single zone furnace. An aluminum
environmental chamber with helium flow (99.999% purity, flow rate of 70 mm) was used
for creating a controlled environment. Loading was performed under strain control
utilizing a twelve-step loading scheme with loading every half hour at a rate of 5.56%
strain/hour. Loading was followed by stress relaxation in strain control with testing
carried out until the initial load was dissipated or had leveled off to a rate of change of
less than 0.25 psi/hour (1.7 kPa/hour) (up to 2000 hours).

Following completion of the initial isothermal and gradient stress relaxation testing, an
effort was undertaken to convert two experimental set-ups for isothermal stress relaxation
into set-ups for gradient stress relaxation and to improve the robustness of the gradient
stress relaxation testing in an effort to complete tests of six-month to one-year duration.
To facilitate this, the test frames were retrofitted with new heater platens, improved
thermal insulation, improved electrical connections, and a back-up power supply system
to run all four retrofitted test frames. The back-up power supply system (208 VAC, 3 PH,
4 W, 60 Hz, 111A, 120 cells) is shown in Figure 2.

Gradient stress relaxation testing was again performed using 6” (15 cm) diameter, 3” (7.5
cm) long cylindrical samples. Temperature gradients for new testing consisted of
700/100°C (5 tests) and 800/190°C (1 test) with initial loads of 200 psi (1380 kPa). A
modified test procedure was implemented, based on the previous gradient stress



relaxation test procedure and testing was performed using a set-up similar to that shown
in Figure 1. This set-up consists of an electromechanical testing machine (Instron Model
1380) equipped with load and displacement digital controllers, a 35 kN load cell, a heated
Inconel platen above and below the sample, and a single zone furnace. An aluminum
environmental chamber with helium flow (99.999% purity, flow rate of 70 mm) was used
for creating a controlled environment.

Loading was performed under strain control utilizing a twelve-step loading scheme with
loading every half hour at a rate of 5.56% strain/hour. Loading was followed by stress
relaxation under constant strain with testing scheduled to be carried out for six-months
(4,400 hours) and possibly extended to one-year (8,760 hours). Transient Strain Events
(TSE) expected during actual material service were simulated using test specimens that
had undergone stress relaxation testing in excess of 4,400 hours. These efforts involved
four phases of testing. During Phase I of this testing, the strain was raised under
displacement control to simulate shell cooling around the Min-K insulation material. The
sample was held for approximately four days under fixed displacement. Then, Phase II
was initiated by decreasing the strain under displacement control to simulate an
expansion event. The sample was then held again under fixed displacement for thirty
minutes. Phase III consisted of switching to load control and holding the existing stress
level for one hour to collect data on the creep rate of the material given the post test stress
level. Following the hold, the system was switched back to displacement control and
Phase IV was started. For this phase, the strain was returned back to the original strain
level prior to TSE testing. Following Phase IV, the test was put back under fixed
displacement.

In parallel to the above long-term gradient stress relaxation testing, three additional tests
were started with the intent of obtaining data of one-year duration (8,760 hours) under a
variety of temperature gradients. Existing test frames were refurbished and retrofitted
with modified heater platens, improved thermal insulation, improved electrical
connections, and a back-up power supply system similar to that described above.
Gradient stress relaxation testing was performed using 8” (20 cm) diameter, 1.856” (4 .7
cm) thick right circular cylindrical samples. Temperature gradients for testing ranged
from 1,100°F (593°C) down to room temperature with the gradients listed in Table 2. All
samples were subjected to an initial load of 7812 Ibf (155-158 psi, 1069-1089 kPa). A
modified test procedure was written, based on previous gradient stress relaxation test
procedures and testing was performed using a set-up similar to the one shown in Figure 1.
A picture of a modified test frame used for this testing is shown in Figure 3.

Test frames were individually modified to accommodate physical attributes of the
retrofitted frames. In general, this set-up consists of an electromechanical testing machine
(rebuilt by Instrumet) equipped with load and displacement digital controllers run by
MTS Test Works, a 10,000 1b. (44.5 kN) Sensotec Model 41 load cell, a heated metallic
platen above and below the sample (304 stainless steel top, S-7 tool steel bottom), and an
insulated refractory box surrounding the sample/heated platen assembly. An aluminum
environmental chamber with helium flow (99.999% purity, flow rate of 70 mm) was used
to create a controlled environment. Loading was performed in strain control at a rate of



0.4 mm/minute. Loading was followed by stress relaxation under constant strain with
testing scheduled to be carried out for one-year (8,760 hours).

