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The Re-Ir system is of great interest for high-temperature applications and extreme environments. Here, Re-Ir-Ni alloy coatings
were electroplated from aqueous solutions. The effects of pH and temperature on the faradaic efficiency (FE), chemical composition,
surface morphology and crystallographic structure of the coatings were studied. The results show that the pH and temperature of
electrolytes have a significant effect on the electrodeposition of Re-Ir-Ni. As the pH was increased from 2.0 to 8.0, the FE, partial
current densities for deposition of the three metals, and deposition rate increased. The highest Re-content (82 at%) was obtained
at pH = 2.5. At pH = 2.0, the coating consisted of an amorphous phase, and no cracking was observed. When raising the pH to
4.0 and above, crystalline phases (including hydrides) formed, and both columnar crystals and micro-cracks were observed. The
bath temperature affected the surface crack density and the size of the grains that form the mesoscopic colonies. At the two lowest
temperatures studied herein (50 and 60°C), no codeposition of Ir was observed. The phase composition of the coating changed from
amorphous Re-Ni at 50°C; to amorphous Re-Ni, hep-Ni and hexagonal Ni;H at 60°C; to hep-Irg 4Reg ¢, hep-Ni and hexagonal NipH

at higher temperatures.
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Pure rhenium (Re) has high melting point (3,186°C), excellent
wear resistance, and superior strength and ductility at elevated temper-
atures. In addition, it does not suffer from ductile-to-brittle transition,
and it does not form carbides while having good mutual wettability
with carbon.!?

At present, the main manufacturing processes of Re and its al-
loys are powder metallurgy and chemical vapor deposition (CVD).!-
In recent years, we have studied electroplating*'? and electroless
plating'*!* as alternative processes. Electrodeposition of pure Re was
found to have a low faradaic efficiency (FE) and poor quality.* Addi-
tion of iron-group metal salts to the plating bath results in the formation
of Re-Me alloys (Me = Ni, Co or Fe) with high Re-content and at
high FE, thus showing a catalytic effect of the iron-group metals on
the electrodeposition of Re.>”’

Rhenium and its alloys with iron-group metals tend to oxidize
readily in moist air at temperatures above 600°C." In order to protect
them from high-temperature oxidation, a top coating such as rhodium
(Rh) or iridium (Ir) is often applied. Iridium has high melting point
(2,446°C) and excellent corrosion resistance.!>'® Re and Ir show ex-
tensive mutual solubility and no intermetallic compounds in their
binary phase diagram. Iridium can also act as an effective diffusion
barrier for inward-diffusing oxygen and outward-diffusing carbon.
It is thus one of the most promising candidates for protective coat-
ing of either structural carbons or Re-based components for extreme
environments.>!”'® Iridium-coated Re nozzles are used in aerospace
applications for small chemical rockets and resistojet thrusters.”” A
combustion chamber composed of Re substrate and Ir coating has
been demonstrated to be stable for extended lifetimes at temperatures
as high as 2,200°C.2>?! NASA has reported the development of Ir-
coated Re rocket chamber technology, allowing an increase in satellite
life from 12 to 15 years, and gaining 30-60 M$ in the added revenue
per satellite.??

Reed et al.”* have claimed that CVD is the only established process
for the fabrication of Ir-coated Re combustion chambers. However,
some aspects such as high costs, low deposition rates, high deposition
temperature and impurity incorporation into the films are of major
concern.”> Other manufacturing processes for Ir and its alloys in-
clude physical vapor deposition (PVD)**? and electrodeposition.?¢-28
The electroplating of pure Ir from aqueous solutions has some dis-
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advantages with respect to the stability of electrolyte and quality of
deposits.?® Significant hydrogen evolution might lead to deterioration
of the Ir deposits, cracking and low FE.*°

In our group, Cohen Sagiv et al.’ developed suitable plating baths
for electroplating of Re-Ir-Ni coatings, suggested a mechanism for the
deposition process, and determined the effect of plating bath chem-
istry and operating conditions on the uniformity, thickness, chemical
and phase composition of these coatings. The deposition was done
from aqueous citrate solutions under galvanostatic conditions (j = 50
mA cm™2) at pH = 5.0 and T = 70°C. Re-Ir-Ni coatings as thick
as 18 wm, with Re-content as high as 73 at% and Ir-content as high
as 29 at%, were obtained.

