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ABSTRACT

Recent studies exploring ammonia as a green hydrogen
energy carrier have established its suitability for a variety of
combustion technologies including gas turbines, furnaces, and
internal combustion engines. Of significant interest are
ammonia/hydrogen blends, which possess combustion benefits
over pure ammonia, including an extended stability range and
higher laminar burning velocity. Despite the extensive research
to characterise the flame properties of these blends, very few
studies explore the suitability of existing materials for the
manufacture of ammonia/hydrogen combustors. The present
study evaluates the impact of ammonia/hydrogen flame
chemistry on the H permeation and possible loss of ductility of
nickel-superalloys through exposing the samples to pure
methane and ammonia/hydrogen flames at atmospheric pressure
for a 5-hour period. The effect of the two flame compositions on
the materials are compared through thermal desorption analysis
(TDA) and room temperature tensile testing. The results showed
that exposure to ammonia/hydrogen combustion environments
led to hydrogen being absorbed by the nickel superalloys but a
possible variation in ductility is influenced by the combustion
conditions. Furthermore, the formation of an oxide layer was
shown to likely impact the hydrogen absorption rate of the
materials. This work shows that ammonia/hydrogen flame
chemistry on combustor materials should not be ignored and
warrants further studies on material’s mechanical and
environmental stability controlled by nitrogen and hydrogen
species permeating at industrially relevant conditions.
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1. INTRODUCTION

Since the start of the 20" century and the development of the
Haber Bosch process, ammonia has not only revolutionised
agricultural sector as a cheap and readily available fertiliser but
has also gathered interest as a fuel. Examples include Belgium’s
adaption of around 100 buses to run on an ammonia/coal gas
blends during the World War II diesel shortages [1] and NASA’s
development of the X-15 hypersonic powered aircraft powered
by anhydrous ammonia [1]. Many lessons can also be learnt from
the efforts of the US Army in the 1960s to develop ammonia gas
turbines and internal combustion engines [2-4], though the
projects did not progress further due to low combustion
efficiency. However, in recent years, fuel ammonia has gained
even more attention as a convenient and affordable hydrogen
energy carrier to tackle global warming. This has led to a variety
of demonstration projects [S] and detailed studies on the
combustion properties of this fuel [6].

These studies have shown that pure ammonia powered devices
are susceptible to having a low range of stability and low laminar
burning velocity, compared to traditional fossil fuel options.
Hence the focus of ammonia-fuelled devices has shifted to
ammonia blends containing fuels of higher reactivity such as
methane or hydrogen. While ammonia/methane blends may be
more important in the short-term adaption of existing fossil-fuel
devices, ammonia/hydrogen blends are more relevant achieving



longer term, net-zero targets, providing the motivation to use an
ammonia/hydrogen blend in the present study.

This work aims to compare the effects metals exposed to two
types of flame: a pure methane flame of equivalence ratio, ¢ =
0.65 and a 30%/70% (vol.) hydrogen/ammonia flame of
equivalence ratio ¢ = 1.20. The rationale for selecting this
methane equivalence ratios is to use a condition comparable to
lean premixed combustion (LPC), an established method
employed in dry low emissions (DLE) stationary gas turbines run
on natural gas [7-8]. On the other hand, a rich equivalence ratio
is often selected by ammonia/hydrogen combustion studies to
decrease NOx, and as a step towards a rich-quench-lean (RQL)
combustor configuration [9].

Radical quenching of metal wall surfaces has been shown to
have an impact on flame properties through the mass transfer of
radicals between the flame and wall [16]. However, at time of
writing, there is little data to describe this behaviour for
ammonia-based fuels. Most studies focus on the behaviour of
pure methane [17] or hydrogen flames [18], or otherwise
describe the catalysis of pure ammonia decomposition on
surfaces [19]. Therefore, there are few (if any) detailed reaction
mechanisms that can model this behaviour to aid understanding
of the impact of materials on both combustion characteristics and
on material properties.

However, previous studies have explored various ammonia-
based combustion blends on the properties of metals. Starostin et
al. [10] exposed stainless steels and nickel superalloys to a
solution of highly concentrated aqueous ammonium nitrate/urea
solution, to understand corrosion effects of high nitrogen content
fuels. This work suggests that alloys with high Cr (>23% wt.)
have good performance in ammonia-based combustion
environments, due to the formation of a protective chromium-
rich oxide layer. Of further interest is that at high exposure times
of 200 hours and high pressures (20MPa), it was possible to
differentiate between the impact of the turbulent hot reactor zone
(HRZ) at around 745°C and the laminar cold reactor zone (CRZ)
at 545°C on stainless steel samples [11]. However, such studies
have not been conducted for ammonia/hydrogen flames.

