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ABSTRACT: Refractory high-entropy alloys (RHEAs) show promising properties for applications as
structural materials in high-temperature applications, such as high solidus temperature and high strength.
Improving their density, oxidation resistance, and room temperature ductility are still the aims of research in
alloy development. In this study, Al-rich diffusion coatings by pack cementation are developed for three
different alloys in the system Al-Cr-Mo-Ta-Ti in order to improve their high-temperature oxidation resistance.
Equimolar AlICrMoTaTi, Al-rich AlsCrMoTaTi, and Ti-rich AICrMoTaTis are synthesized by vacuum arc
melting with subsequent milling to powder, consolidation to bulk material by field-assisted sintering
technology/spark plasma sintering (FAST/SPS), and homogenization heat treatment. The applied aluminizing
coatings are investigated by gravimetry, scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and X-ray diffraction (XRD). Experimental analyses are supplemented by CALPHAD
simulations. Compact, uniform, and adhesive Al-rich diffusion coatings are produced on all three substrate
RHEAs and exhibit single-layered D022 Als(Cr,Mo,Ta,Ti) intermetallic compound analogous to Al3Ti in the
binary Al-Ti system. Isothermal oxidation at 1000 °C for 48 h in ambient air results in the formation of 1-2
pm thin protective single-layered alumina scale—in contrast to multi-layered oxide scales in uncoated
condition—and mass gains as low as binary Al3Ti and Ni-based superalloys.

Keywords: Refractory high-entropy alloys; AlCrMoTaTi; Oxidation resistance; Diffusion coating;
Aluminizing; Pack cementation
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1. Introduction

Refractory high-entropy alloys (RHEAs) are considered promising structural materials for high-
temperature applications due to their high solidus temperature and high mechanical strength. In order to
overcome their shortcomings of high density, insufficient oxidation resistance, and low room temperature
ductility, elements like Al, Cr, Ti, and others are added in alloy development [1,2]. Among the vast number
of RHEA systems, equimolar AICrMoTaTi and its non-equimolar derivatives showed high oxidation
resistance in the range of Ni-based superalloys at temperatures exceeding 1000 °C. The cause of this is the
formation of multi-layered oxide scales of titania (Ti0O2), alumina (Al203), chromia (Cr203), and chromium
tantalate (CrTaOs). Despite this, internal corrosion due to the formation of titanium nitride (TiN) can be
observed [3—11]. Alloying RHEAs with elements that form protective oxide scales is typically accompanied
by the formation of intermetallic phases in bulk RHEAs, which can have detrimental effects on their low-
temperature ductility. Hence, surface coatings are an alternative to provide elemental reservoirs of oxide
formers near the component surface while not affecting bulk properties in any negative manner.

Diffusion coatings are well-established for high-temperature structural materials such as Ni-based
superalloys. Chemical vapor deposition (CVD) of oxide forming elements, such as Al, Cr, and/or Si, on
component surfaces forms diffusion coatings. At elevated coating temperatures, interdiffusion between
deposited elements and the substrate material is facilitated. The process of pack cementation utilizes powder
mixtures for in situ CVD coating of components with complex shapes. Typically, elemental powders are
used as solid diffusion sources, metal salts as process activators, and alumina works as an inert filler powder
[12]. Components to be coated are embedded in the powder mixture, sealed in gas-tight batch containers,
and heat-treated at temperatures in the range of 800—-1000 °C for thermal activation of diffusion processes
both in gas phase for deposition as well as in solid state for coating formation.

Aluminizing by pack cementation showed improved oxidation resistance of pure refractory metals in
studies by Ulrich et al. [13] at high temperatures of 1300 °C. Furthermore, Beck et al. [14] successfully
suppressed the pesting effect at moderate temperatures of 700-900 °C, which uncoated refractory metals
are prone to. Inhibition of the pesting effect by aluminizing was also proven for the RHEA
Hfo.sNbo.sTao.sTiisZr by Sheikh et al. [15]. Additionally, their work showed a reduction of O-induced
embrittlement of Alo.sCro25Nbo.sTao.sTi1.s under oxidation conditions at 800 °C. For higher temperatures of
around 1000 °C, several studies found facilitated formation of protective alumina scales and enhanced
oxidation resistance by aluminizing via pack cementation for the RHEAs Alo.sCro.25Nbo.sTao.sTiis [16],
CrMoNbTaW [17], and HfNbTaTiZr [18] as well as for the refractory medium-entropy alloys (RMEAs)
NbTaVW [19] and Moo.3Nb1.3TiZr [20]. Some of the authors applied two-step pack cementation processes.

