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Figure 23: SEM of G3610-A (3.9%) at 800°C at each time interval

In addition to the observed oxidation of the ID, it was observed in Figure 24 that internal
oxidation of the metal had occurred on the OD of the samples treated at 950 °C. This phenomena

was not observed on any of the 800 °C samples nor on any of the IDs.
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Figure 24: Internal oxidation of alloy in 950 °C samples

3.5  EDS oxide thickness measurements

It was initially thought that the oxide layer could be quantified by mass measurements.
However, results were inconclusive, and unfortunately it was not possible to directly measure
oxide thickness through means such as SEM. This was due to edge charging resulting from an
aversion to plating samples post oxidation. From other work, it was seen that when oxidized
samples were electroplated with copper, polishing produced an undesirable effect in which the
oxide layer was dislodged from the surface of the metal. Therefore, samples were not plated but
mounted as oxidized. As SEM was not able to directly observe the oxide layer thickness, EDS
was used to measure the elemental composition of the oxide layer, and then to quantify any
thickness measurements by changes in elemental composition. Two to three EDS scans were

performed on each sample ID in various locations separated by distances larger than one
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millimeter. This was done in order develop a value for average oxide layer thickness. Scans were
performed from the mounting material into the bulk of the metal, perpendicular to the surface.
Readings were presented as reports which included line scans as shown in Figure 25 across the
oxide layer from the mounting material into the bulk of the sample. These reports were

automatically generated by the Bruker software and an example can be seen in Appendix B.

Figure 25: Sample EDS scan of G3610-A-950C-1H

From each line scan a measurement was taken of oxide layer thickness, based upon
various considerations. These considerations effected the start and end locations of where the
oxide was believed to exist. The reasoning for this was to account for data that showed the

presence of aluminum or oxygen before the edge of the sample was considered to be present.
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Likewise, the oxide layer was deemed to terminate when either aluminum or oxygen crossed the
chromium line. This was considered to be the location in which aluminum oxide ceased to exist

as a relatively pure oxide, and began to form mixtures with the base metal and chromium oxide.

From each sample the average thickness in Table 9 of the oxide layer was determined for

each time and temperature tested, with all measurements available in Appendix C

Table 9: Average alumina thickness results

Average Thickness (um)
Temp. (°C) | Time (y | G307-A | GI60G-A | B3400-L [ G3610-A
26%) | (32%) | (3.23%) | (3.9%)
1 0188 | 0163 | 0125 | 0.163
- 3 0108 | 0175 | 0283 | 0288
10 0325 | 0242 | 0150 | 0238
30 0338 | 0338 | 0142 | 0567
. . G3607-A | G3606-A | B3400-1 | G3610-A
Temp. °C) | Time (0) | "5 6ony | (3206) | (3.23%) | (3.9%)
1 0388 | 0600 | 0288 | 0438
050 3 0400 | 0525 | 0258 | 1.017
10 0550 | 0667 | 0375 | 1175
30 0838 | 0833 | 0333 | 1300

The average oxide thickness for each sample is shown graphically in Figure 26 through Figure

29
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Figure 26: Oxide layer thickness result of G3607-A (2.6%)
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Figure 27: Oxide layer thickness result of G3606-A (3.2%)
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Figure 28: Oxide layer thickness result of B3400-1 (3.23%)
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Figure 29: Oxide layer thickness result of G3610-A (3.9%)
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CHAPTER 4 — ANALYSIS & DISCUSSION

4.1  Wagner rate constant

In order to determine the parabolic rate constant for each alloy and temperature the
average thickness of oxide developed was plotted as a function of square root of time. This
would follow Wagner’s model, and force the data to fit a parabolic nature. Therefore, each alloys
data was analyzed and is shown in Figure 30 through Figure 33. On each plot, a linear trend line
was added in order to determine the value of kp from the slope. The trend lines were forced to a
intercept of zero, regardless of fit to replicate ideal conditions of no oxide being present on the

metal at time zero. Each of these values was then tabulated in Table 10 for further analysis.

