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Abstract
To understand the influence of Mo, Si, and Ti during aluminizing pack cementation 
processes of Mo-Si-Ti alloys, two ternary Mo-Si-Ti alloys (eutectic Mo-20.0Si-52.8Ti 
and eutectoid Mo-21.0Si-34.0Ti) were investigated and compared with pure Ti and 
Mo-40Ti (all in at.%). The coating formation mechanisms, phase composition, and 
microstructures of the different substrates were compared. Subsequently, the effect of 
the different elements on the oxidation behavior was evaluated, using thermogravimet-
ric analysis at 700 ◦

C and 900 ◦
C for 100  h in synthetic air. In addition, the type I 

( 900 ◦
C ) and type II ( 700 ◦

C ) hot corrosion behavior of the Al-coated Mo-Si-Ti alloys 
was investigated for 24  h and 100  h in synthetic air +  0.1% SO

2
 . While the initial 

Al-rich coating phase was consumed or transformed at 700 ◦
C , it successfully facili-

tated the formation of a protective Al
2
O

3
 scale on the surface, even if the underlying 

reservoir was diminished. At 900 ◦
C , the Al coatings on both substrates failed, and a 

hot corrosion-induced pesting dominated. While Si generally has a positive effect on 
oxidation and hot corrosion resistance, the main impact of Mo is dictated by its evapo-
ration, and Ti can lead to the formation of TiO

2
 as a mixed oxide with Al

2
O

3
.

Keywords  Aluminum coating · High-temperature applications · Hot corrosion · 
Oxidation resistance · Pack cementation · Silicides

Introduction

Due to their high melting points around 2000 ◦C , refractory metal-silicide alloys 
are promising alternatives to Ni-based superalloys as structural materials in high-
temperature processes [1]. In recent years, Mo-Si-Ti alloys have been of particular 
interest because of their high creep strength in the range similar to single crystal Ni-
based alloys [2, 3] and their oxidation resistance up to 1300 ◦C [2–4]. The ternary 
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alloy compositions in the Mo-Si-Ti system were synthesized forming fine lamel-
lar microstructures by either a eutectic reaction (L → (Mo,Ti,Si) + (Ti,Mo)5Si3 ;  
Mo-20.0Si-52.8Ti) or a eutectoid reaction ((Mo,Ti)3Si → (Mo,Ti,Si) + (Mo,Ti)5
Si3 ; Mo-21.0Si-34.0Ti) [5, 6]. The eutectic alloy exhibited pesting resistance in 
the intermediate temperature range ( 700 ◦C to 900 ◦C ), while the eutectoid alloy 
suffered catastrophic mass losses [4, 5]. The various influencing factors on the 
oxidation behavior of these two compositions, such as chemical composition, 
phase fraction, and lateral scale thickness, can be found in the literature [7].

Despite the promising results regarding the eutectic Mo-Si-Ti alloy, the sensitiv-
ity of the oxidation resistance to small compositional and microstructural changes, 
especially in the pesting regime, requires a more robust solution. Pack aluminization 
has been proven to be an effective tool to increase the oxidation resistance of Mo, 
Mo-alloys [8–12], and Ti alloys [13–16]. Al, as a coating element, offers several 
advantages over other potential elements or combinations thereof, such as Si [17, 
18], Si-B [19–22], or Cr [4], because the formation of intermetallics in the subsur-
face zone causes a reduction in Gibbs energy, and thus a strong driving force for 
coating formation. Aluminides potentially form dense, slow-growing α-alumina 
scales, which are preferred in most high-temperature applications, over a wide range 
of temperatures, including the pesting range. At the same time, it is necessary to 
understand the impact of the alloying elements in the substrate material on coating 
formation and oxidation.

Besides the conventional dry oxidation behavior, the resistance against hot cor-
rosion, a common phenomenon in turbines, needs to be investigated [23]. Na2SO4 
is considered the main cause of hot corrosion and arises during combustion when 
traces of Na and S are present in the engine from fuel or air impurities [24–26]. 
Type I hot corrosion of Ni-based alloys occurs between 800 °C and 950 ◦C , and is 
caused by liquid Na2SO4 deposits, which results in a uniform attack of the material 
[27–29]. Type  II hot corrosion takes place below the melting point of Na2SO4 in 
the temperature range 650–800 ◦C [30, 31]. Eutectic mixtures of Na2SO4 with other 
sulfate salts (typically NiSO4 or CoSO4 ) leads to the formation of liquid deposits, 
causing a localized attack of the metallic material (pitting) [27, 28]. While the hot 
corrosion behavior of Ni-based alloys is well understood, information on potential 
refractory metal-based alternatives is still scarce in the literature.