Recently, we have identified a combination of a multilayer and
columnar structure in Re-Ir-Ni coatings. Furthermore, an indication
was found, that the pH might affect the structure of the deposits and
their surface cracking pattern [unpublished data]. In addition, in or-
der to achieve the maximal service temperature of the coatings, there
is interest in further increasing their Re-content. It is well known
that the variation of pH in citrate-containing perrhenate (and other)
electroplating baths results in the formation of different metal-citrate
complexes, which is expected to have an impact on the overall elec-
troplating process and the nature of the deposits.*'* The temperature
of the electrolytes is another important parameter in electroplating
of Re-based alloys."*!" Thus, the objective of the current study was
to investigate the effects of pH and temperature on the FE, surface
morphology, chemical composition, and crystallographic structure of
electrodeposited Re-Ir-Ni ternary alloys.

Experimental

A small three-electrode cell was used. It consisted of a copper (Cu)
disc cathode with an exposed surface area of 1.57 cm? serving as the
working electrode (WE), two platinum sheets placed at about 0.5 cm
away on both sides of the WE and serving as the counter-electrode
(CE), and a Ag/AgCl/KCl(sat.) reference electrode (RE). Prior to
electroplating, the surface of the Cu substrate was cleaned with soap
solution in an ultrasonic bath for 5 min in order to remove major
contaminants, and then immersed in a 1:1 by volume (nitric acid (70%)
: deionized water) at room temperature for about 1 min, to remove the
native oxide films on the surface of the Cu substrate. This was followed
by another cleaning with acetone in an ultrasonic bath for 3—5 min.
The bath chemistry and operating conditions for electrodeposition
of Re-Ir-Ni alloys are listed in Table I. All solutions were dissolved
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Table I Bath chemistry and deposition conditions. is also an improvement compared to our previous publication,” in
which the best sample contained 73 at% Re, 1 at% Ir and 26 at%
Bath chemistry Deposition conditions Ni (although it was 11 pm thick). However, when decreasing the pH

to 2.0, the Ir-content increases significantly whereas the Ni-content

NH;ReO4 (mM) 35 pH ) (2.0-8.0) £ 0.1 increases only slightly, at the price of decrease in the Re-content. It
IrCl3 - nH>O (mM) 35 Temperature (°C) (50-90) + 1 would be interesting to compare experimentally the high-temperature
?‘ﬁ;{zsogz 4H0 35 (Cuzent (Eg])mty 50 behavior of these two alloys and choose the one that provides the
m mA cm . . . . . .

best combination of service temperature and oxidation resistance. For
CcHgO7 (mM) 35  Deposition time (h) 1 M peratu xidatt

pH higher than 2.5, from Table II, opposite trends in the Re-content
and in the FE are evident — as one increases, the other decreases. We
have reported similar trends for electroplating of Re with iron-group
metals.>’

Figure 1 shows the effects of pH on the partial current densities
of the three metals as well as of the hydrogen evolution reaction, the

in deionized water (Simplicity, Millipore). The pH of the solution
was measured by pH meter 510 from Eutech Instruments, and was
adjusted to the desired value by adding 5.0 M sodium hydroxide
solution at room temperature. A Princeton Applied Research model
263 A Potentiostat/Galvanostat was used to control the applied current
density. A MRC B300 thermostatic bath was used to control the bath