Aside from high temperature corrosion, hydrogen
embrittlement is another potential concern in the use of rich
ammonia/hydrogen blends. Studies involving hydrogen charging
through cathodic hydrogen polarisation at slightly elevated
temperatures are widely used to understand the effects of
hydrogen on metals. Results focused on superalloy Inconel 718
showed that when compared to samples that were only solution
annealed, those that also received additional heat treatment
(creating aged and over-aged conditions) had higher levels of
embrittlement due to the precipitation of y’, y'’' phases.
Furthermore, the solution annealed condition specimens
presented an increase in strength due to hydrogen exposure,
although these specimens also had higher levels of hydrogen
diffusion and permeation than the aged or over-aged conditions
[12], also discussed in other studies of nickel superalloys [13-
14]. Consequently, understanding how hydrogen concentration

changes with microstructure, i.e. y’, y'' and & phases, are
important for evaluation of candidate materials for
ammonia/hydrogen combustors.

Therefore, this work aims to quantify the effects of
ammonia/hydrogen flame chemistry on nickel superalloys in
comparison traditional methane flame chemistry. Specifically, H
concentration inside alloys is measured through thermal
desorption analysis (TDA). Tensile tests of materials exposed to
both flames are also conducted on three nickel-based alloys to
study possible loss of ductility induced by hydrogen
embrittlement. The present work serves as enabling
methodology for the understanding of surface chemistry,
environmental degradation, and development of high
temperature materials in ammonia’hydrogen combustion
systems.

2. MATERIALS AND METHODS

2.1 Combustion Setup

Figure 1 shows the schematic for the exposure of the metal
samples to ammonia/hydrogen flames. However, for the
methane flame condition, the ammonia inlet was replaced with
methane and the hydrogen inlet was blocked.
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FIGURE 1: SCHEMATIC OF COMBUSTION SETUP

A blend of hydrogen/ammonia at equivalence ratio, ¢=1.20
was selected for the ammonia-based flame and a pure methane
flame of equivalence ratio $=0.65 was used for comparison, with
both flames at 5 kW power. The hydrogen fuel fraction was set
at Xu2=30% for the hydrogen/ammonia flame, as defined in
Equation 1:

[Hz]

— 21 1009 1
[Hz]+[NH;z] 00% (1)

Xyp =

Where [H,] and [N Hz ] mark the mole fraction of hydrogen
and ammonia respectively. The combustion rig featured a fully



premixed swirl burner, with hydrogen mixing holes in the
hydrogen inlet pipe to achieve this effect. The flame was
enclosed in a stainless-steel sleeve with the following
dimensions: 300mm height, 82 mm inner diameter, 4mm wall
thickness.

All alloys, provided by Special Metals Wiggin, were
suppled in solution annealed condition in sheet form, specific to
aerospace applications. The materials tested in the present study
and their alloy composition are listed in Table 1.

TABLE 1: COMPOSITIONS OF NICKEL-BASED ALLOYS

Inconel 617 Inconel Inconel Inconel
740H N06230 HX

Al 0.8-1.5 0.2-2.0 0.20-0.50 -

B 0.006 max. | 0.006 max. | 0.015 max. -

C 0.05-0.15 0.005-0.08 0.05-0.15 0.05-0.15
Co 10.0-15.0 15.0-20.0 5.0 max. 0.5-2.5
Cu 0.05 max. - -

Cr 20.0-24.0 23.5-25.5 20.0-24.0 20.5-23.0
Fe 3.0 max. 3.0 max. 3.0 max. 17.0-20.0
La - - 0.005-0.050 -
Mn 1.0 max 1.0 max. 0.30-1.00 1.0 max.
Mo 8.0-10.0 2.0 max. 1.0-3.0 8.0-10.0
Nb - 0.5-2.5 - -

Ni 445 Bal. Bal. Bal.

P - 0.03 max. 0.030 max. 0.04 max.

S - 0.03 max. 0.015 max. -

Si 1.0 max 1.0 max. 0.25-0.75 1.0 max.
Ti 0.6 max 0.5-2.5 - -

W - - 13.0-15.0 0.2-1.0

Both combustion runs featured a 10-minute methane
ignition at the start of the test, where the 5-hour exposure time of
the metals was measured from the point at which the flame had
stabilized to the required flame condition. Once the test was
complete, the samples were cooled for 30 minutes by a room
temperature air flow. The samples were immediately placed in
small plastic bags and then submerged into Liquid Nitrogen (LN)
to prevent H desorption before the next test.