In this study, Al diffusion coatings are applied on two different Mo-Si-Ti alloys 
(eutectic Mo-20.0Si-52.8Ti and eutectoid Mo-21.0Si-34.0Ti) to form mainly Al3 Ti 
on the surface. The coatings’ performance is compared to that of aluminized Ti, 
which forms pure Al3 Ti and thus can be used as a baseline to determine the influ-
ence of the different alloying elements on the oxidation of the Al3 Ti phase. Alumin-
ized Mo-40Ti was selected to mimic a Si-free material with a high Mo/Ti ratio. The 
isothermal oxidation behavior of the four different systems is examined, focusing 
on the pesting regime of Mo-based alloys between 700 ◦C and 900 ◦C . Since the 
Al-coated Mo-Si-Ti alloys demonstrated the best oxidation resistance, their type I 
( 900 ◦C ) and type II ( 700 ◦C ) hot corrosion behavior under a Na2SO4 deposit is also 
investigated.
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Experimental Procedures

Alloy Manufacturing

Three Mo-based alloy compositions (Mo-40Ti, eutectic Mo-20.0Si-52.8Ti, and 
eutectoid Mo-21.0Si-34.0Ti (all in at.%)) and pure Ti ( ≥ 99.60%, Goodfellow) were 
chosen as substrates. The alloys were prepared in an arc melter (AM/0.5, Edmund 
Bühler GmbH) from elemental materials Mo (99.95%, EVOCHEM), Si (99.99%, 
ChemPUR) and Ti ( ≥ 99.8%, ChemPUR).

After evacuating the vacuum chamber to 10−4 mbar, the arc melting process was 
performed at an Ar (> 99.998%) base pressure of 600 mbar on a water-cooled Cu 
crucible. The ingot was repeatedly melted five times and flipped after each step to 
ensure a homogeneous alloy composition. A Zr getter was remelted before each 
melting step to keep the residual oxygen in the vacuum chamber as low as possi-
ble. In an additional arc melting step, rods of 12–14 mm in diameter and a typical 
length of 150 mm were produced through drop casting of the Mo-Si-Ti ingots into 
a water-cooled Cu mold. Subsequently the Mo-21.0Si-34.0Ti alloy was heat treated 
at 1300 ◦C for 200  h under Ar (>  99.998%) atmosphere in a resistance tube fur-
nace (HTRH 70-600/18, Carbolite Gero GmbH & Co. KG). All samples were cut, 
using arc wire cutting, to the required geometries (Mo-Si-Ti alloys: height of 3 mm 
and 12–14 mm in diameter; Ti and Mo-40Ti alloy: 10 mm × 10 mm × 3 mm) and 
grinded with P 500 SiC paper to remove any Cu contamination that could have been 
introduced by wire erosion. Finally, the surface was cleaned in acetone in an ultra-
sonic bath to remove any remaining organic impurities.

Coating Manufacturing

The powder compositions and temperatures used during the pack cementation pro-
cesses [32] are summarized in Table 1. The pack cementation powders for produc-
ing the Al diffusion coatings included Al ( ≥ 99.5%, grain size ≤ 160 μm , Roth), a 
halide activator (NH4Cl, ≥ 99.5%, grain size ≤ 1.3 mm, Honeywell), and Al2O3 as an 
inert filler ( ≥ 98%, grain size ≤ 130 μm , Honeywell).

The individual alloys were coated as a set of four in a covered alumina crucible 
with an average powder-to-surface area ratio of 6–8 g cm−2 . Following a 6 h dry-
ing period at 150 ◦C , the pack cementation was carried out in a quartz tube furnace 
(HZS 12/600, Carbolite Gero GmbH & Co. KG). After the coating temperature was 

Table 1   Pack cementation conditions for the different substrate materials

Ti was pack cemented at a lower temperature than the other substrates due to its allotropic transformation 
at 882 ◦

C [33]

