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ARTICLE INFO ABSTRACT
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An Ir-Zr intermetallic coating was prepared onto Re/Ir coated graphite through a pack cementation method. The
microstructure, nanoindentation and ablation behaviors of the coating system were investigated. The Ir-Zr
coating was about 20 pm thick and consisted of 4 intermetallic phases which showed a quasi-gradient transition
in composition. Nanoindentation measurements indicated that most of the intermetallic phases had higher
hardness but lower Young’s modulus compared to pure iridium. By ablation test in a high-frequency plasma wind
tunnel, the heat flux limit of the Ir-Zr coating was measured to be about 6.1 MW/mZ, and the endurance time

was about 100 s under this condition. The coating failed at ~2240 °C during the ablation test when the iridium
melted, but the unfused parts remained complete and in good adhesion with the iridium beneath. The average
normal emissivity between 2 and 5 pm of the sample was measured to be ~0.82 at around 2092 °C before failure,
which was higher than pure iridium and bulk ZrOa.

1. Introduction

Thermal protection materials are critical components for hypersonic
applications. An ideal ultra-high temperature thermal protection mate-
rial should not only have a high melting point and good oxidation
resistance, but also have relatively low oxygen permeation to protect the
inner structure from oxidation [1]. The SiO5 scale that formed during
oxidation has been commonly used as an oxygen diffusion barrier for
ultra-high temperature ceramics such as ZrB,-SiC. However, the active
oxidation of SiC and the relatively low melting point of SiO5 limited its
application at temperatures above 2000 °C. Another promising thermal
protection material is the noble metal iridium (Ir), although it has
received much less attention.

Ir is an ideal oxygen diffusion barrier due to its extremely low oxygen
permeation (~10714 g em! s7H at high temperatures [2]. The Ir
coatings on C/C composites have shown promise for use on leading
edges [3] and combustion chambers [4,5] of hypersonic vehicles.
However, Ir begins to oxidize to form gaseous IrO, and IrO3 above 1100
°C [6,7] in oxidizing environments, leading to the gradual depletion of
this expensive coating.

To improve the oxidation resistance of Ir, alloying with other
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elements is a good choice. Worrell has found that when the Al concen-
tration is above 55 % at, a continuous external AlyOs scale will be
formed in the Ir-Al alloy to improve oxidation resistance [8]. However,
the melting point of Al,Os is not high enough to exploit the potential of
Ir. Therefore, other researchers have also added refractory elements
such as Zr, Hf and Ta to prepare Ir-X alloys by melting or co-deposition
[8-19]. A typical problem with the alloy prepared by the melting
method is that the pure Ir phase distributed along the grain boundaries
weakens the oxidation resistance and high temperature mechanical
properties of the alloy. In addition, alloying is actually detrimental to the
role of Ir as an oxygen diffusion barrier, as other phases do not have a
comparable oxygen permeation to Ir [20,21]. Comparatively, surface
alloying or overlay coating could form an outer scale while retaining the
pure Ir as an oxygen barrier [22].

In addition, due to the difficulty of characterization at ultra-high
temperatures, many reports have been concerned only with mechani-
cal properties and static oxidation behavior. In fact, the real hypersonic
environment is non-equilibrium, with a dissociative atmosphere of high
enthalpy and relatively low pressure [23]. The oxidation behavior under
such conditions should be different from static oxidation. The plasma
wind tunnel is a good simulation method to evaluate the ablation and
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oxidation behavior of materials under real service conditions, but such
reports were quite limited for Ir and its alloys [3,24,25].

In our previous work, we have developed pack cementation methods
that can readily form high X (X = Al Hf, Zr) Ir-X intermetallic compound
layers on the outside of Ir coatings. The prepared Ir-Al coatings signif-
icantly reduced the weight loss of Ir during oxidation at 1800 °C and
2000 °C [26], and both Ir-Al [25] and Ir-Hf [24] coatings significantly
increased the upper limit of ablation resistance of Ir coatings in wind
tunnel tests. Through static oxidation experiments, we also found that
both Ir-Hf and Ir-Zr coatings are more prone to undergo external
oxidation at low pressures, and the Ir-Zr coating has a higher transition
pressure from internal to external oxidation, which is expected to have
better performance in real hypersonic applications [27]. In addition,
compared to Hf, Zr has similar properties to Hf but lower density and
cost, making it more attractive for aerospace applications. Therefore, it
is necessary to test the ablation resistance of Ir-Zr coatings to determine
their suitability for practical aerospace applications.