100 T T T T
temperature. The bath was purged with pure nitrogen for at least 15 (a)
min before turning on the current. A nitrogen blanket was used during 90 = Re
deposition. A magnetic stir bar was used to stir the solution, in order ~ 80+ * o Ir |
to maintain hompgenelty of the.: solution E}nd reduce pitting. °\°. 701 = A Ni
The mass gain due to coating formation was measured by a BA = 60 + "
210 (Sartorius) analytical balance (resolution 0.1 mg) before and after =] N A i
each experiment. The average FE was calculated from the added mass, 5 501 A
the charge passed, and the chemical composition of the alloy. The = 404 - J
partial current densities for the three metals and the thickness of the S 30 L ~ - L]
alloy coatings were calculated from the added mass and the chemical o T
composition of the alloy. Further details can be found in our previous =201 o . ]
publication.’ 104 2 S e ® o
The microstructure and morphology of both the top surface and 0 ¢
a cross-section of a freshly fractured surface of the deposits were 2 3 4 5 6 7 8
observed by an environmental scanning electron microscope (ESEM, pH
Quanta 200 FEG, FEI) operated in the high-vacuum mode. The chem-
ical composition of the alloy was determined by the attached liquid-
. . . ; (b) 60
nitrogen-cooled Oxford Si X-ray energy dispersive spectroscopy
(EDS) detector. Each sample was tested at five locations, to confirm = Re
. . . 50
uniformity and present representative average values. The phase con- v o Ir
tent of the alloy was determined by X-ray diffraction (XRD, Scintag, — v Ni
. . L : . & 404 A N1
USA) equipped with a liquid-nitrogen-cooled germanium solid-state g vy H
detector and a Cu-Ka radiation source. The as-deposited samples d v v 2
were cut mechanically to reveal the microstructure and measure the < 30 v v
thickness of the coating. é
U 20 -
2
. . = ]
Results and Discussion 104 R m
The effect of pH.— The pH was varied from 2.0 to 8.0 while " A f f
keeping the temperature (at 70°C) and all other variables constant. 0o Ao o ®
The characteristics of as-deposited samples are shown in Table II. i 3 :‘ é 6 & é
The FE, added mass and deposition rate increased with increasing pH
electrolyte pH. The FE, gained mass and deposition rate were the
lowest at pH 2.0. An increase of pH, to 2.5, resulted in significant mass 50 i i i i i i i 0.0
gain. At this pH, the Re-content was maximal and the Ni-content was (© FE (%) @)
minimal, which is desired for high-temperature applications. This . ¢ = 7
1-0.2
40} |« E (V) '
o =
0 1-0.4 A
Table II. Characteristics of as-deposited coatings as a function 30 | 6
of pH. & on
N 1-0.6 <
<~ * ~
pH w(mg) Re(at%) Ir(at%) Ni(at%) FE (%) h(um) =20+ * B O o0
£ * —1-0.8 <
2.0 3.8 70 18 12 43 12 o z
2.5 12.2 82 8 10 15 3.8 10 - * <o
30 175 64 7 29 21 6.1 * oz
35 17.6 64 6 30 21 6.2 = =
40 292 38 14 48 32 114 0 : : ' : ; : . -1.2
60 348 31 14 55 38 143 P2 3 4 5 6 7 8 9
8.0 39.7 33 13 54 44 16.3 pH
Note: Bath temperature 7 = 70°C, deposition time 1 h. w is the gained Figure 1. The effect of pH on the Me-content in the deposit (a), the partial
mass, & is the thickness of the coating. current densities (b), the FE and the measured potential (c).
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concentrations of the three metals in the alloy coating, the FE and
the measured potential. From Fig. la it is evident that the highest
Re-content (82 at%) was obtained at pH 2.5, but that at this pH the Ir-
content in the alloy was rather low (8 at%). The FE is seen to increase
from 4.3 to 15% as the pH changes from 2.0 to 2.5, thus a pH of 2.5
may be preferred industrially. Netherton and Holt*' reported that the
Re-content in Re-Ni alloys remained nearly constant for pH values
between 3.0 and 8.0. In the current study, the Re-Ir-Ni alloys had
a different behavior compared to the Re-Ni alloys. Considering the
perrhenate-citrate complex [ReO,H,Cit]?>", its dissociation rate was
found to be independent of pH in the range of 3.0-5.5, but increased
rapidly with decreasing pH below 3.0, approaching a first-order de-
pendency at pH = 2.0.% We thus hypothesize that this complex being
less stable at pH 2.0 or 2.5 allowed efficient plating of the alloy,
which resulted in an increase in the Re-content and, correspondingly,
low FE.