Additional test specimens for gradient testing were obtained and an effort was made to
trace current and previous test specimens to specific batches supplied by Thermal
Ceramics. An effort was also made to correlate specimen densities to specific test results.
As far as could be determined, the corresponding sample densities, batch designations
and test numbers are listed in Appendix 1.

3.2 Results

As discussed in the previous report (ORNL/TM-2008/089), initial gradient stress
relaxation testing was completed under slightly different thermal conditions than
those originally proposed 850/450°C and 450/190°C with a maximum initial stress
of 100 and 200 psi (690, and 1380 kPa). The duration of these tests spanned between
100 and 1300 hours. The temperatures of the isothermal stress relaxation tests
were selected under the assumption that the creep deformation of Min-K, and
consequently, its stress-relaxation behavior up to 850°C is a thermally-activated
process with a well-defined activation energy. The original temperatures for the
gradient stress relaxation tests were selected to cover the entire temperature range
explored in the isothermal testing. Actual test temperatures were dictated by the
capabilities of the test system.

As also previously discussed in the previous report (ORNL/TM-2008/089), upon
completion of the isothermal stress relaxation testing, two of the isothermal test
configurations were converted to gradient test configurations and these frames were
connected to the back-up power supply and testing was initiated on these frames. Results
of this testing are documented in the previously issued report (ORNL/TM-2008/089).
Of these tests, two were continued past the one-year mark. These were Gradient Test #13
and #15, both with 700/100°C temperature gradients.

At the time of the writing of the previous report (ORNL/TM-2008/089), Test #13 had
been running for over one year with over 10,050 hours of exposure and a current level of
105 psi (724 kPa). This test was continued during year four for a total test duration of
18,135 hours and a final stress level of 92 psi (634 kPa). Because of malfunction of the
machine cross-head, this test was simply terminated instead of being unloaded and cooled.
Results for this test are shown in Figure 4.

Test #15 was run unaltered from its start. At the time of the writing of the previous report
(ORNL/TM-2008/089), this test had been running for over one year with over 9,735
hours of exposure and a current level of 126 psi (869 kPa). The test was continued during
year four to obtain data in excess of two years. Results for this test are shown in Figure 5.
Total duration of this test was 17,935 hours and the final stress level was 120 psi (827
kPa). Following completion of the test, TSE testing was performed on this sample. Phase
I of the testing was successfully completed, raising the strain from 6.11% to 6.57% at a
rate of 1.07% per hour and the stress from 120 to 146 psi (827 to 1,007 kPa). The sample
was then held for approximately four days under fixed displacement and at the end of the



fourth day the stress had relaxed to 145 psi (1,000 kPa). Following this hold, Phase II was
initiated by decreasing the strain from 6.57% to 5.95% at a rate of 1.52% per hour. This
resulted in a loss of stress from approximately 145 psi (1,000 kPa) to roughly 111 psi
(765 kPa). The sample was then again held under fixed displacement for thirty minutes.
Phase III consisted of switching to load control and holding the existing stress level for
one hour. During this time, no measurable change in the strain level occurred. Following
the hold, the system was switched back to displacement control and Phase IV was started.
For this phase, the strain was returned from 5.95% back to the original strain level of
6.11%. This resulted in a change of stress from approximately 111 psi (765 kPa) to 120
psi (827 kPa). Following Phase IV, the sample was held under fixed displacement for 18
hours. At the conclusion of testing the sample was at a stress level of 120 psi (827 kPa).
Following TSE testing, the sample was cooled to room temperature. Results from the
TSE testing are shown in Figure 6.

The three additional stress relaxation tests run on the refurbished, modified mechanical
test frames previously all reached one-year of test duration as described in the previous
report (ORNL/TM-2008/089). The first test, which was started in April of 2006, had a
gradient of 1,100/300°F and an initial loading of 7,812 Ibf (155 psi). At the one-year
mark (April 2007), this test had relaxed to 96 psi (662 kPa). This test was continued until
July of 2008 at which time it had been running for 19,650 hours and had reached a stress
level of 84 psi. At the conclusion of the test, the sample was unloaded at a constant rate
of 1.0% per hour until the current stress was reduced to 9.21 psi (64 kPa), this
corresponded to a reduction in strain from 11.44 to 8.92%. Following the reduction in
strain, the sample was held under constant displacement for 20.5 hours, during which the
stress increased from 9.21 to 10.70 psi (64 to 74 kPa). The sample was then fully
unloaded at the same constant rate of 1.0% per hour, followed by cooling of the sample.
A plot of Test #1 is shown in Figure 7.