As we said before, the ground test closest to the actual service
environment is the plasma wind tunnel test. Thus, in order to examine
the ablation resistance of Ir-Zr coatings in an environment closer to the
real service conditions, we prepared Ir-Zr coating samples on graphite/
Re/Ir substrates using the pack cementation method, and tested the
ablation resistance property and high temperature emissivity of the
sample using a plasma wind tunnel. In addition, the nanoindentation
properties of the Ir-Zr coating were also tested.

2. Experimental
2.1. Sample preparation

As shown in Fig. 1a, the samples used to prepare the Ir-Zr coating
were in two different shapes: hemisphere and small block. The hemi-
sphere sample (®20 x 20 mm) was used for ablation test in a plasma
wind tunnel and the small block sample (6 x 6 x 5 mm) was used for
mechanical and microstructural analyses of the Ir-Zr coatings. The
samples for these two types consisted of a graphite substrate, a rhenium
layer prepared by CVD, and an Ir layer prepared by ED (electrodeposi-
tion). The Re coating here was used as a bonding layer to enhance the
bond between the graphite substrate and the Ir coating. The process
parameters were listed in Table 1 and the specific information about
these methods has been reported in our previous works [28-30]. The
rhenium layer was approximately 50 pm thick and the Ir layer was about
40 pm thick.

(@

Ir/Re-coated graphite

hemisphere (for ablation test)

Ir/Re-coated graphite block
(for microstructure analysis)

(b)
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The composition of pack agent was listed in Table 2. Zirconium is
highly active even at room temperature, so zirconium hydride was
chosen. Zirconia was chosen as the inert filler. NH4Cl mainly provided
the reaction gas source, HCl and H,. The above pack agent was
completely mixed by a jar mill at 150 rpm for 6 h and then added into a
graphite crucible with the two types of samples mentioned above. The
crucible was placed in a vertical quartz tube furnace. Fig. 1c was a
schematic diagram of the pack cementation device. Induction coils were
used to heat the crucible, as mentioned in our previous work [24]. The
furnace was evacuated and then filled with argon to a slightly positive
pressure, and the valve was opened at the right time to control the
pressure at about 105 kPa. A protective balloon was also used to assist in
determining the timing of the pressure release. The pack process was
carried out at 1200 °C for 1.5 h. After cooling to room temperature, the
samples were ultrasonically cleaned, dried and then characterized.

2.2. Ablation test and high temperature emissivity measurement

The ablation test and the high-temperature emissivity measurement
were both performed in a 1 MW high-frequency plasma wind tunnel
(China Aerospace Research and Development Center). As illustrated in
Fig. 2a [31], the stagnation point of the sample was pointed directly at
the center of the nozzle to the plasma flow. The specific information of
the apparatus could be found elsewhere [24,25,32]. Two dual-color
pyrometers (Lumasense Impac, IGAR 12-LO MB25) were used to
monitor the surface temperature of the sample directly and reflectively
through the mirror, respectively. And both pyrometers have been cali-
brated by a blackbody furnace (MIKRON M490) and the error of the
pyrometer was less than 20 °C at 2500 °C. When the sample surface is
not ablated, the direct pyrometer (pyrometer D) has a higher tempera-
ture because the aiming point of pyrometer R is 3-5 mm away from the
stagnation point to monitor the temperature gradient over the surface.
However, when the sample experienced an obvious recession, the sur-
face temperature could only be estimated by the indirect pyrometer
(pyrometer R). The stagnation point pressure and heat flux of the sam-
ples were measured by a Pitot tube and a calorimeter, respectively.

The average normal emissivity of the Ir-Zr sample in the range of
2-5 pm at high temperatures was measured using an infrared thermal
imager (INFRATEC ImagelR 3350) and a pyrometer. The method has
been reported by Luo [33] and is illustrated schematically in Fig. 2b
[24]. The pyrometer (¢) and the thermal imager were aimed vertically at
two very close points on the sidewall of the sample, whose temperature
could be assumed to be the same. By measuring the values of the

(©)
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Fig. 1. Schematic diagram of (a) profiles of the two sample shapes, (b) the structure of the coatings on the graphite substrate and (c) the pack cementation device.
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Table 1
Process parameters for the preparation of Re and Ir coatings.