In Fig. 1b, the partial current densities for deposition of the three
elements increased with increasing pH. The partial current density for
hydrogen evolution decreased with increasing pH. It should be borne
in mind that both Re and Ir are much better catalysts for hydrogen
evolution than Ni, so that lowering the proportion of Re or Ir in the
alloy would result in a decrease in the hydrogen evolution rate and,
consequently, an increase of the FE. Indeed, in Fig. 1c it is evident that
the FE increased with increasing pH. The measured cathodic potential
increased by 0.35 V (from —0.65 to —1.0 V) as the pH was increased
by 6 units (from 2.0 to 8.0). This variation corresponds well to the
change of the reversible potential for hydrogen evolution according to
the Nernst equation.

The effect of pH can be discussed with respect to the species
derived from citric acid and their variation as a function of pH. At
pH = 2.0, the predominant species is the neutral citric acid, while at
pH = 8.0 it is the Cit*~ ion, which can form complexes with the two
positive ions Ni** and Ir**. Since the total concentration of all citrate
species at any pH is only one-half of the (Ni>* + Ir’*) concentration,
there must be some free (hydrated) positive ions in solution. Increasing
the concentration of citric acid to be at least equal to, or larger than,
the sum of the concentrations of the above two positive ions may
have interesting effects on the characteristics of electrodeposition and
the properties of the coatings. This, however, will be the subject of
another study. In Table II, we note a sharp increase in the FE between
pH 2.0 and 4.0, which is probably due to the lower rate of the hydrogen
evolution from a neutral citric acid molecule than from a free proton
(H;0™).

Figure 2 displays the ESEM images of the top surfaces and fracture
surfaces of Re-Ir-Ni coatings deposited at different pH values. At pH
2.0 (Fig. 2a), the surface of the alloy is dense and rough. There seem
to be many small particles, but no visible micro-cracks. The fracture
surface shows that the coating is relatively thin, with no evidence of
grain boundaries (see Fig. 2b). In the range of pH 2.5-3.5, the surface
of the coating was smooth and with only few fine micro-cracks, as
observed by ESEM. When the pH was increased from 4.0 to 8.0, a
network of micro-cracks appeared at the surface (see Fig. 2c, 2e and
2g). A closer examination revealed that the density of micro-cracks
slightly increased with increasing pH. From the corresponding cross-
section fracture images (Fig. 2d, 2f and 2h) it seems that some of the
surface cracks actually penetrate through the thickness of the coating.
This might be detrimental in terms of corrosion resistance. However,
it cannot be excluded that some crack propagation occurred during the
aggressive mechanical action of cutting. Both the top surfaces and the
cross-section fracture surfaces of samples deposited at pH of 4.0, 6.0
and 8.0 look significantly different that those of the sample deposited
at pH 2.0.

At the top surface (Fig. 2a, 2c, 2e and 2g), a mesoscale colony
(or nodular) structure is evident, with clear intercolony boundaries
and surface grooves. The appearance of these 3D islands indicates
a Volmer-Weber (VW) growth mode.**> This growth mode is pre-
ferred, regardless of the crystallographic misfit between the substrate
and the deposit, when the binding energy between adsorbed deposited
ions is greater than the binding energy between an adsorbed ion and

a substrate atom. The formation of nodules (colonies) may be the
outcome of nucleation extending laterally from an existing structural
defect (e.g. dislocation) and sweeping deposit substances ahead of the
growth front of film.