Substrate Powder composition Temperature Atmosphere

Ti 5 wt.% Al, 0.5 wt.% NH
4
Cl 800 ◦C Ar

Mo-40Ti 1 wt.% Al, 1 wt.% NH
4
Cl 1000 ◦C Ar

Mo-20.0Si-52.8Ti 1 wt.% Al, 1 wt.% NH
4
Cl 1000 ◦C Ar

Mo-21.0Si-34.0Ti 1 wt.% Al, 1 wt.% NH
4
Cl 1000 ◦C Ar
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reached at a rate of 7 ◦C min−1 , it was maintained for 8 h under an Ar atmosphere 
(99.999%, Air Liquide) with a flow rate of approximately 102 cm h−1 . Pack cementa-
tion processes are often performed in inert atmospheres (e.g., Ar with 5 vol.% H 2 
added) to prevent the oxidation of the materials. In this study, pure Ar is used, as H 2 
led to pronounced crack formation on the Ti-rich substrates. This is attributed to the 
susceptibility of Ti to hydride formation and hydrogen embrittlement [34–36]. After 
the pack cementation, the samples were cleaned in acetone in an ultrasonic bath for 
10 min.

Oxidation

Thermogravimetric analysis (TGA) was used to investigate the oxidation kinetics of 
the Al-coated substrates. The samples were oxidized at 700 ◦C (M25D-V, Sartorius; 
RAS  50/250/12, Thermconcept) and 900 ◦C (TGA  92, Setaram; TZF 12/65/550, 
Carbolite Gero GmbH & Co. KG) in dry synthetic air (80% N 2 and 20% O 2 with 
a flow rate of approx. 205 cm h−1 ) while the mass change as a function of time was 
recorded up to 100 h. The samples were placed in a holder made from quartz glass, 
which was attached to the precision balance. The furnace was heated at a rate of 
10 ◦C min−1 until the oxidation temperature was reached. After the experiment, the 
furnace was turned off, and the samples remained inside while the furnace cooled 
down.

Hot Corrosion

By evaporating a saturated Na2SO4 solution, a salt deposit of 2.5mg cm−2 was 
deposited on the preheated ( ∼ 100 ◦C ) Mo-Si-Ti alloys. Subsequently, the salt-coated 
samples were exposed to the hot corrosion environment, dry synthetic air (99.999%, 
Air Liquide) + 0.1% SO2 (99.98%, Air Liquide) with a flow rate of approx. 
53 cm h−1 , at 700 ◦C and 900 ◦C . The samples were placed in individual alumina 
crucibles inside a quartz tube furnace (VST 12/900, Carbolite Gero GmbH & Co. 
KG). The gas mixture was passed through a Fe2O3 catalyst at the beginning of the 
tube furnace to establish the sluggish chemical equilibrium between SO2 and SO3:

According to thermodynamic calculations [37], the pSO3
 of synthetic air + 0.1% 

SO2 atmosphere equals 5.3 × 10−4  atm at 700 ◦C and 1.3 × 10−4  atm at 900 ◦C . A 
drying period of 12 h at 150 ◦C under pure synthetic air removed residual moisture 
to prevent the formation of sulfuric acid. Afterward, the hot corrosion temperature 
was reached at a heating rate of 10 ◦C min−1 . After the experiment, the furnace was 
turned off. The samples remained inside while the furnace cooled down under pure 
synthetic air.

(1)SO2 +
1

2
O2 ⇌ SO3
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Analysis

Using the Leica MZ16  A stereomicroscope, macroscopic images of the samples 
were taken before and after pack cementation and after oxidation. X-ray diffraction 
(XRD) measurements (Bruker D8 Advance A25 equipped with a Cu tube) were 
used to analyze the phases formed during pack cementation and oxidation. A Ren-
ishaw inVia Raman spectroscope was used to further characterize the thin oxide 
films ( λ  =  633  nm). Cross sections of the samples were prepared using metallo-
graphic methods, including Ni-electroplating, mounting in epoxy, wet automated 
grinding (to P 2400), and polishing with 3 μm and 1 μm diamond suspensions and a 
colloidal silicon oxide suspension. Light microscopy and scanning electron micros-
copy (SEM, Hitachi FlexSEM 1000II with an energy-dispersive X-ray spectrometer 
(EDS)) were utilized to examine the cross sections, to determine the thicknesses 
of the layers, and standard deviations by averaging four or more separate measure-
ments. The JOEL JXA-8100 electron probe microanalyzer (EPMA), equipped with 
five wavelength dispersive detectors (WDS), was used to conduct quantitative con-
centration profile measurements (step size of 0.5 μm ) and semi-quantitative element 
mapping.