-RXUQDO RIODWHULDOV 5HVHDUFK DQG 7THFKQRO

CVD Chlorination temperature/  Deposition temperature/ Chlorine flow rate/(mL/ Argon flow rate/(mL/ Total pressure/ Deposition time/
Re °C °C min) min) MPa h
730 1150 70 200 <0.060 2
ED Salt system Salt temperature/°C Current density/(mA/ Deposition time/h
Ir cmz)
NaCl-KCI-CsCl 600 25 2
Table 2 indenter, the values of E; and v; are 1141 GPa and 0.07, respectively.
able . . Therefore, the E; of the sample could be calculated from equation (3).
Composition of pack agent for preparing Ir-Zr.
Component Zr (Hydrogenated) ZrO3 (5-10 pm) NH,4C1 H = Pya/A (€]
Percentage (wt%) 20 77 3 2E,\/X dp
= -2 2
N dh 2
pyrometer and the thermal imager, the average normal emissivity of the X 5
sample could be calculated by the methods from Luo [33]. The accuracy 1_ M + M 3)
E, E; E;

of the emissivity measurement has also been calibrated by a blackbody
furnace (MIKRON M490, a customized model for M390 and has a cer-
tificate from NIST).

2.3. Structural characterization and nanoindentation measurements

The phase identifications of the samples were analyzed by an X-ray
diffraction (XRD; Bruke D8 Advance) using Ni-filtered Cu K, radiation
(4 = 1.5406 10\) at a scanning rate of 5° min~! and 26 angle from 10° to
80°. The XRD results were analyzed using the ICDD PDF-2 database
(2004). The surface and cross-sectional morphologies and elemental
compositions of the samples were investigated using a TESCAN MIRA3
LMH scanning electron microscope (SEM) with an energy dispersive
spectrometer (EDS). It should be noted that because the peaks of the L
lines of Zr and the M lines of Ir are very close to each other and difficult
to distinguish, we used the L lines of Ir and the K lines of Zr to do the EDS
analyses. In addition, the accelerating voltage used for the EDS analyses
was 29 kV.

The hardness and elastic modulus of the pure Ir coating and the Ir-Zr
intermetallic layers were measured using a nanoindenter (Anton-Paar
UNHT S/N: 01-03365) with a triangular pyramidal diamond tip. The
load was gradually increased to 5 mN at a linear loading rate of 10 mN/
min, paused for 10 s, at 5 mN and then unloaded at the same rate. At
least 3 points were measured for each sublayer, and the values of the
points near the sublayer boundaries were discarded. The hardness H and
elastic modulus Eg could be calculated by the methods of Oliver & Pharr
[34]. S is the contact stiffness, and can be calculated from the slope of
the unloading curve. P is the indentation load and h is the indentation
depth. From equation (2), the reduced Young’s modulus E, can be
calculated. Eg, vg are the Young’s modulus and Poisson’s ratio of the
sample while E; and v; are those values of the indenter. For a diamond

Nozzle

holder

3. Results and discussion

3.1. Microstructural characterization and nanoindentation measurements
of the Ir-Zr coating

The surface, cross-sectional and composition information of the Ir-Zr
samples prepared through pack cementation are illustrated in Fig. 3. The
surface SEM image in Fig. 3a showed that the coating was compact
without visible cracks. Fig. 3b was the cross-sectional image, which
exhibited four distinct sublayers outside the Ir coating. The interfaces
between the sublayers are well bonded and free of defects. The in-
terfaces between sublayers 1 & 2 and sublayer 2 & 3 were both straight,
while those between sublayers 3 & 4 and 4 & Ir were jagged. The total
thickness of the Ir-Zr sublayers was ~20 pm. Referring to the EDS results
in Table 3 and the Ir-Zr binary phase diagram in Fig. 3e [35], it can be
seen that the four sublayers were IrsZr, IrpZr, IrZr and IrsZrs from inside
out, respectively. This quasi-gradual transition of composition is sup-
posed to be beneficial for a better thermal and mechanical match be-
tween Ir and the intermetallic layers. Therefore, the Ir-Zr coating is
expected to have a good adhesion with the beneath Ir. However, as we
mentioned in the previous study [27], not all the four sublayers were
complete and continuous, so the XRD results in Fig. 3c were dominated
by the peaks of IryZr, with relative weak peaks of IrsZr and IrZr.