The second test, which was also started in April of 2006, had a gradient of 1,000/160°F
and an initial loading of 7,812 1bf (158 psi). At the one-year mark (April 2007), Test #2
had relaxed to 115 psi (793 kPa). This test was continued until April of 2008 when it was
ended due to a computer failure. At the time of the failure, this test had been running for
over 17,375 hours and was at a stress level of 100 psi (689 kPa). A plot of Test #2 is
shown in Figure 8.

The third test, which was started in May 2006, had a gradient of 900/~50°F and an initial
loading of 7,812 Ibf (157 psi). At the one-year mark (May 2007), Test #3 had relaxed to
119 psi (820 kPa). This test was continued until July of 2008 at which time it had been
running for 18,455 hours and had reached a stress level of 116 psi (800 kPa). At the
conclusion of the test, the sample was unloaded at a constant rate of 1.0% per hour until
half the current strain was removed (this corresponded to a reduction in strain from
approximately 3.6 to 1.8%). This resulted in a reduction of stress to 45.37 psi (313 kPa).
Following the reduction in strain, the sample was held under constant displacement for
19.5 hours during which time the stress increased from 45.37 to 46.62 psi (313 to 321
kPa). The sample was then fully unloaded at the same constant rate of 1.0% per hour,
followed by cooling of the sample. A plot of Test #3 is shown in Figure 9.



4. Modeling

The previous report (ORNL/TM-2008/089) described the applicability of an
Arrhenius type model to describe the isothermal stress-relaxation of Min-K and the
extension of this model to analyze the stress-relaxation behavior of a Min-K
component subjected to a constant axial strain under a temperature gradient
through the discretization of a sample into isothermal sections with the stress-
relaxation of each section being described using the isothermal model. Also, the
concept of developing a closed-form solution was discussed, along with using finite-
element methods to describe the stress-relaxation of the Min-K component based on
collected isothermal data. Additionally, data from isothermal stress relaxation testing
performed at temperatures between 850 and 190°C was incorporated into the finite
element program ANSYS to model the relaxation behavior of Min-K. After the
applicability of the creep model was verified for the isothermal case at different
temperatures, the model was used to analyze the case when a temperature gradient is
applied to the test specimen.

For the long term gradient stress relaxation testing, a log-log model was fitted to the data
and to previous predictions made using isothermal stress relaxation data as data became
available. Data was also fit to the previously derived ORNL mathematical model, a
Maxwell model, and a KWW model. Subsequent modeling with data in excess of one-
year duration was also pursued. From this initial analysis, it was found that a simple log
function (y = a — b * log(x)) was sufficient to fit this long-term gradient stress relaxation
data as shown in Figure 10 for Test #13 and Test #15. In both cases, an R value of 0.98
was obtained using this function. After obtaining two-year duration data, the same log
function was used to fit the data for Test #13 and Test #15 as shown in Figure 11. In both
cases, an R value of greater than 0.97 was obtained using this function.

Also, the effect of fitting various time scales of data for predicting long term behavior
was investigated. As reported in the previous report (ORNL/TM-2008/089) fits were
made using the same simple log function as above using data from 1,000, 2,500, 5,000,
7,500, and 9,000 hours. In each case, predictions were made out to 10,000 and 50,000
hours as shown in Figure 12 and Figure 13, respectively. From this analysis, it appeared
that data between 5,000 and 7,500 hours was sufficient to predict behavior out to 10,000
hours. Data of less than 5,000 hours tended to under predict the stress relaxation. Data of
greater than 7,500 hours accurately predicted the stress relaxation, but did not provide
any improvement in the prediction. Therefore, assuming that the process responsible for
the creep/stress relaxation behavior exhibited was smooth and continuous; it was
hypothesized that it may not be necessary to extend testing to this duration, even for
predictions out to 50,000 hours.