Results and Discussion

Aluminum Diffusion Coatings

Figure 1 shows cross-sectional BSE images after pack cementation of Ti, Mo-40Ti, 
and both Mo-Si-Ti alloys. On Ti and Mo-40Ti an Al3 Ti phase (tetragonal, I4/mmm, 
139) formed on the surface (see Fig.  10), as previously reported in the literature 
for Ti-based alloys [38–40]. The Al content close to the surface of Mo-40Ti was 
between 72–73 at.%, corresponding to the D88 phase of Al3Ti, which is stable above 
977 ◦C in the binary Al-Ti system [41]. On pure Ti, the Al content was similar at 
71 at.%, although at 800 ◦C the Al3 Ti phase should allow a higher Al content [41]. 
Below the Al3 Ti layer, intermetallic phases with lower Al contents were present in 
the interdiffusion zone, which were too thin at this stage to be characterized in detail. 
After exposure at 700 ◦C they grew and could be identified as Al2 Ti and AlTi3 (see 
Fig. 4(a)). Due to the lower pack cementation temperature, the layer deposited on 
Ti was considerably thinner than on all other substrate materials. On Mo-40Ti, the 
Al3 Ti layer contained about 15 at.% of dissolved Mo, which is in the range of theo-
retically and experimentally determined Mo solubilities in Al3 Ti [42]. Closer to the 
substrate, the Mo-rich Al8Mo3 phase precipitated in the Al3 Ti phase, and a (Mo,Ti)
Al layer occurred at the interface to the substrate, where the Al content decreased 
due to interdiffusion (see Fig. 1(b)). According to the phase diagram (see Fig. 2) for 
a Mo-40Ti alloy enriched with Al, three phases can be expected in equilibrium (Al3
Ti, Al8Mo3 , and Al3Mo) [43]. Their distribution in the coating being more Ti-rich at 
the surface suggests the preferred outward diffusion of Ti over Mo.

By comparing the single phase materials with the coatings formed on the  
Mo-Si-Ti alloys the higher surface roughness became apparent, even though the 
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surface finish of all samples before pack-cementation was the same. An Al3 Ti phase 
formed on the surface of both Mo-Si-Ti alloys, but the amount of dissolved Mo was 
different. Quantitative EPMA measurements revealed that the dissolved Mo content 
was lower in the Ti-rich eutectic alloy with around 10 at.% in contrast to 15 at.% in 
the eutectoid alloy; 15 at.% matched the value for the Si-free Mo-40Ti alloy. The 
measured Mo/Ti ratio was lower than in the Mo solid solution, confirming the pre-
ferred outward diffusion of Ti over Mo. The Al content in the outer precipitate-free 
part of the coating was between 72–73 at.%, corresponding to the maximum Al con-
tent in the D022 variant of Al3Ti, which is stable above 977 ◦C in the binary Al-Ti 
system [41, 44, 45]. Quantitative EPMA line scans revealed a maximum Si con-
tent of 3.0 at.% in the Al3 Ti phase in both Mo-Si-Ti alloys, which was only slightly 
above the 2.3 at.% Si found before at 700 ◦C for an Al-Ti-Si system without Mo [46].

In contrast to Mo-40Ti, no Mo-rich intermetallic phase was found within the coat-
ings deposited on the eutectic and eutectoid Mo-Si-Ti, but closer to the metal inter-
face titanium silicide precipitates were found, reflecting the microstructure of the 
substrate. EPMA point measurements showed that these matched the (Ti,Mo)5Si3  
with a hexagonal D88 structure. According to quantitative EPMA line-scans the sili-
cides were enriched with 9–23 at.% Al depending on the position within the coat-
ing. However, the lateral resolution limitations of EPMA might lead to an overes-
timation of the Al content of the small silicide inclusions surrounded by the Al3 Ti 