The hardness and elastic modulus measured by nanoindentation of
each sublayer in Ir-Zr coating was illustrated in Fig. 3d and the SEM
image of the indentations was shown in Fig. 3b. The hardness and elastic
modulus of Ir has been reported [21,22], but the absolute values of
different works varied significantly. The difference between each work
was due to the substrate, preparing method and loading conditions. For
example, the Ir layer in the present work had experienced a heat

(b)

thermal imager
& pyrometer(g)

\nirror
. )
mirror S0

I pyrometer(g)

M

/ thermal imager
Front view

pyrometer(R)

I

Top view

pyrometer(R) pyrometer(D)

Fig. 2. Schematic illustration of (a) the plasma wind tunnel for ablation test [31]and (b) the pyrometers for measuring surface temperature and emissivity in the

wind tunnel [24].
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Fig. 3. (a) Surface SEM image of Ir-Zr coating, (b) cross-sectional SEM image of Ir-Zr coating, (c) XRD result of Ir-Zr coating, (d) hardness and elastic modulus of the

sublayers in Ir-Zr coating (e) Ir-Zr binary phase diagram [35].

Table 3
EDS results of the Ir-Zr sublayers in Fig. 3c.
Point Element Wt% At% Possible
Phase
1 Zr 45.28 63.55 IrsZrs
Ir 54.72 36.45
2 Zr 33.35 51.32 IrZr
Ir 66.65 48.68
3 Zr 21.53 36.64 IroZr
Ir 78.47 63.36
4 Zr 14.92 26.97 IrsZr
Ir 85.08 73.03

treatment at 1200 °C during pack cementation. The hardness of Ir layer
in this work was in agreement with the value in work of Zhu [22], while
the Young’s modulus was quite close to the values in works of Yang [36]

4431

and Kuppusami [21]. Nevertheless, what really matters for an ultra-high
temperature coating should be the relative values between each sub-
layer, which represent, to some extent, the thermal and mechanical
compatibility between each sublayer. The elastic modulus of the sub-
layers generally decreased gradually from the highest Ir (488 GPa) to the
lowest IrZr and IrsZrs (176 GPa and 188 GPa), which was in accordance
with the trend of melting point change, as Fig. 3e showed. This was
reasonable since elastic modulus and melting point are both reflections
of bond energy between atoms. On the other hand, the hardness of the
Ir-Zr intermetallics did not change monotonically. The hardest phase
was IryZr (14.6 GPa), while the softest phase was the nearby IrZr (7.6
GPa). The significantly deeper scratches in IrZr sublayer in Fig. 3b also
implied that this sublayer was softer than its neighbors.

In general, the modulus gradually decreased from inside out, indi-
cating that the stress inside each sublayer will gradually decrease from
inside to outside when the same deformation occurs, which achieves a
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gradient transition of stress between sublayers and helps to enhance the
bonding between sublayers in the Ir-Zr coatings during service.