In our previous work [21], two new non-equimolar RHEAs in the system Al-Cr-Mo-Ta-Ti with
promising combinations of density (6.7-8.6 g/cm?), solidus temperature (14991886 °C), and oxidation
resistance (1.0—1.6 mg/cm? after 48 h at 1000 °C in air) were introduced. Al-rich Al;CrMoTaTi facilitated
the formation of protective alumina scale at 1000 °C, whereas Ti-rich AICrMoTaTis was prone to internal
corrosion by TiN formation. In this study, diffusion coatings are developed by aluminizing using pack
cementation. The three RHEAs AlCrMoTaTi, AlsCrMoTaTi, and AICrMoTaTiz were chosen for their
promising high-temperature properties and different concentrations of Al, affecting the aluminizing process.
The resulting coatings are investigated in terms of thickness, microstructure, and phase formation. Their
effectiveness in improving oxidation resistance is analysed by isothermal oxidation testing at 1000 °C in
air and compared with the uncoated condition. Here, the formation of oxide scales and internal corrosion
by TiN formation are under investigation.



High-Temp. Mater. 2026, 3(1), 10001. doi:10.70322/htm.2026.10001 3of 17

2. Materials and Methods

For the synthesis of bulk RHEA specimens, a combined melting metallurgical and powder
metallurgical approach was chosen. Figure 1 provides an overview of the temperature-time regimes for all
processing steps, as described in detail in the following sections.
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Figure 1. Schematic temperature-time regime of the synthesis and processing route: solidus temperature (Ts), vacuum arc
melting (VAM), field-assisted sintering technology/spark plasma sintering (FAST/SPS), homogenization heat treatment (HOM),
aluminizing (ALU), and oxidation testing (OX).

2.1. Synthesis and Processing Route

RHEAs were vacuum arc-melted (VAM) from high-purity bulk metals Al (99.99%), Cr (99.995%),
Mo (99.9%), Ta (99.9%), and Ti (99.995%, by weight and metals basis respectively) in a water-cooled Cu
mold under 0.6 bar Ar atmosphere. Utilizing Ti as a getter material before initial melting ensured minimal
residual oxygen. Melt buttons of 30-55 g were flipped and re-melted five times to ensure macroscopic

chemical homogeneity. Nominal compositions of the three RHEAs under investigation are summarized in
Table 1.

Table 1. Nominal compositions of the three RHEAs investigated in at.% and wt.%, respectively.

RHEA Abbr. Al Cr Mo Ta Ti
AlCrMoTaTi Co 20.0/6.7 20.0/12.9 20.0/23.7 20.0/44.8 20.0/11.9
Al;CrMoTaTi C-Al3 42.8/17.7 14.3/11.3 14.3/21.0 14.3/39.5 14.3/10.5
AlCrMoTaTi; C-Ti3 14.3/5.4 14.3/10.4 14.3/19.2 14.3/36.2 42.8/28.8

Produced melt buttons were crushed and milled to powder, utilizing brittle mechanical behavior in the
as-cast condition. Milling was performed in a vibrating disc mill for 20 s in ambient air. RHEA powders
were consolidated to discs of 20 mm diameter and 2.2 mm height via field-assisted sintering
technology/spark plasma sintering (FAST/SPS). Graphite tools allowed for 50 MPa and 1400 °C for 5 min
under 5 x 1072 mbar vacuum. Heating rates of 100 K/min were applied from room temperature to 1300 °C
and 10 K/min from 1300 °C to 1400 °C, respectively. Sandblasting and grinding with diamond abrasive
discs removed residual graphite foils after FAST/SPS. Subsequently, a homogenization heat treatment at
1450 °C for 48 h in Ar atmosphere with a heating rate of 10 K/min was conducted. Elemental analyses by
He carrier hot gas extraction and infrared absorption exhibited low concentrations of non-metallic
contaminants: O < 600 ppm, N < 80 ppm, and C < 150 ppm by mass, respectively. The homogenized disc
specimens were cut into quarters and ground with alumina abrasive paper to an identical surface finish of
grit 1000. More detailed information on the processing route can be found in our previous work [22].
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2.2. Aluminizing by Pack Cementation