¢ 800C m950C

1.000

0.900
|

y =0.1683x
R?=0.4883

0.800
0.700
0.600
0.500

0.400 5
*

AVERAGE OXIDE THICKNESS (um)

0.300 y = 0.0739x

R? =0.2897
0.200 o

0.100

0.000
1.000 1.500 2.000 2.500 3.000 3.500 4.000 4.500 5.000 5.500 6.000

TIMEY2 (h/2)

Figure 30: kp value of G3607-A (2.6%) determined by forcing Wagner model
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Figure 31: kp value of G3606-A (3.2%) determined by forcing Wagner model
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Figure 32: kp value of B3400-1(3.23%) determined by forcing Wagner model
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Figure 33: kp value of G3610-A (3.9%) determined by forcing Wagner model

Table 10: Forced parabolic rate constants for all alloys

G3607-A | G3606-A | B3400-1 | G3610-A
(2.6%) | (3.2%) | (3.23%) | (3.9%)

800 0.045 0041 | 0004 | 0081

950 0.105 0062 | 0016 | 0.160

Kp [um/s¥?] | Temperature [°C]

n=1/2

However, after observing the R? values for each of the linear trend lines generated, it was
deemed necessary to compare the raw data to an idealized plot of what data would appear as if
plotted. Therefore, each kp was taken and compared to it respective raw data with an example
shown in Figure 34. From these plots it was observed that the kp values should be further
investigated as they appear to follow a parabolic trend as time increases, however in the very

start the data begins to deviate from the theoretical curve.
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Figure 34: Comparison of theoretical kp lines to raw data of G3607-A (2.6%)

In order to identify if an experimentally determined rate constant would provide a more accurate

model to base results upon, plots using equation 4 were created.

4.2  Modifications to Wagner rate constant

As it was determined that the Wagner model did not fit data to a satisfactory level of
accuracy, an analysis of the n value and In(kn) for each set of data was performed. In order to do
this the natural log was taken of the parabolic rate law in order to solve for n and In(kn) as the
slope and intercept of the regression, respectively. Each alloy for both temperatures developed a
different n value and kn of which can be seen in Error! Reference source not found.. These
were determined in the same manner as each kp value where the slope of a linear trend line
through the data was used to calculate the experimental values. The plots used to find each n and

In(kn) value are shown in Figure 35 through Figure 38.
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Figure 35: Analysis of n value for G3607-A (2.6%)
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Figure 36: Analysis of n value for G3606-A (3.2%)
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Figure 38: Analysis of n value for G3610-A (3.9%)
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After the value for each alloys n and In(kn) value was calculated, the experimental n rate

constant, kn was calculated.

Table 11: Calculated experimental kn values

Temperature [C] | Variable G3607-A G3606-A B3400-1 G3610-A
P (2.6%) (3.2%) (3.23%) (3.9%)
n 0.183 0.221 0.043 0.309
800
kn [um/h"] 0.193 0.151 0.128 0.167
oso n 0.231 0.108 0.073 0.298
kn [um/h"] 0.349 0.538 0.274 0.547

In order to establish any trends in the values of kp, n, and kn, with respect to the
aluminum content in samples, histograms of each value were created shown in Figure 39 through
Figure 41.
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Figure 39: Histogram of kp values as a function of wt% Al
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4.3  Prediction of oxide layer thickness

In order to use the results from the calculation of kp values, the experimental thickness
equation was plotted. This produced Figure 42 which is capable of predicting the average
thickness that would develop for a given alloy, time and temperature based on the assumed value

of n at % in accordance with Wagner’s model.
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Figure 42: Prediction chart of average thickness of alumina using Wagner model

Additionally, each value of the kn was used to calculate a theoretical value for the
average thickness developed on each alloy after a given time in a specified temperature based on
modifications to the Wagner model. The chart shown in Figure 43 allows for such predictions

out to thirty hours.
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Figure 43: Prediction chart of average thickness of alumina using kn values