(a) Al-coated Ti (b) Al-coated Mo-40Ti

(c) Al-coated eutectic Mo-20.0Si-52.8Ti (d) Al-coated eutectoid Mo-21.0Si-34.0Ti

Fig. 1   BSE images of the coating illustrating the distinct phases formed on the binary Mo-Ti alloy and 
ternary Mo-Si-Ti alloys after Al pack cementation
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phase. In previous studies of the ternary systems Al-Ti-Si and Al-Mo-Si, the com-
parable phases Ti5Si3 and Mo5Si3 dissolved up to 6 at.% Al at 700 ◦C [46] and up to 
12.5 at.% at 1400 ◦C [48], respectively. In a recent reassessment of the Al-Mo-Si sys-
tem it was suggested that the Al solubility is not particularly dependent on tempera-
ture and remains at about 10 at.% at lower temperatures [49]. Hence, it is hypoth-
esized that combining Ti and Mo on the A site of the A 5Si3 phase might increase 
the solubility of Al. Additionally, an experimental and thermodynamic investigation 
of the Mo-Si-Ti system confirmed that Ti and Mo can be substituted over a wide 
range in Ti5Si3 [50]. As expected from the ratio between Ti and Mo in the substrate, 
the titanium silicides within the eutectic alloy had higher Ti contents and dissolved 
smaller amounts of Mo, while in the eutectoid alloy lower Ti contents were meas-
ured and larger amounts of Mo were found in the precipitates. The higher amount of 
Mo in the eutectoid alloy was also reflected in small precipitates extremely low in Ti 
found inside the Al3 Ti phase close to the coating/substrate interface, indicating the 
Al8Mo3 phase, which was found before within the coating on Mo-40Ti.

Multiple features imply the formation of partially outward-grown coatings due to 
Ti diffusion, such as the Mo/Ti ratio and the precipitate-free (silicides or Al8Mo3 )  
outer layers. Similarly, it can be argued that the precipitate-rich layers of Al3 Ti 
were formed more likely by inward diffusion of Al, forming Al3Ti, enriching the sili-
cides in Al, and even forming Mo aluminides if the Mo solubility in both phases was 
exceeded. Based on this mechanism, the influence of Ti, the main coating-forming 

Fig. 2   Isothermal section of the phase diagram of the ternary Al-Mo-Ti system at 900 ◦
C . The dot indi-

cates the composition of the coating after the pack cementation process. The square indicates the com-
position of the coating after exposure to the oxidizing atmosphere at 900 ◦

C . The triangles indicate the 
composition of the second Mo-rich phases after exposure ( 700 ◦

C in light gray and 900 ◦
C in black). The 

arrow indicates the depletion of Al in the direction of the composition of the substrate during oxidation. 
The dotted lines indicate which phases are in equilibrium with each other. The phase diagram was calcu-
lated (Thermo-Calc) using the dataset published by Distl et al. [47]
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element of the substrate, was expected to be high. However, the Ti-content of all 
alloys was sufficient to form a single phase Al3Ti. Only the proportions of precipi-
tate-free to precipitate-rich Al3 Ti were slightly different for the two Mo-Si-Ti alloys. 
In line with the Ti-content, the precipitate-free layer was thicker on the Ti-richer 
alloy. By comparing the Mo-40Ti and the Mo-Si-Ti alloys, the influence of Si on 
the coating formation became apparent: Ti decreases the amount of Mo aluminides 
because the (Mo-rich) silicides bind the Mo, and no (Mo,Ti)Al layer was observed.

Oxidation Behavior in Synthetic Air

Exposure at 700 ◦C

Figure 3 displays the mass changes of the Al-coated substrates at 700 ◦C compared 
to the literature values of Al-pack cemented Mo [51] and Mo-Si-B [8].

The aluminide coating on pure Mo consisted of an outer Al8Mo3 ( ∼ 50 μm ) layer 
and an inner AlMo3 ( ∼ 7 μm ) phase [51]. On the Mo-9Si-8B (in at.%) alloy an Al8Mo3  
matrix ( ∼ 80 μm ) with Mo(Si,Al)2 and MoAlB inclusions was deposited [8].

For Al-coated Ti and Mo-40Ti, both with an Al3 Ti phase on the surface, a very 
similar linear mass gain was observed. The coated Mo-Si-Ti alloys exhibited ini-
tially faster kinetics, which were more parabolic and slowed down over time. When 
comparing Ti, Mo-40Ti, and the two different Mo-Si-Ti alloys, the weight gains of 
Mo-rich materials were lower without Si, but higher with Si, than their respective 
counterparts. To understand this, volatile oxides have to be considered. For instance, 
Al-coated pure Mo [51] produced the highest and mainly linear mass gain, as evap-
orating MoO3 creates cavities inside the alumina scale when Al8Mo3 is oxidized, 
allowing for continuous scale growth. The formation of volatile Mo oxides becomes 

Fig. 3   Overview of the mass gain curves obtained by thermogravimetric analysis (TGA) of Al-coated 
substrates at 700 ◦