The pack cementation process was used for aluminizing to form Al-rich diffusion coatings on bulk
RHEA substrates. To remove possible contaminations from the surfaces of as-prepared RHEAs, the
specimens were ultrasonically cleaned in isopropanol at 40 °C for 15 min prior to pack cementation. A
powder mixture of 10 wt.% pure Al powder as a diffusion source, 2 wt.% AICls activator, and 88 wt.%
inert Al203 filler embedded the specimens to be coated in covered alumina crucibles. For high
reproducibility of the coating process, an identical ratio of specimen surface to powder mixture volume was
applied by coating the same number of specimens in each coating batch, respectively. After sealing the
alumina crucibles with high-temperature refractory clay, they were heat-treated in a tube furnace with Ar
flow. Prior to aluminizing experiments, the tube furnace’s hot zone was carefully determined by a
thermocouple type K and an electronic thermometer. Aluminizing was performed at 900 °C for 6, 7, 9, or
12 h with a heating rate of 5 K/min, respectively. This optimization aimed at finding aluminizing durations
for coating thicknesses of around 50-80 pum. The dynamic equilibrium of chemical reactions during
aluminizing of specimen surfaces can be summarized as follows:

2 A1C13(g) 22 Al(l) +3 Clz(g) €))

Al released from decomposed AICI: adsorbs to the specimen surface, and solid-state interdiffusion of
deposited Al and all substrate elements (Al, Cr, Mo, Ta and Ti) occurs at the aluminizing temperature of
900 °C. After the respective aluminizing duration, the tube furnace was turned off and cooled down to room
temperature. Subsequently, the coated specimens were removed from the sealed alumina crucibles and
ultrasonically cleaned identically to the first cleaning step before pack cementation. No subsequent
diffusion heat treatment was applied.

2.3. Oxidation Testing

The specimens of all three RHEAs for oxidation testing were aluminized at 900 °C for 6 h. Before
oxidation testing, the specimens in the uncoated and coated conditions were ultrasonically cleaned as
described in the previous section. Oxidation testing was performed in quartz crucibles in an open tube
furnace in ambient air. The hot zone of the tube furnace was carefully measured prior to oxidation
experiments, using a thermocouple type K and an electronic thermometer. The furnace was heated with
5 K/min to 1000 °C and held isothermally for 48 h. Subsequently, the tube furnace was turned off and
cooled down to room temperature, and the specimens were withdrawn from the oxidation test rig.

2.4. Characterization and Analyses

Weighing by scale with readability of 0.01 mg allowed for ex sifu gravimetry of both the aluminizing
process and oxidation testing, i.e., quantifying the weight gain by Al uptake and O/N uptake. The specimens
for the aluminizing process and for oxidation testing were weighed and geometrically measured beforehand,
and then weighed after each experiment, respectively. This method does not quantify possible evaporation
of volatile refractory oxides, e.g., MoOs3, during the early stage of oxidation before establishing quasi-
stationary oxidation conditions. In the RHEA system Al-Cr-Mo-Ta-Ti, results of Schellert et al. [7] proved
neglectable evaporation of MoO3 for the equimolar composition.

Metallographic cross sections of specimens were prepared using diamond grinding discs down to
grit 1200, subsequent polishing with diamond suspension down to 3 um particle size, and final chemical
polishing with 0.25 um alkaline colloidal silica suspension.