An example of the difference in predicted average oxide layer resulting from the Wagner model
kp, and the experimentally determined kn rate equations can be seen in Figure 44. If each alloy
were to follow the kn rate equation it would be beneficial, as oxide layer develops at a much

greater rate, allowing for less required oxidation time to achieve a constant thickness.
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Figure 44: Comparison of kp to kn thickness predictions for G3606-A (3.2%) at 950 °C
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CHAPTER 5 - CONCLUSIONS

New alloys of alumina forming austenitic stainless steel have recently been investigated
as replacements for chromia forming alloys currently used in the petrochemical industry. These
alloys contain between 2.6 and 3.9 wt% aluminum with large quantities of nickel to counteract
the ferritic promoting properties of aluminum. Alumina forming alloys are a desirable alloy for
investigation due to their more chemically and thermodynamically stable oxide layer in the
presence of aggressive species formed in petrochemical steam cracking plants. Therefore,
experiments were performed to investigate the oxidation kinetics of these alloys in the presence

of pure steam.

Samples were oxidized using a tube furnace and steam generator system, which allowed
for the production of a pure steam environment. These samples were then subjected to various

temperatures and oxidation times in an effort to develop oxidation kinetic oxidation models.

Oxidation kinetics were tracked with mass changes and measurement of oxide layer
thickness. Samples were examined using various characterization techniques including Raman,
SEM, EDS and optical spectrometry for effects of the oxidation process. Examination focused on
the effects of steam on the inner-diameter of the samples, and the overall thickness of oxide

developed during oxidation.

Based on results from Raman spectroscopy and SEM it was determined that samples
developed a continuous layer of aluminum oxide on their surfaces. The oxide layer was seen to
be free of cracks and defects from SEM imaging, however it was seen that at temperatures of 950
°C the outer-diameter of samples showed the presence of internal oxidation. No internal
oxidation was observed on any samples processed at 800 °C, nor on the ID of any of the samples

regardless of processing temperature. Therefore, it can be concluded that the presence of pure
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steam did not negatively affect the oxide layer or base metal of which was seen in other research

endeavors.

From the measured alumina thicknesses, calculated parabolic and modified oxidation
rates, and developed prediction charts it can be concluded that the oxidation of alumina does not
closely follow Wagner’s parabolic model. Comparison of the rate constants between Wagner’s
model and experimental findings show a dramatic increase in the predicted oxide layer thickness.
This is believed to be a result of interactions of the oxide layer with the concentrated steam

environment and exclusion of microstructural effects from the Wagner model.

Developed oxidation curves for these selected alloys will be of benefit in future research
as they will allow for the general idea of how long an oxidation process will require to develop a
continuous oxide layer of substantial thickness. The benefit of these charts could be the ability to
more accurately define procedures for cleaning processes and pre-oxidation processes in
petrochemical cracking plants due to knowledge of time requirements for alumina development.

This would result in less downtime and increases in production efficiency.

50



CHAPTER 6 - FUTURE WORK
Because of the limitations of the setup developed for these experiments, the precise
content of steam could not be measured. Instead it was relied upon the knowledge that the
system was flooded with steam, and no other environment could exist. However, modifications
to this setup including a controlled steam generation system would improve the accuracy of

steam generation.

In addition to improving the oxidation setup, future investigation of alternate
environments would be of great use. For example, if the environment could be controlled
accurately enough to regulate steam generation to between 0 and 100 % steam, it would allow
for further research as to how the steam directly effects the formation of alumina. Currently,
these alloys have only been studied under environments of dry air, 3%, and 10% steam.

Therefore, there exists a need for further studies into the range of 10% to 100% steam.