In the cross-section (Fig. 2d, 2f and 2h), a columnar crystal growth
is evident, and the thickness of the coating looks uniform. However, in
particular at pH 6.0 and 8.0, it seems that the coating actually consists
of at least two parallel sublayers of similar thickness but somewhat
different grain size. Coating delamination from the substrate, which
is observed in Fig. 2b, 2f and 2h, was the outcome of the aggres-
sive external mechanical force. These micro-cracks may result from
volumetric changes due to hydrogen absorption during electroplat-
ing, from hydride decomposition shortly after electroplating, or from
residual stresses due to formation of several phases with different
lattice parameters within the coating."® In our previous publication,’
the surface morphology of the Re-Ir-Ni coating was found to depend
on the bath composition and operating conditions, and a network of
micro-cracks was observed in all cases at pH 5.0. In the current study,
few micro-cracks were present on the surface when the pH was in
the range of 2.0-3.5, while the FE was low. Therefore, the cracking
phenomenon is most likely not associated with hydrogen, but rather
with the formation of different phases with different crystallographic
structure, lattice parameters and volume. This conclusion is supported
by the recent results of Rosen et al.'? for pulse plating.

Columnar structures are characteristic of deposits from additive-
free solutions, which are formed at a low deposition rate or elevated
temperature. They are typically characterized by lower tensile strength
and microhardness than other structures, but are generally more ductile
and have high purity and density and small electrical resistivity.3¢-8
Reddy®® suggested, for columnar growth during electrodeposition of
Ni, that adsorption of hydrogen atoms on the cathode surface should
affect the texture of the coating.

The effect of pH on the crystallographic structure of the coating
is shown in Fig. 3. For pH = 2.0 (see Fig. 3a), strong (111), (200),
(220) and (311) reflections from the Cu substrate are apparent (JCPDS
file #04-0836), thus indicating a thin deposit. A broad halo at ~42°
indicates that the coating is composed of an amorphous phase. When
the bath pH was increased to 4.0 and above (see Fig. 3b-3d), the
reflections from the Cu substrate disappeared, thus indicating thicker
coatings. In addition, new reflections, possibly related to crystalline
Irg.4Re ¢ and Ni, H, appeared, in agreement with our past publication.’
The co-existence of a Ni-rich crystalline phase is also evident. This
phase may be the outcome of phase separation. The diffraction peak at
~40° indicates that these coatings consist of fine crystallites, although
some peak broadening may be associated with inhomogeneities in the
composition of the alloy or with micro-strain. The crystallite size is
approximately 10 nm based on the XRD data. Complementary trans-
mission electron microscopy (TEM) analysis is currently undertaken.

The effect of bath temperature.— The temperature of the elec-
trolyte was changed between 50 and 90°C while keeping the pH (8.0)
and all other variables constant. The effects of temperature on the char-
acteristics of as-deposited samples are shown in Table III. The added
mass and the deposition rate increased with increasing temperatures
from 50 to 60°C, but then remained nearly constant. The increase of
temperature could increase the rate of diffusion, as well as the rate of
charge transfer. However, since the system probably contains differ-
ent complexes, the equilibrium constant could also change with the
increase of temperature. The extent of adsorption on the surface is
also known to be a function of temperature, so that the overall effect
can be measured, but is very hard to predict. In any case, at 7 = 90°C
the vaporization of the electrolyte was accelerated, which led to the
degeneration of the electrolyte.

Figure 4 shows the effect of temperature on the partial current den-
sities of the three metals as well as of the hydrogen evolution reaction,
the concentrations of the three metals in the alloy coating, the FE and
the measured potential. At 7= 50°C and 60°C, the coatings contained
essentially no Ir (see Fig. 4a). The low deposition temperature resulted
in a more negative deposition overpotential (see Fig. 4c), at which Ir
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Figure 2. ESEM images of the top surfaces
and fracture surfaces of Re-Ir-Ni coatings de-
posited at different pH values. (a, b) pH
= 2.0, (c, d) pH = 4.0, (e, f) pH = 6.0, (g, h)
pH = 8.0. The temperature was 70°C.