Scanning electron microscopy (SEM) was performed using a field emission gun, back-scattered
electron detector (SEM-BSE), and energy-dispersive X-ray spectroscopy (EDS).
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Surfaces of bulk samples in different conditions were analyzed by X-ray diffraction analysis (XRD)
using Cu-Kaq radiation. Diffraction angles 26 of 15—115° with 0.02° angular resolution and PDF-4+ database
(version 4.2302) were utilized.

Experimental investigations were supplemented by CALPHAD simulations using Thermo-Calc
software (version 2025b) with TCHEAS database for high-entropy alloys.

3. Results
3.1. Aluminizing by Pack Cementation

In this work, aluminizing diffusion coatings by pack cementation for enhanced oxidation resistance are
developed with thicknesses in the range of approximately 50-80 um. On one hand, this provides sufficient
Al reservoir for forming protective alumina scales at the coating surface. On the other hand, it minimizes
thermal stresses between the substrate and diffusion coating during thermal cycling in high-temperature
applications. For this reason, aluminizing durations were varied between 6, 7, 9, and 12 h, and the resulting
coating thicknesses were analyzed, respectively. Figure 2 compares overview cross sections of coatings on
the different RHEA substrates after 7 h of aluminizing at 900 °C. All RHEAs formed compact diffusion
coatings of around 100 um thickness. Coatings showed good adhesion and formed conformally to non-
planar substrate surfaces with only a few cracks perpendicular to the surface, most likely caused by
metallographic preparation. Each coating is characterized by an apparent single-layered structure and a
planar diffusion front. No delamination and no pores were detectable in the coatings or near
coating/substrate interfaces of all specimens under investigation. The dark grey elongated structures on the
top surface of C-Ti3 are TiN from the homogenization heat treatment, which were not completely removed
by grinding prior to the aluminizing process.

/' substrate

— 106 pm
(a) (b) ()

Figure 2. Overview SEM-BSE cross sections of RHEAs in the aluminized condition after 7 h at 900 °C: (a) CO; (b) C-Al3 with
eutectoid-like bulk microstructure; (¢) C-Ti3.

Findings on the effect of aluminizing duration on coating thickness are summarized in Figure 3. For
all RHEAs, the coating thickness increases with increasing duration up to 9 h, followed by a plateau. Since
the pack cementation process is diffusion driven, the diffusion length of Al from the coating surface through
the formed coating to the coating/substrate interface increases over time. It is worth mentioning that even
after the shortest aluminizing duration investigated of 6 h, coating thicknesses of C-Al3 and C-Ti3 are
higher than the targeted range of approximately 50—-80 um, only CO is in this thickness range. Hence,
aluminizing durations for all three RHEASs can be further decreased for optimized coating thicknesses.
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Figure 3. Effect of aluminizing duration on coating thickness for pack cementation at 900 °C (lines interconnecting data points
are visual guidelines only).

Figure 4 compares more detailed micrographs of coating cross sections and corresponding EDS
elemental line scans. The dark grey elongated structures on the top surface of C-Ti3 are TiN from the
homogenization heat treatment, which were not removed completely by grinding prior to the aluminizing
process. The coatings of CO and C-Ti3 appear single-layered and single-phased, judging by SEM-BSE
contrast. For C-Al3, the eutectoid-like Cr-Ta-rich Laves phase lamellae of the bulk material are retained in
the coating. This results in higher scattering of Al, Cr, and Ta concentrations in the EDS elemental line
scan. All three RHEAs show Al concentrations of around 75 at.% in the coatings (Table 2), suggesting the
formation of Al3(Cr,Mo,Ta,Ti) aluminide phase analogous to Al3Ti with D022 structure (Pearson symbol
tI8, space group number 139) in the binary Al-Ti system [23]. For CO and C-Al3, elements Cr, Mo, Ta, and
Ti seem to be in equimolar composition in the coatings, whereas for C-Ti3, the Ti concentration is higher
than Cr, Mo, and Ta. Planar diffusion fronts of the coatings indicated by SEM-BSE are confirmed by EDS
elemental line scans (Figure 4b) and EDS elemental mappings (Figure 5). The line scans show steep
elemental gradients at coating/substrate interfaces for all three RHEAsS.

Table 2. Mean EDS compositions of the aluminizing coatings after 900 °C for 7 h in at.%.