C in synthetic air for 100 h. Al-coated Mo [51] and Al-coated Mo-Si-B [8] from litera-
ture are added for comparison
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dominant in Al-coated Mo-Si-B, resulting in a exceptionally low mass gain com-
pared to the other substrates. These findings indicate that small amounts of B and Si 
can significantly alter the oxidation behavior of the Al8Mo3-based coatings, even as 
much as Si alone for the Al3 Ti coatings on the Mo-Si-Ti substrates. However, with 
or without such elements, the results demonstrated that Al8Mo3 was generally less 
protective than the coatings based on Al3 Ti due to the evaporation of Mo oxides. 
But even for the Al8Mo3 phase, it was found that higher Mo contents resulted in 
faster oxidation kinetics.

Figure 4 displays cross sections of the Al-coated substrates after 100 h at 700 ◦C . 
On all samples an Al2O3 scale was formed, which was further investigated using 
Raman and XRD analyses. This is consistent with previous studies, reporting that 
Al3 Ti is able to form a pure α-Al2O3 layer at this temperature [52–55].

Compared to the as-coated state (see Fig. 1(a)), a significant enlargement of the 
interdiffusion zone can be observed on Ti after only 100 h. Two additional distinct 
aluminide layers with lower Al content (Al2 Ti and AlTi3 ) have formed beneath 
the Al3 Ti layer. In Mo-40Ti, interdiffusion was significantly less pronounced, and 
Mo-rich precipitates (Al8Mo3 ) were still observed in approximately the same quan-
tity and size within the coatings when compared to the as-coated state (compare 

(a) Oxidized Al-coated Ti (b) Oxidized Al-coated Ti

(c) Oxidized Al-coated Mo-20.0Si-52.8Ti (d) Oxidized Al-coated Mo-21.0Si-34.0Ti

Fig. 4   BSE images of the oxides formed on Al-coated substrates after oxidation for 100 h at 700 ◦
C in 

synthetic air. The Al
2
O

3
 polymorphs highlighted in bold in the respective images are the ones that form 

predominantly on the substrate
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Fig. 1(b)). The composition of the coating in the as-coated state (which only mini-
mally changed during the 700 ◦C exposure) and the composition of the precipitates 
are shown in the phase diagram (see Fig. 2).

For both Mo-Si-Ti alloys, no significant interdiffusion was observed, thus the 
microstructure differed from the as-coated state (see Figs. 1(c)  and 1(d)) only by 
the Al2O3 layer formed during oxidation. On the eutectic alloy, mainly θ-Al2O3 
was formed, which is a commonly present intermediate polymorph during the tran-
sition from the low-temperature polymorph γ-Al2O3 to the preferred high-temper-
ature polymorph α-Al2O3 [56]. Si was previously found to accelerate the outward 
growth of θ-Al2O3 [57] and elevate the γ-Al2O3 to α-Al2O3 transition temperature 
[58]. However, after 100 h, on the eutectoid alloy mainly α-Al2O3 was formed. Si 
seems to foster parabolic oxidation behavior compared to the more linear, silicon-
free counterparts. On both Mo-Si-Ti alloys the remaining aluminide reservoirs 
entirely prevented the oxygen uptake and nitridation of the substrate during oxida-
tion at 700 ◦C , which had been reported before for the uncoated materials [4].

The predicted layer thicknesses calculated from the mass increases and density of 
Al2O3 are considerably higher than the layer thicknesses actually measured. There are 
various reasons for this divergence: (i) The high surface roughness of the Al-coated  
Mo-Si-Ti alloys (compare Figs. 1(c) and 1(d)) led to a significantly increased actual 
surface area. This increase was not considered when determining the surface area 
used for the plot in Fig. 3. (ii) Due to the edge effects, the oxides formed there are 
approximately twice as thick as the oxides formed on the surfaces of the samples. 
(iii) The formation of fast-growing oxides in the early stages of oxidation contrib-
uted to higher mass gains. (iv) Additionally, an  increased attack was observed at 
local defects (1–2 per sample), leading to oxide accumulations that were much 
thicker than the average.