A similar investigation of the effect of fitting various time scales of data for predicting
long term behavior was repeated with the two-year duration data. Fits were made using
the same simple log function as above and data from 1,000, 2,500, 5,000, 7,500, 10,000,
12,500, 15,000, and 17,500 hours. Predictions out to 17,500 and 50,000 hours for Test
#13 and Test #15 are shown in Figure 14 and Figure 15, respectively. Analysis
incorporating the new data out to 17,500 hours found that at 10,000 hours the predictions



of the 7,500 and 12,500 hour fits were the best. For Test #13, no increase in accuracy was
seen for the 15,000 hour fit and a decrease in accuracy was seen for the 17,500 hour fit.
For Test #15, fits of data less than 7,500 hours tended to under predict the stress and fits
of data greater than 12,500 hours tended to over predict the stress.

The same kind of analysis as reported in the previous report (ORNL/TM-2008/089) was
repeated with data at 17,500 hours. For Test #13, all predictions over estimated the
remaining stress in the sample with the 15,000 and 17,500 hour predictions being the
closest (errors of 4.69 and 6.25%, respectively), followed by the 5,000 and 2,500 hour
predictions (errors of 6.70 and 6.92%, respectively). The predictions for Test #15 where
found to be much better. Predictions made with 5,000 hours of data or less under
predicted the remaining stress and predictions made with 7,500 hours of data or more
over predicted the remaining stress. The 12,500 hour prediction was the closest with an
error of 0.52%, closely followed by the predictions with 7,000 and 10,000 hours of data
(errors of 0.54 and 0.62%, respectively).

Mathematical modeling of the Min-K stress relaxation behavior exhibited by the
additional long-term gradient stress relaxation testing under a variety of temperature
gradients was also performed. The same simple log function (y = a — b * log(x)) utilized
above was used to fit the long-term gradient stress relaxation data obtained. Fits for each
test are shown in Figure 16. In each case, an R value of 0.90 or greater was obtained
using this function.

Similarly an investigation of the effect of fitting various time scales of data for predicting
long-term behavior was performed. Fits were made using the same simple log function as
above using data from 1,000, 2,500, 5,000, 7,500, 10,000, 12,500, 15,000, and 17,500
hours, where possible. Predictions out to 17,500 and 50,000 hours for Test #1, Test #2
and Test #3 are shown in Figure 17, Figure 18, and Figure 19, respectively. Analysis of
the above data out to 17,500 hours (out to 12,500 hours for Test #2) was carried out to
determine the accuracy of the various fits to predict actual test data. For Test #1, all
predictions over estimated the remaining stress in the sample with the 5,000 and 7,500
hour predictions being the closest (errors of 4.89 and 5.17%, respectively), followed by
the 17,500, 10,000 and 12,500 hour predictions (errors of 5.28, 5.51, and 5.54%,
respectively). For Test #2, all predictions were very close, but the prediction made with
12,500 hours of data was the closest (error of 0.02%), followed by predictions made with
10,000 hour and 1,000 hour data (errors of -0.16 and 0.32%, respectively). For Test #3,
predictions were again close with the 7,500 hour and 15,000 hour predictions being the
closest (errors of 0.05 and 0.12%, respectively), followed by the 10,000, 5,000 and
17,500 hour predictions (errors of -0.27, -0.30, and 0.39%, respectively). No clear trends
were evident in this analysis.

Finally, a study was performed to analyze how the coefficients (a and b) of the log-log
model change as the data duration used for the analysis increases. For this analysis, data
and curve fits from original long-term gradient stress relaxation Test #15 was used, along
with data and curve fits from the additional long-term stress relaxation Test #1 and #2.
Plots of the change in coefficient values verses the duration of data used for the curve fit



are shown in Figure 20 for each test, respectively. For Test #15 coefficient values
fluctuate for the low time duration fits (1,000, 2,500, and 5,000 hour), but then settle to a
relatively stable value for fits of duration of 7,500 hours or greater. For Test #1 the
coefficient values appear to increase as the duration of time used for the fit is increased
and then level off to a stable value for fits of duration of 10,000 hours or greater. For Test
#2 the coefficient values were found to fluctuate for the low time duration fits (1,000,
2,500, 5,000, and 7,500 hour), but then level off to a stable value for fits of duration of
12,500 hours or greater.