The samples for thermal desorption analysis tests were cut
into square flat samples (20mm wall length), while samples for
tensile testing were cut following the BS-EN-2032-001 standard
[20]. Both types of samples were mounted on hooks at the
combustor edge (Fig. 2). In the present work, the temperature
profile was measured along the wall of the combustor. To
minimize disruption to the flame, near wall temperatures were
measured from 883K to 558K and from 743K, to 351K for
ammonia’/hydrogen and methane flames respectively, with the
decreasing temperature along the wall of the combustor
corresponding to heat loss along the combustor length.

FIGURE 2: THERMOCOUPLE POSITION (A); SAMPLE
MOUNTING (B)

There are many barriers to experimentally defining the
surface conditions of the samples. The true surface temperature
of thin metal samples mounted near the flame zone is difficult to
measure with traditional methods such as thermocouples. Gas
sampling is an intrusive method that is rarely designed to capture
key information for this study, such as concentrations of O, H
and OH radicals. Laser diagnostic methods are available for such
investigation but are time-intensive and not suitable for a broad
comparison of species across the two flame conditions. To
counter these challenges, a numerical simulation was conducted,
providing an estimated comparison of exposure conditions.

A RANS (Reynolds Averaged Navier Stokes)
computational fluid dynamics simulation was carried out
following identical geometry, meshing and physics model
previously validated for the current experimental rig [21]. For
the kinetic reaction mechanism, the reduced mechanism of
Gotama et al. [22] and the reduced mechanism of Okafor et al.
[23] were used. Thermocouple wall temperatures were used as
constant wall temperature inputs in the numerical model, though
no additional heat loss or radiation model was used. The



difference in chemical composition (wet values) between the
flames is described in Table 2 taken over the distance where each
type of sample was mounted.

TABLE 2: FLAME CONDITIONS TAKEN ACROSS
SAMPLE MOUNTING POINTS ACCORDING TO THE

NUMERICAL SIMULATION
CH4 CH4 NHs/H> NH3/H:
(TDA (Tensile (TDA (Tensile
Sample) | Sample) Sample) Sample)
Temperature 1334- 1675- 1373-2010 1366-
X 1775 1918 1568
H radical 0-7 12-21 57-473 11-57
(mol., ppm)
O radical 2-9 18-47 >1 >1
(mol, ppm)
05 (mol) 0.010- 0.013- 0 >0.001
0.014 0.019
H> (mol) 0.004 0.004 0.057-0.06 0.052-
max. max. 0.055
N, (mol) 0.69 0.69 0.64 0.64
H>0 (mol) 0.25 0.24-0.25 0.30 0.30
NH; (mol, >0.01 0 500-3500 3900-
%) 5100

Table 2 suggests higher hydrogen concentrations upstream of
the combustor, with ammonia/hydrogen flames displaying some
unburnt ammonia downstream of the combustor. However, due
to the low concentrations of O and O; relative to other species,
any oxidation on the surface is more likely to be from the air
cooling of the samples after the combustion test or from pre-
existing oxide scale present on the surface of the alloys.
Comparatively, methane flames exhibited oxygen concentration
of a few orders of magnitude higher than in the
ammonia/hydrogen flame. It was also noted that the location
where the TDA samples were mounted were near the flame zone,
corresponding to a region where the H radical concentration
increases significantly.

2.2 Thermal Desorption Analysis

Thermal desorption analysis (TDA) was performed on the
square samples in an Agilent 7890B rig using He as a carrier gas.
Two test samples of Inconel HX (corresponding to each flame
condition) were removed from the LN and cut in half. One half
of each sample had the surface oxide layer removed by grinding
the down with a 1200 grit before the cleaning. Samples were
ultrasonically cleaned for 5 minutes in ethanol, then washed with
isopropanol. After cleaning, the samples ware dried for 4 minutes
in a vacuum to remove all hydrocarbons. Samples were then
transferred to the thermal desorption rig furnace, which
underwent a purging cycle of ~30 min before the start of the
desorption experiment. During this time, very little hydrogen
was expected to effuse as the diffusivity of H in Ni at room

temperature is very low. After the first heating cycle, the sample
was held for 4h under 800°C. Following the first run, each
sample was subject to the same preparation procedure and during
a second TDA test, assuming that all H has left the sample to
identify the background noise produced by the machine. All
samples followed the same preparation process. The obtained
curves were subtracted from the first tests to obtain the real H
desorption behaviour.