3.2. Ablation behavior and high temperature emissivity in a plasma wind
tunnel

The ablation test was carried out in a plasma wind tunnel as has been
introduced in the experimental section and Fig. 4a was a photograph
taken during the ablation. The camera exposure was set quite low so that
the profile of the sample could be seen clearly. In Fig. 4b, the temper-
atures recorded by the two pyrometers which were aimed directly at the
stagnation point (D) and about 3~5 mm away from the stationary point
by reflection (R), respectively, were plotted. The temperature measured
by pyrometer D could be regarded as the real temperature of the stag-
nation point (Ts) before failure. The whole ablation process can be
divided into four progressively harsher conditions according to the heat
flux and was labeled in Fig. 4b. Combined with the heat flux data in
Table 4, it can be seen from Fig. 4b that when the ablation process
began, Ts of the sample raised drastically (~34 °C/s) to about 2030 °C
and then became stable (C1 in Fig. 4b, the “C” here means “condition”)
at a heat flux of 3.2 MW/m?. Since this temperature was far from the
melting point of either Ir or ZrO,, the ablation condition was increased
through raising the heat flux. As a result, the Ts of the sample increased
and stayed at ~2110 °C and 2150 °C, respectively for the next two
conditions (C2 and C3 in Figs. 4b, 3.9 and 4.5 MW/mZ, respectively).
When the heat flux was further increased to 6.1 MW/m?2, the tempera-
ture curve became unstable (C4). The Tg continued to rise and when it
reached about 2240 °C, it suddenly jumped to about 2390 °C and then
the plasma was immediately shut down. The temperature jump has been

-RXUQDO RIODWHULDOV 5HVHDUFK DQG 7THFKQRO

Table 4

Emissivity and heat flux of ablation conditions in Fig. 4b.
Ablation Condition Cl1 Cc2 C3 C4
Average Temperature (pyrometer €) 1874°C  1974°C  2050°C  2092°C
Average Emissivity 0.76 0.77 0.80 0.82
Heat Flux (MW/m?) 3.2 3.9 4.5 6.1

reported in other works [32,37], which implies a sudden change of the
surface states, e.g., composition, phase, morphology, etc. In the case of
C/SiC ceramics, for example, this phenomenon usually occurs when the
oxidation of SiC turns to active oxidation [38]. In our case, however, the
coating was burned off and exposed the graphite substrate. Therefore, it
can be assumed that the coating can stably withstand a heat flux of 4.5
MW,/m? while the ultimate heat flux was about 6.1 MW,/m?, and the
endurance time in this condition was about 100 s. The data of pyrometer
R also reflected the temperature gradient over the surface. The tem-
perature of pyrometer R was about 120 °C lower than that of pyrometer
D before failure, so the temperature gradient around the stagnation
point was about 24-40 °C/mm. The emissivity of the sample for the
conditions in Fig. 4b was also given in Table 4. Data for a higher tem-
perature was not available due to the limitations of the thermal imager.
It could be seen that the average normal emissivity of the Ir-Zr coating
changed slightly from ~0.76 at 1874 °C to ~0.82 at 2092 °C. This
emissivity was not only much higher than that of pure Ir (x0.35) [39],
but also higher than that of yttria-stabilized zirconia (~0.6-0.7) [40,41].
Besides the differences between these apparatuses and methods, the
surface of ZrO5 should also be investigated. Fig. 4c shows the XRD re-
sults of the ablated surface compared to the XRD results after static
oxidation at different pressures [27]. It can be seen that unlike the
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®1r (PDF:87-0715) VZrO, (PDF:78-0047)
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Fig. 4. (a) Ir-Zr hemisphere sample in the plasma wind tunnel during ablation test, (b) temperature measured by different pyrometers versus time during ablation
test, (c) XRD patterns of the ablated Ir-Zr sample and statically oxidized Ir-Zr samples [27] at different pressures.

4432



F. Li et al.

surfaces of the Ir-Zr coatings after static oxidation at 1 kPa and 101 kPa
[27], only the ZrO, phase was present on the surface after the wind
tunnel ablation and no Ir phase was present, indicating that the in-situ
formed ZrO, layer was relatively thick.