5.
°

Lessons Learned

Methods of platen construction were refined through the project to produce heated

platens capable of 900°C and continuous operation in excess of two year (17,520 hour)
duration. Final platen construction utilized Inconel and various steels for the platen

body, dependent on temperatures, and nichrome resistive heaters encased in ceramic

insulation”.

For long-term testing, such as that undertaken in this project, a back-up power supply

system should be utilized.

The original assumption that there is no radial dependence on temperature in the

gradient temperature test samples and that temperature only changes linearly along

the height of the specimen was found to be false leading to adjustments being needed

for application of the ANSYS model. It was found that the axial temperature gradient

is uniform at the center of the specimen, but temperatures away from the center of the

test specimen approach the internal temperature of the furnace or surrounding

insulation.

Data from testing were fitted throughout the test lives with the derived ORNL

mathematical model, a Maxwell model, and a KWW model. Subsequent modeling

with data in excess of one-year and two-year duration was also pursued. It was found

that a simple log function (y = a — b * log(x)) best describes the long-term

temperature gradient stress relaxation data.

Initial fits of the gradient test data were made using a same simple log function and

data from 1,000, 2,500, 5,000, 7,500, and 9,000 hours. In each case, predictions were

made out to 10,000 and 50,000 hours. From this analysis, it appeared that data

between 5,000 and 7,500 hours was sufficient to predict behavior out to 10,000 hours.

Data of less than 5,000 hours tended to under predict the stress relaxation. Data of
greater than 7,500 hours accurately predicted the stress relaxation, but did not provide

any improvement in the prediction. Therefore it was initially hypothesized that it may

not be necessary to extend testing to this duration, even for predictions out to 50,000

hours. Subsequent analysis was performed with data out to 17,500 hours. For Test

#13, all predictions over estimated the remaining stress in the sample with the 15,000

and 17,500 hour predictions being the closest (errors of 4.69 and 6.25%, respectively),
followed by the 5,000 and 2,500 hour predictions (errors of 6.70 and 6.92%,

respectively). The predictions for Test #15 were found to be much better. Predictions

made with 5,000 hours of data or less under predicted the remaining stress and

predictions made with 7,500 hours of data or more over predicted the remaining stress.

3 International Ceramics & Heating Systems, Inc., Circleville, New York
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The 12,500 hour prediction was the closest with an error of 0.52%, closely followed
by the predictions with 7,000 and 10,000 hours of data (errors of 0.54 and 0.62%,
respectively).

e For the additional long-term temperature gradient stress relaxation testing under a
variety of temperature gradients fits were made using the same simple log function as
above using data from 1,000, 2,500, 5,000, 7,500, 10,000, 12,500, 15,000, and 17,500
hours, where possible. Analysis of the above data out to 17,500 hours (out to 12,500
hours for Test #2) was carried out to determine the accuracy of the various fits to
predict actual test data. For Test #1, all predictions over estimated the remaining
stress in the sample with the 5,000 and 7,500 hour predictions being the closest
(errors of 4.89 and 5.17%, respectively), followed by the 17,500, 10,000 and 12,500
hour predictions (errors of 5.28, 5.51, and 5.54%, respectively). For Test #2, all
predictions were very close, but the prediction made with 12,500 hours of data was
the closest (error of 0.02%), followed by predictions made with 10,000 hour and
1,000 hour data (errors of -0.16 and 0.32%, respectively). For Test #3, predictions
were again close with the 7,500 hour and 15,000 hour predictions being the closest
(errors of 0.05 and 0.12%, respectively), followed by the 10,000, 5,000 and 17,500
hour predictions (errors of -0.27, -0.30, and 0.39%, respectively). No clear trends
were evident in this analysis.

e A study to analyze how the coefficients (a and b) of the log-log model change as the
data duration used for the analysis increases showed that in general coefficient values
tend to fluctuate for the low time duration fits (1,000 to 7,500 hour), but then settle to
a relatively stable value for the longer time duration fits in excess of 10,000 hours.
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Tables and Figures

Table 1. Stress Relaxation Test Matrix
(note: 100 psi = 690 kPa, 200 psi = 1380 kPa)

Temp Profile @ 50psi Temp Profile @ 200psi
Gradient Soaked Gradient Soaked
Temp C Sequence Sequence | Sequence Sequence
190 4 (450*/190C) 12,16 2 (450*/190) 10,15
382 - 11,14 - 9,13
813 - 7,8 - 5,6
850 3 (850/450%*) 34 1 (850/450%) 1,2