2.3 Mechanical Testing

Within 15 minutes of being removed from the liquid nitrogen,
the tensile samples were tested with a Zwick Z-100 tensile
testing machine at a Imm/min crosshead speed. The percentage
elongation across the gauge length was measured as a ratio of the
original length to the length after fracture. The measurement was
conducted by marking lengths along the sample gauge length and
comparing the before and after percentage change and averaging
the values. The tensile test samples were prepared and followed
dimensions stated in the aerospace standard BS-EN-2032-001
[20].

3. RESULTS AND DISCUSSION
3.1 Material Oxidation

Samples exposed to both flames showed minor surface
oxidation (Fig. 3). A possible reason could be due to air
introduction during cooling after the combustion tests, however,
the temperatures and times involved would be too mild to induce
significant oxidation; nonetheless, this warrants further attention
in future test procedures. The oxides are of slightly different
colouring, suggesting that the oxidation process could evolve
differently between materials exposed to flames rich in methane
and ammonia/hydrogen.

This is consistent with previous findings on Ni oxide
reduction process using hydrogen and methane showing vastly
different reduction rates [29]. Aside from nickel oxide, studies
have shown [24], [32], that chromium oxide reactions with steam
affect oxidation rates of nickel superalloys. The reason is due to
the relative increase in steam concentration for the
ammonia/hydrogen flames compared to methane flames. In
addition, the presence of C in methane and N in ammonia could
affect how the oxidation process takes place at the gas/metal
interface [30]. Another reason may be due to ammonia/hydrogen
tests being conducted under fuel-rich conditions while methane
tests being conducted in fuel-lean conditions. As shown in Table
2, the methane flame would have contained a higher oxygen
concentration compared to the ammonia/hydrogen flame.
However, more experimental, and theoretical work is needed to
study these phenomena in detail.
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FIGURE 3: INCONEL HX SAMPLES EXPOSED TO A)
AMMONIA/HYDROGEN AND B) METHANE

3.2 Thermal Desorption Analysis

Figures 4 and Figure 5 show the TDA results of Inconel HX
at a heating rate of 100 °C/h with and without the removal of the
surface oxide layer. The curves for the ammonia’hydrogen
flames have a large primary peak at ~400 °C, a secondary peak
at ~550 °C and a tertiary peak ~ 680°C. The first peak is
indicative of H diffusion and/or weak trapping within the bulk
[25], confirming that indeed H permeates under the present
(mild) combustion conditions without the need of high pressure,
e.g. as in the case of room-temperature gas charging [26]. The
second peak could be due to deep trapping taking from pre-
existing carbides, whereas the tertiary peak could be connected
to remanent oxides. The total hydrogen released from the sample
up to 800°C was | ppm.
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FIGURE 4: TDA RESULTS FOR SAMPLES EXPOSED TO
AMMONIA/HYDROGEN

Results for the sample exposed to methane flames are depicted
in Fig. 5 showing very little H across all temperatures; this
indicates that there is no appreciable diffusible/weakly trapped
H and possibly deep trapping in this condition.
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FIGURE 5: TDA RESULTS FOR SAMPLES EXPOSED TO
METHANE

To assess the impact of the oxide layer on H permeability and
diffusivity, Figure 4 shows additional TDA results for the sample
exposed to ammonia/hydrogen flame without removing the
oxide layer. The primary peak at ~400°C remains virtually
identical, indicating that the same content of diffusible/weakly
trapped H is retained, but it is evident that the hydrogen diffusion
behaviour changes drastically at higher temperatures. The
secondary peak becomes higher and wider, whereas the tertiary
peak drops to very low values and shifts to ~780°C. The total H
content in this sample is 0.42ppm, indicating that oxide layer
trapped ~0.58ppm of H. This result confirms that the tertiary
peak is most likely driven by the presence of the surface oxide
and it acts as a deep trap. However, the present tests are not
enough evidence to conclude whether the oxide layer could
impact H permeability during the combustion process as it is
currently unknown if the oxide forms during/before H
permeation occurs or after the H has permeated to the sample.



Nonetheless, the results pave the way towards assessing how
ammonia/H flames could change not only material’s
susceptibility to hydrogen embrittlement but also their oxidation
and/or corrosion behaviour.