RHEA Abbr. Al Cr Mo Ta Ti
AlICrMoTaTi Co 75+1 6+1 6+1 6+1 7+1
Al;CrMoTaTi C-Al3 69+ 11 12+12 7+2 4+3 8+2
AICrMoTaTis C-Ti3 73+1 4+1 4+1 5+1 14+2
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Figure 4. Comparison of resulting coatings after aluminizing RHEAs CO (top), C-Al3 (middle), and C-Ti3 (bottom) at 900 °C
for 7 h: (a) SEM-BSE cross sections; (b) EDS elemental line scans along the vertical arrows in (a), respectively. The vertical
dashed lines in (b) indicate the coating/substrate interfaces.

coating

substrate

coating

coating

substrate
Al

substrate
Al




High-Temp. Mater. 2026, 3(1), 10001. doi:10.70322/htm.2026.10001 8of 17

(a) (b) (c)
Figure 5. EDS elemental mappings of the SEM-BSE micrographs in Figure 4a: (a) CO; (b) C-Al3; (¢) C-Ti3.

XRD diffraction patterns of all RHEASs in the aluminized condition confirm the same formed phase with
D022 structure (prototype AlsTi, Pearson symbol tI8, space group number 139) (Figure 6a). At higher diffraction
angles, peak splitting is detectable, suggesting the presence of two D022 phases with a low lattice parameter
mismatch. Prior to aluminizing, the RHEAs exhibited different phases in as-homogenized condition: CO forms
bee solid solution (prototype W, Pearson symbol cI2, space group number 229) and ordered B2 phase (prototype
CsCl, Pearson symbol cP2, space group number 221), C-Al3 forms C14/C36 hexagonal Laves phase (prototype
MgZn2/MgNiz, Pearson symbol hP12/hP24, space group 194) and bcce solid solution, and C-Ti3 forms single-
phased bec solid solution. Hence, the Al concentration in the Al-Cr-Mo-Ta-Ti system significantly affects phase
formation. As Al concentration increases, the following crystal structures appear to be stabilized: bcc, B2,
C14/C36, and DO02. This effect should be subject to future investigations.
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Figure 6. XRD diffraction patterns of different material conditions: (a) aluminized at 900 °C for 6 h; (b) oxidized at 1000 °C
for 48 h after aluminizing.

The microstructure of aluminized C-Al3 (Figures 4a and 5b) shows Cr-Ta-rich Laves phase lamellae,
which are not detectable in the diffraction pattern, indicating too low volume fraction in the surface-near
analyzed specimen volume. Thermo-Calc simulations were conducted for a chemical composition of the
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aluminizing coating as analyzed by EDS elemental line scans (Table 2): 76 at.% Al and 6 at.% Cr, Mo, Ta,
and Ti, respectively. The simulations predict three stable phases at 900 °C aluminizing temperature: 90 vol.%
of two different Al3(Cr,Mo,Ta,Ti) phases with D022 structure—one being Mo-rich and the other Ta-rich—
and 10 vol.% monoclinic Al11Crz2. Although no monoclinic Alii1Cr2 is detectable in the measured XRD
diffraction patterns, the predicted presence of two similar phases with D022 structure is in line with observed
peak splitting caused by low lattice parameter mismatch. These findings clearly show the formation of D022
Al3(Cr,Mo,Ta,Ti) aluminide phase—analogous to AlsTi in the binary Al-Ti system—during aluminizing of
the substrate RHEAs CO0, C-Al3, and C-Ti3 despite their significant differences in chemical compositions.