The profile and microstructure of the ablated Ir-Zr sample are shown
in Fig. 5. From Fig. 5a, it is clear that the coating near the stagnation
point has been ablated and the graphite substrate had been exposed. The
surface of the sample could be divided into three regions: the ablated
region, the unablated region and the transition region. In the ablated
region, there were still Ir islands adhering to the substrate. In the tran-
sition region (section 1), the coating had apparently rolled up and
separated from the substrate. Although no graphite was observed, the
top areas in the unablated region appeared bright, indicating possible Ir
exposure. Even in the bottom areas, there were quite a few bulges which
made the sample rougher than the as-prepared sample. Fig. 5b and ¢
shows the microstructure of sections 1 and 2 in Fig. 5a. From Fig. 5b, the
transition region was composed of twisted Ir with a wavy shape and
some pores. According to the EDS analysis, the metal sheet at the lower
right area contained rhenium that has not yet oxidized, but the bright
wavy-shaped area contained only Ir. The ZrO, scale was extruded out-
wards and was not seen in large size. The microstructure in Fig. 5b
suggested that the Ir coating had probably undergone a melt-
solidification process. Although the highest temperature recorded by
the pyrometer did not reach the melting point of Ir (2440 °C), the actual
temperature of Ir could be higher than the pyrometer recorded due to
the errors in the pyrometer itself and in its aiming point position devi-
ation. In addition, the recorded temperature was an average value of the
area around the stagnation point. As the Ir melted, the ZrO, was crushed
and washed away under the scouring of high-speed gas. The Ir close to
the rhenium coating formed Ir/Re alloy, which has a higher melting
point than pure Ir, remained as a solid. Stronger evidence can be seen in
the further magnified images (Fig. 5d and e). On the outside of the wavy
Ir around section 1.1 in Fig. 5d, the boundary between the ZrO, in the
unablated region and the wavy Ir was quite unclear. In addition, the Ir
had a flat and smooth surface with ripples that were usually seen in
solidified liquid. On the inner side around section 1.2 in Fig. 5Se, the
boundary between the molten Ir and the Ir/Re alloy was also quite clear
due to the phase separation during melting. On the surface of the Ir, ZrO,

-RXUQDO RIODWHULDOV 5HVHDUFK DQG 7THFKQRO

particles were observed, which were fragments of the broken outer
layer. No Ir was seen in the unablated region far from the stagnation
point in Fig. 5¢c. However, upon closer inspection, “hills” were observed
that were obviously larger than the normal fluctuation. Cracks were
found at the top of these “hills”. These hills and cracks were probably the
result of oxidation-evaporation of Ir, reflecting the severe oxidation
environment during ablation. In Fig. 5f, where the “valleys” between the
“hills” were enlarged, fewer cracks were witnessed. The microstructure
of ZrO, was different from those that were statically oxidized [27].
There was no Ir at all on the surface, consistent with the XRD results in
Fig. 4c. The grains of ZrO, were compact and the grain boundaries were
not obvious at this temperature. There were micropores on the surface of
ZrO,, which were probably the vents for Ir oxidation-evaporation. Due
to the tiny micropores and rough surface, the emissivity of the Ir-Zr
coating was increased to ~0.8 and the ablated coating appeared gray
instead of white like bulk ZrO,. Based on these analyses, it could be
inferred that the Ir-Zr coating could withstand a higher ablation con-
dition if the Ir-Zr coating was thicker. A thicker Ir-Zr coating results in a
thicker ZrO,, which could reduce the oxygen pressure and temperature
of the pure Ir coating beneath, avoiding the melting and severe oxidation
of Ir, which is considered as the key to the failure of the Ir-Zr coating.

To further investigate the structure of the ablated sample, the sample
was cut and cross-sectional SEM images were taken. Since the surface
temperature decreased along the axis from the stagnation point, three
points at different distances from the stagnation point were selected for
comparison (Fig. 6a). A common feature of the cross-sectional mor-
phologies at all three locations was the good interfacial bonding be-
tween the oxidized Ir-Zr layer and the pure Ir, indicating a good
thermophysical compatibility of the quasi-gradient transition multilayer
structure prepared by pack cementation. The different microstructure of
these regions could reflect the influence of temperature under a similar
oxygen pressure. Fig. 6b shows the cross-sectional image of section 1,
which was near the bottom. At the right of this image, a relatively
compact ZrO, scale with a thickness of ~30 pm was observed. The
morphology here was similar to that of the external oxidation structure
formed in the static oxidation experiments at 1800 °C under 1 kPa [27].
Such similarity should not be a coincidence, as the temperature of this
section could be close to that of the static oxidation test (~1700 °C,

Fig. 5. (a) Photograph of the Ir-Zr coating sample after ablation and schematic of ablation regions, (b)-(c) surface SEM images for sections 1 and 2 in (a), (d)-(e)
high magnification SEM images for sections 1.1-1.2 in (b), (f) high magnification SEM images for section 2.1 in (c).
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Fig. 6. (a) Photograph of the ablated Ir-Zr sample (b)-(d) SEM images of the three sections in (a).