3.2 Tensile Testing
Figure 6 shows an example stress-strain graph from which
UTS and yield stress values were extracted. However, elongation

measurements were taken separately and not based on the strain
values given in the graphs.
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FIGURE 6: INCONEL 740H STRESS-STRAIN GRAPH FOR
AMMONIA/HYDROGEN FLAME EXPOSED SAMPLE

Between 6 to 8 samples of each material were tested (giving
between 3 to 4 samples each type of flame type), such that Figure
8 shows the averaged ultimate tensile strength across each set of
samples, with the error bar taken as the standard deviation of
repeat samples.
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FIGURE 7: UTS VALUES FOR INCONEL 617, INCONEL
740H and INCONEL N06230

Figure 7 suggests that the highest ultimate tensile strength
was given by Inconel 740H, with the most variation between

samples. Meanwhile, Inconel N06230 and Inconel 617 had lower
tensile strength and overall variation.

Figure 8 shows the comparison of elongation values for
various alloys. Various measurements (2-5 values in total) were
taken for each metal at each flame condition.
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FIGURE 8: ELONGATION MEASUREMENTS FOR
INCONEL617, INCONEL740H and INCONEL N06230

An F-test to check the equality of variances has shown that
for all samples, the variances based on UTS are significantly
different between the two flames. This is indicated by Figure 8
which shows a lower error bar for all methane measurements
compared to ammonia/hydrogen flame measurements. Based on
these preliminary findings, we can expect UTS and yield
strength to be more precise indicators mechanical changes in the
materials when compared to elongation, which is susceptible to
larger sources of error from manual measurement and shows
larger error for all flames and alloys. A paired t-test of unequal
variances was conducted on the UTS values, at a 0.05 confidence
level for each alloy. The results demonstrate that for all three
alloys, there is insufficient evidence to show that there is a
difference in the UTS of the methane flame exposed sample and
the ammonia/hydrogen sample.

This is consistent with the fact that hydrogen embrittlement
in superalloys has been reported when H>20-30 wppm [28],
whereas the TDA results in the present work show much lower
H levels. However, it must be noted that the measured H contents
are for 5kW and were only exposed to ammonia/hydrogen
flames for 5h; higher power and longer exposure times will most
likely increase the H concentration within samples potentially
reaching critical levels for embrittlement. Similarly, high-
strength alloys, such as those with high y' content, will adsorb
more H due to their higher trapping capacity [26]. Further
analyses need to be done to confirm whether hydrogen
embrittlement in superalloys could happen under more extreme
and realistic combustion conditions. For other metals, only the
diffusible hydrogen is causing the embrittlement [31]. The lack
of embrittlement found when testing at room temperature does
not guarantee same mechanical properties in higher



temperatures. The presence of hydrogen that becomes diffusible
above 300°C could still cause significant drop in properties while
not being detectable in the room temperature.

Aside from metals, ceramic coatings are another important
material selectively used in gas turbine combustors, for example
platinum aluminide may be used for oxidation resistance on the
turbine blades, while thermal barrier coatings may be used in the
hottest sections of the combustion chamber [33]. To the author’s
best  knowledge, most successful ammonia and
ammonia/hydrogen gas turbine demonstrators have been focused
on solving the combustion design challenges brought by these
alternative fuels. As such, ammonia/hydrogen demonstrators
have been manufactured from traditional metals (such as
stainless steel) without coatings [34, 35].

Furthermore, most of the load in the combustor is carried through
the core material and not the coating. Embrittlement in the core
material could still cause failure and the coating is not expected
to protect the metal from hydrogen diffusion at the surface. Some
traditional coatings are vulnerable to hydrogen permeation and
selection of new coatings for ammonia/hydrogen blends is
expected to bring its own set of challenges and requires separate
investigation.

4. CONCLUSION

e Nickel superalloys were exposed to premixed, swirl
stabilised, methane and ammonia/hydrogen flames at 5
kW power for 5 hours.

e The alloys exposed to ammonia’hydrogen flames
absorbed higher hydrogen content than methane
exposed metals, which showed very little H contents.
The hydrogen desorption/diffusion behaviour in
samples exposed to ammonia’hydrogen flames is
consistent with bulk diffusion and weak trapping,
whereas deep trapping is likely taking place in the
methane flames.

e Surface oxide layers were present in both combustion
conditions showing different features, which are likely
related to the oxidation/reduction process involved at
the gas/metal interface. In addition, the oxide layer was
shown to impact the hydrogen absorption and
desorption rates by acting as deep traps against H
diffusion.

e Although little effect in the loss of ductility was
observed, due to the low temperatures and short
exposure times, the combined results show that
materials exposed to ammonia/hydrogen flames could
be more prone to hydrogen embrittlement with high
power combustion and longer exposure times. Hence,
the results demand more in-depth investigations of H
permeation and possible embrittlement in Nickel-based

superalloys under realistic combustion conditions.
Mechanical testing in elevated temperature could still
show significant embrittlement.
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