3.2. Oxidation Testing

Isothermal oxidation testing at 1000 °C for 48 h in ambient air resulted in positive mass gains, as shown
in Figure 7. For CO, mass gains in the uncoated and aluminized conditions are similar, with 0.5 and
0.6 mg/cm?, respectively. In contrast, C-Al3 and C-Ti3 show significantly lower mass gains after
aluminizing: a decrease from 1.0 to 0.3 mg/cm? for C-Al3 and from 2.6 down to 0.6 mg/cm? for C-Ti3.
These findings suggest significantly improved oxidation resistance of C-Al3 and C-Ti3 due to aluminizing
by pack cementation. In comparison, oxidation of binary AlsTi at 1000 °C in pure Oz gas flow was found
to follow parabolic kinetics, resulting in approximately 0.5 mg/cm? mass gain after 48 h [24]. For 100 h at
900 °C in air, oxidation mass gain of around 1.0 mg/cm? was measured [25]. Chen et al. [26] modified
Al3Ti with low additions of Mn, Fe, or Ni, changing the D022 phase structure to L12 (prototype CuszAu,
Pearson symbol cP4, space group number 221). They observed oxidation mass gains of 1.42, 0.30, and
0.30 mg/cm? after 60 h at 1000 °C in air, respectively. Similarly, Lee et al. [27] added Cr to Al3Ti and found
enhanced oxidation resistances of 0.1-0.2 mg/cm? after 48 h at 1000 °C in air. Hence, our findings for
aluminized RHEAs are in good agreement with the oxidation behavior of binary and ternary AlsTi
intermetallic compounds. Furthermore, oxidation mass gains of typical Ni-based superalloys under these
isothermal conditions are in the range of 0.2-2.0 mg/cm? [28-30], highlighting the effectiveness of applied
aluminizing coatings for RHEAs in the system Al-Cr-Mo-Ta-Ti.

Surprisingly, mass gains in the uncoated condition for all three RHEAs in this study contradict our
previous results [21]. In the previous work, homogenization heat treatment was conducted at 1300 °C for
48 h and led to incomplete homogenization. Subsequent oxidation at 1000 °C for 48 h in ambient air resulted
in mass gains of 1.3, 1.0, and 1.6 mg/cm? for C0, C-Al3, and C-Ti3, respectively. In contrast, the study at
hand resulted in 0.5, 1.0, and 2.6 mg/cm? (Figure 7) for identical oxidation conditions. Hence, oxidation
mass gains in the previous study with incomplete homogenization were lower for C0, identical for C-Al3,
and higher for C-Ti3 compared to the study on hand. Gorr et al. [3] investigated equimolar AICrMoTaTi
after vacuum arc melting and homogenization heat treatment at 1200 °C for 20 h and found 1.0 mg/cm?
oxidation mass gain. No bulk microstructure was reported, but both their homogenization temperature and
duration were lower/shorter compared to the current work with 1450 °C for 48 h (complete homogenization,
Figure 2) and compared to our previous work with 1300 °C for 48 h (incomplete homogenization). Hence,
incomplete homogenization most likely occurred in Gorr’s investigation as in our previous study. In
conclusion, completely homogenized AICrMoTaTi showed the lowest oxidation mass gains of 0.5 mg/cm?
(current work) as opposed to incomplete homogenized conditions with 1.0 and 1.3 mg/cm? (Gorr et al. [3]
and previous study [21], respectively). Different degrees of homogenization of the bulk material may affect
bulk material phase formation and/or diffusion coefficients of species in bulk material phases. Consequently,
the degree of homogenization also affects oxidation resistance, since the formation of oxide scales is driven
by the diffusion of different species between bulk material phases and oxide phases towards the bulk/oxide
and oxide/atmosphere interfaces.
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Figure 7. Oxidation mass gain at 1000 °C after 48 h in the uncoated and aluminized conditions.

Figure 8 compares SEM-BSE micrographs and EDS elemental mappings of entire coatings in cross
section after oxidation testing. For all three RHEAsS, the coatings remained intact and compact, and a thin,
single-layered alumina scale formed at the coating surface with a thickness of 1-2 um (Figures 6b and 9).
This is in contrast with uncoated C0, C-Al3, and C-Ti3, all of which form multi-layered oxide scales under
these oxidation conditions [3,4,6,7,21]. At the coating/substrate interface, inward diffusion of Al and
outward diffusion of Cr, Mo, Ta, and Ti is detectable, caused by steep gradients in elemental concentrations
(Figure 4b). In the coatings, 1-2 um large light grey Cr-Ta-rich Laves phase particles were precipitated, and
Cr-rich darker regions can be observed (Figure 9). These findings indicate that the initially single-phased D022
Al3(Cr,Mo,Ta,Ti) coating is not thermodynamically stable at the oxidation temperature of 1000 °C.