cannot be deposited from Ir** ions in alkaline aqueous solutions. At changes in the opposite direction: higher at the lower temperatures,
the higher temperatures used, the atomic composition of Ir increased and lower at the three higher temperatures. Notably, the sum of (Ir
to a constant value of 13—14 at%. The Ni-content behaved similarly, + Re)-content was less dependent on temperature, having an average
jumping from a nominal value of 42 at% at the two lower temper- value of 58 at% at the two lower temperatures and 47 at% at the three
atures to around 54 at% at the higher temperatures. The Re-content higher temperatures. At 7= 70°C, where most of our measurements
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Figure 3. XRD patterns from Re-Ir-Ni coatings deposited at different pH.
(a) pH = 2.0, (b) pH = 4.0, (c) pH = 6.0, and (d) pH = 8.0.

had been made, the sum of Re and Ir concentrations is 46 at%, and the
Ni concentration is the highest (54 at%). The partial current densities
for Re and Ni increased when the temperature was increased from 50
to 60°C (see Fig. 4b). With further increasing temperature, the partial
current density of Re deposition decreased, reaching a steady value.
In contrast, the partial current density of Ni deposition kept increas-
ing to a nearly constant value. In Fig. 4c, the change of FE seems
to be complex. When the temperature was 60°C, the FE reached a
maximum value of 48%. The measured cathodic potential shifted to
less negative values with increasing bath temperature, suggesting that
the overpotential needed to start the electrodeposition process of the
alloy is lower at higher temperatures, which is in accordance with the
Nernst equation.

Figure 5 shows the ESEM images of the top surfaces and fracture
surfaces of Re-Ir-Ni coatings deposited at different temperatures. At
low temperature of 50°C, a mesoscale colony structure with large
micro-cracks is seen on the surface (see Fig. 5a). A fine columnar
structure was observed at the cross-section (see Fig. 5b). When the
bath temperature was raised to 60°C, the crack density increased but
their width decreased (Fig. 5¢). The (hundreds of small) grains that
form each colony became coarser. The columnar grains, which grow
perpendicular to the surface of the substrate, also became coarser (see
Fig. 5d). When the bath temperature was further raised to 70°C, the
surface crack density increased significantly and the grains that form
the colonies seemed to be finer (Fig. 2g), although the columnar grains
at the cross-section did not seem to change significantly (Fig. 2h).
With further increase of temperature to 80°C, the crack density in-
creased even further and the grains within the colonies became smaller
(Fig. 5e). The columnar structure along the thickness of the coating
was still evident (Fig. 5f). Finally, when the bath temperature was
raised to 90°C, the crack density decreased and the grains within the
colonies became coarser (Fig. 5g). The columnar grains in the cross-
section became coarser too (Fig. Sh). In all cases, the thickness of the
coating was quite uniform.

Table III. Characteristics of as-deposited coatings as a function of
bath temperature.

T(C) w(mg) Re(at%) Ir(at%) Ni(at%) FE(%) h(um)
50 28.1 60 0 40 35 105
60 38.3 56 0 44 48 14.7
70 39.7 33 13 54 44 163
80 36.1 32 14 54 39 14.8
90 40.8 34 14 52 44 16.4

Note: pH = 8.0, deposition time 1 h. w is the gained mass, & is the
thickness of the coating.
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Figure 4. The effect of temperature on the Me-content in the deposit (a), the
partial current densities (b), the FE and the measured potential (c).