estimated from pyrometer R data and the temperature gradient esti-
mated before). In addition, the pressure at the stagnation point was
about 8 kPa, while section 1 was near the bottom, where the pressure
was lower and closer to 1 kPa (The environment pressure was about
0.84 kPa). Therefore, a compact ZrO, layer could be formed at a rela-
tively low pressure at a suitable temperature. In Fig. 6¢, however, the
compact ZrO, scale disappeared at section 2 and the Ir/ZrO, mixed layer
appeared instead. Section 2 was chosen at the boundary between the
hemispherical and cylindrical surfaces. Due to the higher surface tem-
perature and harsher oxidation condition, the microstructure of ZrO,
became porous and the Ir was distributed island-like. At section 3 in
Fig. 6d, where the surface temperature and oxidation activity were
further increased, the morphology of the ZrO, scale changed again. The
ZrO, was not compact and mixed with Ir, while the Ir at the outer side
disappeared and pores were left instead. There was even a clear
boundary line between the Ir-existing and Ir-disappearing regions. The
underlying Re/Ir was torn apart by the melted Ir not far from this region,
but did not break the boundary between ablated Ir-Zr and pure Ir.
Based on the ablation results and compared with the static oxidation
results in our previous work [27], the influence of temperature and
oxygen pressure on the microstructure of the ablated or as-oxidized

Ir-Zr coating was illustrated in Fig. 7. By comparing the
cross-sectional images in different sections of the ablated sample, it can
be seen that the microstructure of the ablated Ir-Zr coating changed
with increasing temperature at a stagnation pressure ~8 kPa. The
number of cracks and pores increased, but the adhesion between ablated
Ir-Zr and the pure Ir did not become worse. However, as for the static
oxidation test, the adhesion between the ZrO, and Ir became poorer with
the increasing oxygen pressure at 1800 °C. And the microstructure of the
as-oxidized Ir-Zr coating became worse with the increasing oxygen
pressure. The ZrO, scale became less compact with more cracks while
the Ir in ZrO, coarsened and became larger and fewer. These results
show that both oxygen pressure and temperature could affect the
microstructure of Ir-Zr coating. The influence of oxygen pressure could
reach to the interface between as-oxidized Ir-Zr and pure Ir, deterio-
rating the adhesion between them, while the influence of temperature
could only affect the outer ZrO,/Ir mixed layer, causing more pores in
this region. Through comparison, it is clear that the effect of oxygen
pressure is more significant in increasing the oxygen activity for
permeation through ZrOs. Therefore, the Ir-Zr coating might be more
promising for a low pressure and high temperature (within the melting
point of Ir) service condition, which is just related to the hypersonic

Fig. 7. Schematic illustration of the microstructure change of the Ir—Zr coating in the plasma wind tunnel test and static oxidation test.
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environment.

4. Conclusions

(1) Ir-Zr intermetallic coatings with a total thickness of ~20 pm were

prepared on Ir substrates by pack cementation. From inside out,
the Ir-Zr coating had a four-layered structure of IrsZr/IryZr/IrZr/
IrgZrs with good interfacial bonding.

(2) The elastic modulus of the sublayers generally decreased gradu-

ally from the highest Ir (488 GPa) to the lowest IrZr and Ir3Zrs
(176 GPa and 188 GPa), and the hardest phase was IryZr (14.6
GPa), while the softest phase was the nearby IrZr (7.6 GPa).

(3) The Ir-Zr coating can stably withstand a heat flux of 4.5 MW,/m?

in the wind tunnel ablation test and the heat flux limit was ~6.1
MW,/m? with an endurance time of about 100 s. The coating
failed due to the melting of Ir when the surface temperature
reached about 2240 °C. The emissivity of the Ir-Zr coating at high
temperatures during ablation was about 0.76-0.82, which was
substantially improved over the pure Ir.

(4) After ablation, the Ir-Zr coating and Ir were well bonded to each

other, and the specific morphology changed depending on the
temperature.

(5) The Ir-Zr coatings prepared by pack cementation substantially

increase the emissivity of the Ir layer while maintaining the
temperature resistance of the Ir layer, so can be better applied in
ultra-high temperature thermal protection.
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