XRD analyses (Figure 6b) show that the same oxide phase of alumina (D51, a-Al2Os/corundum,
Pearson symbol hR10, space group number 167) formed on all three aluminized RHEAs during oxidation
for 48 h at 1000 °C in air. In addition to the peaks of the formed alumina scale, peaks of the coating
underneath are clearly visible in the diffraction patterns after oxidation. Hence, the alumina scales are fully
transmitted by X-rays, and all formed oxide phases are captured in the diffraction patterns. No further oxide
phases are detectable, such as chromia, titania or CrTaO4 as observed for oxidized uncoated Al-Cr-Mo-Ta-
Ti RHEAs [3,4,6,7,21]. The D022 structure of the Al3(Cr,Mo,Ta,Ti) coating is retained during oxidation,
but the hexagonal Laves phase (C14/C36) is precipitated.
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Figure 9. Cross section details of outermost aluminizing coatings from Figure 8; (a) CO; (b) C-Al3; (¢) C-Ti3. Protective alumina
formed on top of the Al-rich coatings with thicknesses of 1-2 pm.

4. Discussion

The aluminizing process by pack cementation is categorized into high-activity and low-activity
processes. In this study, pure Al powder was used as a diffusion source. Hence, the thermodynamic activity
of Al equals unity, and aluminizing is categorized as a high-activity process [12]. Due to the high chemical
potential gradient of Al at the substrate surface, Al inward diffusion is the dominant mechanism for coating
formation. Consequently, Al solid-state diffusion through the formed D022 Al3(Cr,Mo,Ta,Ti) layer to the
coating/substrate interface is rate limiting. This results in the observed coating thickness curves (Figure 3)
with plateaus for aluminizing durations exceeding 9 h at 900 °C. Secondly, the Cr-Ta-rich Laves phase
lamellae in C-Al3 are retained in the coating during the aluminizing process, i.e., Al inward diffusion is
dominant compared to diffusion of Cr, Mo, Ta, and Ti, respectively. And thirdly, the Ti concentration in
the coating of C-Ti3 RHEA is higher than the concentrations of Cr, Mo, and Ta, respectively. This is also
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the case for the Ti-rich substrate RHEA. Concentration ratios of Ti to Cr/Mo/Ta are 3.0 for the substrate
composition and 2.8 for the aluminized coating, i.e., they are well comparable. Hence, the aluminizing
coating was formed due to dominant Al inward diffusion into the substrate for all three RHEAs investigated
in this study. This is in good agreement with the observation that no pores were detectable in coatings or
near the interfaces coating/substrate of all specimens investigated. The formation of pores would require
dominant outward diffusion of substrate elements with condensation of the countercurrent flux of vacancies,
according to the Kirkendall mechanism [12].

The effect of aluminizing duration on the coating thicknesses (Figure 3) showed the slowest kinetics
for CO and comparable high kinetics for C-AlI3 and C-Ti3. Equimolar CO as reference RHEA in the Al-Cr-
Mo-Ta-Ti system shows a medium initial Al concentration of 20 at.% and a homologous temperature of
0.59 at 900 °C aluminizing temperature (Table 3). In contrast, Al-rich C-Al3 exhibits a higher initial Al
concentration of 42.8 at.% and a higher homologous temperature of 0.66; vice versa for Ti-rich C-Ti3 with
14.3 at.% and 0.54. Since diffusion coefficients of Al in Al-Cr-Mo-Ta-Ti RHEAs are not available in
literature, homologous temperatures are used as rough indicators for diffusion. Hence, the Al gradient and
relative activity at the substrate surface are highest for C-Ti3 and lowest for C-Al3, whereas Al inward
diffusion is slowest in C-Ti3 and fastest in C-Al3. From resulting thickness curves—comparable for C-Al3
and C-Ti3, slower for CO—it can be concluded: (1) both a high Al gradient and increased Al diffusion
facilitate the aluminizing coating process, and (2) in contrast, a medium Al gradient and medium Al
diffusion at the same time result in slower aluminizing kinetics. With increasing thickness of the D022
Al3(Cr,Mo,Ta,Ti) coating, Al diffusion through this phase towards the coating/substrate interfaces becomes
increasingly rate-controlling. Since all three RHEAs under investigation formed the same D022 phase, Al
diffusion can be assumed to be equal for higher coating thicknesses.