The effect of bath temperature on the crystallographic structure of
the deposits is shown in Fig. 6. For the lowest temperature of 50°C, the
halo at ~42.5° indicates an amorphous phase with a chemical com-
position of ca. ReygNig4 (Fig. 6a). The formation of the metastable
amorphous phase may be attributed to the high Re-content, absence
of Ir, and the relatively low deposition temperature, which results in
slower diffusion and higher activation energy for crystallization. When
the temperature was raised to 60°C, sharp reflections related to hcp-
Ni (space group P6s/mmc, JCPDS file #45-1027), and possibly also
to hexagonal Ni,H (JCPDS #33-0606), appeared in addition to the
halo related to the amorphous Re-Ni phase (Fig. 6b). Post-electrolysis
decomposition of the nickel hydride to pure Ni would induce residual
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Figure 5. ESEM images of the top surfaces
and fracture surfaces of Re-Ir-Ni coatings de-
posited at different temperatures. (a, b) T =
50°C, (c,d) T=60°C, (e, f) T=80°C, (g, h) T
= 90°C. The pH was 8.0.

10pm
stresses, which may be the cause of the cracking observed in Fig. crystalline structure of hep-Ni along with hep-Irp 4Reg ¢ (space group
Sc. According to the Re-Ni phase diagram, there is an extensive mu- P63/mmc, JCPDS #97-010-4549 or #01-071-9295). The atomic radii
tual solubility of Re and Ni, and absence of intermetallic compounds. of Re and Ir are very close. Thus, Ir atoms can occupy substitutional
With further increasing temperature (70-90°C), the crystallographic sites of the hexagonal Re host lattice, forming a solid solution of
structure of the coatings was similar to that of the coatings formed at Re-Ir-based alloy. The phases reported herein were observed in our
T = 70°C and pH = 4.0-8.0 (see Fig. 3). These coatings had a nano- previous work too,’ and analysed in detail.
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Figure 6. XRD patterns from Re-Ir-Ni coatings deposited at different tem-
peratures. (a) T = 50°C, (b) T = 60°C, (¢) T = 70°C, (d) T = 80°C, and
(e) T=90°C.

Conclusions

In this study, Re-Ir-Ni alloy coatings were electroplated from
citrate-containing aqueous solutions. The effects of pH and temper-
ature on the faradaic efficiency (FE), chemical composition, surface
morphology and crystallographic structure of the coatings were de-
termined. The following conclusions were made:

1) As the pH is increased from 2.0 to 8.0 (at 7 = 70°C), the FE,
partial current densities for deposition of the three metals, and
deposition rate increase.

2) The highest Re-content is obtained at pH = 2.5, in a 82Re-8Ir-
10Ni alloy (numbers represent at%). A decrease of pH, to 2.0,
results in the formation of a 70Re-18Ir-12Ni alloy that, while
containing less Re and slightly more Ni, may provide a better
high-temperature oxidation resistance due to the higher Ir content.

3) At pH = 2.0, the coating consists of an amorphous phase, and
no surface cracks are observed. When the pH is raised to 4.0 and
above, crystalline phases (including hydrides) form, and both
columnar crystals and micro-cracks are observed.

4) The bath temperature (at pH 8.0) affects the surface crack density
and the size of the grains that form the mesoscopic colonies at the
outer surface. At the two lowest temperatures studied herein (50
and 60°C), no codeposition of Ir is observed. The phase compo-
sition of the coating changes from amorphous Re-Ni at 50°C; to
amorphous Re-Ni, hcp-Ni and hexagonal Ni,H at 60°C; to hep-
Irp4Req 6, hep-Ni and hexagonal Ni,H at higher temperatures.

5) The pH for crack-free deposit with high (Re-+Ir)-content was
found to be in the range of 2.0-2.5 at 70°C. However, the FE was
the lowest and the alloy was very thin. A temperature of 70°C
would seem to be the best choice for electroplating of Re-Ir-Ni
at pH 8.0, since above it heavy evaporation and a relatively high
density of surface cracks are observed, while below it Ir is not
codeposited.

6) While the effect of temperature in chemical kinetics is rather
straightforward, this is not the case here, because there are at
least four reactions taking place in parallel — the deposition of the
three metals and hydrogen evolution. Since the Gibbs energies
of activation are not known, it is impossible to predict which
reaction would become more dominant than the others as the
temperature is varied. Hence, more experimental data are needed
to optimize this system.
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