Additional testing of samples between 800 to 950°C would allow for the calculation of
alumina activation energies. These values would be of benefit for analyzing the true makeup of
the oxide layer where a more advance analysis technique would allow for the identification of
amalgams and more exotic compounds. These compounds could exist as ternary aluminum-iron-

nickel systems of which Raman or XRD would struggle in identifying.

In further replicating conditions found in the petrochemical industry, testing is needed to
determine the fatigue resistance of the developed alumina layer depending on thermal and
chemical cyclic processing. Additionally, analysis of the effects that alumina layer thickness play

in preventing the effects of coking are needed.
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APPENDIX A: Full Composition of Alumina Alloys

Determined prior to receipt from MetalTek via optical emission spectrometer

Alloy
Element | G3607-A | G3606-A | B3400-1 | G3610-A
Al 2.62 3.2 3.23 3.9
B 0.001 0.001 0.017 0.002
C 0.425 0.43 0.428 0.436
Co 0.0417 0.0525 0.2571 0.0431
Cr 27.9996 27.5958 | 31.0537 | 27.396
Cu 0.0329 0.032 0.0426 0.0353
Fe 26.8481 27.0002 | 17.2265 | 24.9261
Mn 0.783 0.795 0.141 0.795
Mo 0.171 0.179 0.212 0.188
N 0.0403 0.0374 0.0623 0.0305
Nb 0.7398 0.7298 0.5346 0.747
Ni 38.2575 37.9573 | 45.5928 | 38.0119
0] 0.0006 0.0003 0.0018 0.0005
P 0.014 0.014 0.01 0.015
S 0 0.003 0 0
Si 1.3012 1.3204 0.3506 1.4143
Sn 0 0.001 0 0.001
Ti 0.108 0.115 0.095 0.118
V 0.042 0.04 0.042 0.041
wW 0.409 0.317 0.557 1.669
Zr 0.115 0.13 0.107 0.13
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APPENDIX B: Sample EDS Output Report

Application Note .Eég-

Company / Department

T500_SEDate 1072072016 12-23.09 PMImage e .
size- 1500 x 1125Mag 50000<HV 15, 0kV Sean ﬁ;“mmﬁ 122342 PM HV-15.0kV

1
L
FSDFN

Line scan 1Date: 10/20/2016 12:26:31 PMMeasure lime:2:30 minStart (816,88) End.(811,604)Length: 1 um
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APPENDIX C: Tabulated alumina thickness measurements

#.1 = where oxide layer was deemed to start
#.2 = where oxide layer was deemed to end
# = difference between #.1 & #.2

*some samples were only measured in 2 locations

G3607-A 800 °C

Thickness (um)

Time (h) | 1.1 1.2 1 2.1 2.2 2 3.1 3.2 3 | AVG.
1 0.250 | 0.400 | 0.150 | 0.300 | 0.525 | 0.225 - - - 0.188
3 0.200 | 0.300 | 0.100 | 0.075 | 0.200 | 0.125 | 0.150 | 0.250 | 0.100 | 0.108
10 0.150 | 0.400 | 0.250 | 0.150 | 0.475 | 0.325 | 0.350 | 0.750 | 0.400 | 0.325
30 0.175| 0.575 | 0.400 | 0.275 | 0.550 | 0.275 - - - 0.338
G3607-A 950 °C
Thickness (um)
Time (h) | 1.1 1.2 1 2.1 2.2 2 3.1 3.2 3 |AVG.
1 0.150 | 0.625 | 0.475 | 0.100 | 0.400 | 0.300 - - - 0.388
3 0.250 | 0.700 | 0.450 | 0.275 | 0.725 | 0.450 | 0.225 | 0.525 | 0.300 | 0.400
10 0.200 | 0.725 | 0.525 | 0.200 | 0.750 | 0.550 | 0.100 | 0.675 | 0.575 | 0.550
30 0.250 | 1.150 | 0.900 | 0.300 | 1.075 | 0.775 - - - 0.838
G3606-A 800 °C
Thickness (um)
Time (h) | 1.1 1.2 1 2.1 2.2 2 3.1 3.2 3 | AVG.
1 0.250 | 0.425 | 0.175 | 0.200 | 0.350 | 0.150 - - - 0.163
3 0.150 | 0.300 | 0.150 | 0.225 | 0.425 | 0.200 - - - 0.175
10 0.100 | 0.350 | 0.250 | 0.100 | 0.475 | 0.375 | 0.200 | 0.300 | 0.100 | 0.242
30 0.175| 0.475 | 0.300 | 0.125 | 0.500 | 0.375 - - - 0.338
G3606-A 950 °C
Thickness (um)
Time (h) | 1.1 1.2 1 2.1 2.2 2 3.1 3.2 3 | AVG.
1 0.150 | 0.800 | 0.650 | 0.150 | 0.700 | 0.550 - - - 0.600
3 0.125] 0.550 | 0.425 | 0.125 | 0.750 | 0.625 | 0.200 | 0.725 | 0.525 | 0.525
10 0.100 | 0.800 | 0.700 | 0.100 | 0.775 | 0.675 | 0.150 | 0.775 | 0.625 | 0.667
30 0.250 | 0.900 | 0.650 | 0.250 | 1.100 | 0.850 | 0.200 | 1.200 | 1.000 | 0.833
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B3400-1 800 °C