Table 2. Additional Long-Term Gradient Stress Relaxation Testing Matrix

Hot Side Temperature Cold Side Temperature Initial Load
900°F (482°C) RT 7,812 1bf (1069 kPa)
1,000°F (538°C) 160°F (71°C) 7,812 1bf (1089 kPa)
1,100°F (593°C) 300°F (149°C) 7,812 1bf (1082 kPa)
Load Cell
Top Push-rod

Cooling Coil

Bellows

Environmental Chamber ——

Articulating Hemisphere

Heated Platen

Refractory

Sample
Heated Platen

Bellows

Furnace

Cooling Coil

Bottom Push-rod

Refractory

Figure 1. Gradient Stress Relaxation Test Frame
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Figure 2. Installed Back-Up Power Supply Syste for Gradient Test Systems

Figure 3. Picture of Modified Gradient Stress Relaxation Test Frame
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Gradient Test #13

(700/100°C, 200 psi)
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Figure 4. Results from 700/100°C Gradient Stress Relaxation Test (Test #13)
Gradient Test #15
(700/100°C, 200 psi)
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Figure 5. Results from 700/100°C Gradient Stress Relaxation Test (Test #15)
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Gradient Test #15
(EDL/MSL Testing)
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Figure 6. Results from 700/100°C Gradient Stress Relaxation Test (Test #15) TSE
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Figure 7. Results from 1,100/300°F Gradient Stress Relaxation Test
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Figure 8. Results from 1,000/160°F Gradient Stress Relaxation Test
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Figure 9. Results from 900°F-(=50°F) Gradient Stress Relaxation Test

Stress (psi)

Stress (psi)

17



Test #13 Curve Fit
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Figure 10. Log Function Curve Fits of One-Year Long-Term Gradient Stress Relaxation

Data
(a—Test #13, b — Test #15)
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Test #13 Curve Fit
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Figure 11. Log Function Curve Fits of Two-Year Long-Term Gradient Stress Relaxation

Data
(a—Test #13, b — Test #15)
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Figure 12. Gradient Test #13 Log Fit Predictions (year three)
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Figure 13. Gradient Test #15 Log Fit Predictions (year three)
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Figure 14. Gradient Test #13 Log Fit Predictions (year four)
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Figure 15. Gradient Test #15 Log Fit Predictions (year four)
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Test #3
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Figure 16. Log Function Curve Fits of Long-Term Gradient Stress Relaxation Data
(a— Test #1, b — Test #2, ¢ — Test #3)
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Figure 18. Gradient Test #2 Log Fit Predictions (two year)
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Figure 19. Gradient Test #3 Log Fit Predictions (two year)
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Test #2
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Figure 20. Change in Log-Log Fit Coefficients (a and b) and Fit Parameter (R) with
Respect to Duration of Data Used for Curve Fit

30



Appendix 1

Min-K Sample Densities with Respect to Batch Designations and Test Numbers

Test Batch Density (g/in.%)
Isothermal

Test #1 Batch #1 5.42
Test #2 Batch #1 5.06
Test #3 Batch #1 5.29
Test #4 Batch #1 5.46
Test #5 Batch #1 5.36
Test #6 Batch #1 5.23
Test #7 Batch #1 5.14
Test #8 Batch #1 5.14
Test #9 Batch #1 5.19
Test #10 Batch #1 5.21
Test #11 Batch #1 5.19
Test #12 Batch #1 5.09
Test #13 Batch #1 5.23
Test #14 Batch #1 5.31
Test #15 Batch #1 5.31
Test #16 Batch #1 5.45
Test #17 Batch #1 5.42
Test #18 Batch #2 5.20
Test #19 Batch #1 5.19
Test #20 Batch #2 5.24
Gradient

Test #2 Batch #1 -
Test #3 Batch #1 5.12
Test #4 Batch #1 498
Test #6 Batch #1 5.01
Test #7 Batch #2 5.45
Test #8 Batch #2 5.45
Test #9 Batch #2 5.36
Test #10 Batch #3 5.46
Test #11 Batch #4 5.34
Test #13 Batch #4 5.21
Test #15 Batch #3 5.37
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