During isothermal oxidation testing of the aluminized RHEAs, Laves phase particles of 1-2 um diameter
formed in the retained D022 coatings (Figures 6b and 9). Laves phases as intermetallic compounds are known
to show brittle mechanical behavior. Hence, they act embrittling on metallic materials when precipitated. This
effect increases the risk of spallation during long-term service conditions at high temperatures, especially if the
precipitated Laves phase has a higher molar volume compared to the initial coating phase. Mechanical stress
would build up in the coating, resulting in crack initiation and growth. Thermal cycling during operation causes
additional thermal stresses, further increasing the risk of spallation in operation. Consequently, the formation of
Laves phase in the produced aluminizing coatings on RHEAs Al-Cr-Mo-Ta-Ti should be investigated in more
detail, clarifying its effect on long-term coating stability and oxidation protection. Another possible critical
failure mode of aluminizing coatings for oxidation protection is the depletion of the Al reservoir in the coating
due to alumina scale formation. Long-term oxidation tests should be conducted to investigate the protectiveness
even after several hundred hours. Thirdly, internal corrosion underneath formed oxide scales can be critical for
long-term coating stability. While CO and C-Ti3 are prone to internal formation of TiN in uncoated conditions,
no indications for internal corrosion were observed after oxidation in aluminized conditions. Hence, the
promoted formation of single-layered dense alumina scales suppresses inward diffusion of N and consequently
TiN formation. In summary, the developed aluminizing process by pack cementation for the RHEAs C0, C-Al3,
and C-Ti3 produced Al-rich diffusion coatings. While their long-term stability remains under investigation,
enhanced oxidation protection compared to uncoated RHEAs has been proven.

Table 3. Comparison of the three RHEAs in properties relevant for the diffusion-driven aluminizing process: Al concentration,
simulated solidus temperature and resulting homologous temperature at 900 °C.

RHEA Abbr. Al/at.% Ts/°C Thom(900 °C)/-
AlCrMoTaTi Co 20.0 1728 0.59
Al;CrMoTaTi C-Al3 42.8 1499 0.66

AlCrMoTaTi3 C-Ti3 14.3 1886 0.54
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5. Conclusions

For the first time, three different RHEAS in the system Al-Cr-Mo-Ta-Ti were successfully aluminizing
coated by pack cementation: equimolar AlICrMoTaTi, Al-rich Al3CrMoTaTi, and Ti-rich AICrMoTaTis.

e Compact, uniform, and adhesive Al-rich coatings were achieved with no delaminations and no pores
detectable.

e The aluminizing process can be further optimized by using shorter coating durations (e.g., 5 h) at
900 °C for thinner coatings (50-80 pm).

e All three RHEAs formed single-layered D022 Als(Cr,Mo,Ta,Ti) intermetallic compound coatings
analogous to AlsTi in the binary Al-Ti system.

e [sothermal oxidation at 1000 °C for 48 h in ambient air resulted in the formation of compact, uniform,
and adhesive single-layered alumina scales with 1-2 pm thickness. C14/C36 hexagonal Laves phase
particles precipitated in the coatings with 1-2 um size, and additional Cr-rich regions were found. While
the uncoated condition is prone to internal corrosion due to TiN formation beneath the forming multi-
layered oxide scales, no indications of internal corrosion were observed in the aluminized condition.

e Hence, isothermal oxidation resistances of AlCrMoTaTi, AlsCrMoTaTi, and AlCrMoTaTis were
enhanced by aluminizing coating to mass gains as low as binary Al3Ti intermetallic compounds and
Ni-based superalloys.

e  Further in-depth investigations are necessary regarding long-term isothermal oxidation, cyclic oxidation
behavior, and long-term microstructural stability of the aluminizing coatings at high temperatures.
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