Thickness (pm)
Time (h) | 1.1 1.2 1 2.1 2.2 2 3.1 3.2 3 | AVG.
1 0.225 | 0.375 | 0.150 | 0.275 | 0.375 | 0.100 | - - - 0.125
3 0.250 | 0.575 | 0.325 | 0.275 | 0.500 | 0.225 | 0.175 | 0.475 | 0.300 | 0.283
10 0.375| 0.475| 0.100 | 0.275 | 0.475 | 0.200 | - - - 0.150
30 0.050 | 0.200 | 0.150 | 0.150 | 0.300 | 0.150 | 0.050 | 0.175 | 0.125 | 0.142
B3400-1 950 °C
Thickness (pum)
Time (h) | 1.1 1.2 1 2.1 2.2 2 3.1 3.2 3 | AVG.
1 0.175 | 0.450 | 0.275 | 0.175 | 0.475 | 0.300 - - - 0.288
3 0.075| 0.325 | 0.250 | 0.075 | 0.350 | 0.275 | 0.175 | 0.425 | 0.250 | 0.258
10 0.150 | 0.525 | 0.375 | 0.150 | 0.525 | 0.375 | - - - 0.375
30 0.275 | 0.600 | 0.325 | 0.250 | 0.600 | 0.350 | 0.175 | 0.500 | 0.325 | 0.333
G3610-A 800 °C
Thickness (pm)
Time (h) | 1.1 1.2 1 2.1 2.2 2 3.1 3.2 3 | AVG.
1 0.100 | 0.275 | 0.175 | 0.100 | 0.250 | 0.150 | - - - 0.163
3 0.150 | 0.425 | 0.275 | 0.125 | 0.425 | 0.300 | - - - 0.288
10 0.200 | 0.450 | 0.250 | 0.175 | 0.400 | 0.225 | - - - 0.238
30 0.175| 0.800 | 0.625 | 0.100 | 0.575 | 0.475 | 0.150 | 0.750 | 0.600 | 0.567
G3610-A 950 °C
Thickness (pum)
Time (h) | 1.1 1.2 1 2.1 2.2 2 3.1 3.2 3 | AVG.
1 0.075 | 0.500 | 0.425 | 0.100 | 0.550 | 0.450 | - - - 0.438
3 0.600 | 1.600 | 1.000 | 0.500 | 1.600 | 1.100 | 0.500 | 1.450 | 0.950 | 1.017
10 0.200 | 1.400 | 1.200 | 0.300 | 1.450 | 1.150 | - - - 1.175
30 0.300 | 1.600 | 1.300 | 0.200 | 1.500 | 1.300 | - - - 1.300
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