Exposure at 900 ◦C

Figure 5 illustrates the thermogravimetric measurements of the Al-coated substrates 
at 900 ◦C along with the literature data [8, 51]. As already noted at 700 ◦C , the  
Al-coated Mo exhibited a linear mass increase in the first few hours of oxidation. At 
900 ◦C , after about 10 h, the aluminide layer failed, followed by catastrophic oxida-
tion. Subsequently, the Mo substrate was converted into volatile MoO3 , explaining 
the drastic mass loss. While the mass increase of Al-coated Ti was higher than the 
one at 700 ◦C , all other Mo-containing alloys had a lower mass gain compared to 
the oxidation at 700 ◦C , because of increased MoO3 evaporation. The course of the  
Al-coated Mo-40Ti curve showed an increase in weight gain after about 40 h, sug-
gesting lower evaporation after a certain time.

Figures 6 and 7 display cross sections of the Al-coated substrates after 100 h of 
oxidation at 900 ◦C . As the coating-substrate interactions were more pronounced at 
900 ◦C than at 700 ◦C , semi-quantitative EPMA element distribution maps are added 
to supplement the BSE images. In addition, the layer thicknesses of the remaining 
coatings, including interdiffusion zones, are summarized in Table 2.
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Fig. 5   Overview of the smoothed mass changes measured using TGA of Al-coated substrates at 900 ◦
C 

in synthetic air for 100 h. Al-coated Mo [51] and Mo-Si-B [8] from the literature are added for compari-
son

(a) Oxidized Al-coated Ti (b) Oxidized Al-coated Ti

(c) Oxidized Al-coated Mo-40Ti (d) Oxidized Al-coated Mo-40Ti

Fig. 6   BSE images and EPMA maps of the oxides formed on Al-coated substrates after oxidation for 
100 h at 900 ◦

C in synthetic air
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The Al depletion in coated Ti was much more pronounced after 100  h of oxi-
dation at 900 ◦C (Fig.  6(a)) compared to 700 ◦C (Fig.  4(a)). Below a protective  
Al2O3 scale with minor amounts of TiO2 on the surface, the Al-leaner intermetallic 
phases AlTi and AlTi3 were found. Accordingly, the thickness of the intermetallic 
layer increased in comparison to the as-coated sample and to the sample exposed at 
700 ◦C (see Table 2). At 900 ◦C , the transformation into the Ti-richer aluminides by 
interdiffusion is much faster than the Al depletion at the surface and plays the main 
role for the coating lifetime. This finding is further supported by the formation of 

(a) Oxidized Al-coated Mo-20.0Si-52.8Ti (b) Oxidized Al-coated Mo-20.0Si-52.8Ti

(c) Oxidized Al-coated Mo-21.0Si-34.0Ti (d) Oxidized Al-coated Mo-20.0Si-34.0Ti

Fig. 7   BSE images and EPMA maps of the oxides formed on Al-coated substrates after oxidation for 
100 h at 900 ◦

C in synthetic air. The Al
2
O

3
 polymorphs highlighted in bold in the respective images are 

the ones which form predominantly on the substrate

Table 2   Overview of the layer thicknesses of the remaining coatings, including interdiffusion zones, 
found on the different substrate materials. The percentages given in brackets indicate the change com-
pared to the as-coated state

Substrate As-coated 700 ◦C 900 ◦C

Ti 17.0 μm 30.9 μm (+ 82%) 37.7 μm (+ 122%)
Mo-40Ti 39.2 μm 44.4 μm (+ 13%) 40.1 μm (+ 2%)
Mo-20.0Si-52.8Ti 35.6 μm 32.9 μm (– 8%) 35.7 μm (± 0%)
Mo-21.0Si-34.0Ti 38.3 μm 30.5 μm (– 20%) 36.6 μm (– 4%)
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voids at the oxide/aluminide interface, which can be attributed to volume changes 
due to the Al3Ti → AlTi phase transformation. Additionally, Kirkendall pores were 
formed at the aluminide/substrate interface due to Ti outward diffusion into the alu-
minide layers, similar to the outward diffusion occurring during the pack cementa-
tion (best visible in Fig. 1 for the Mo-Si-Ti systems).

On the Al-coated Mo-40Ti, a remaining Al-rich Al3 Ti layer was found below the 
oxide scale (see Fig.  6(c)) with precipitates of a second Mo-rich phase, containing 
less Al (compositions of the Mo-rich and Ti-rich phases given in Fig. 2). The coat-
ing composition reflects the two-phase region Al3 Ti + Mo3Al8 . Slightly further deple-
tion would lead to Mo3Al, a phase which was already observed in the IDZ of the as-
coated sample. With just a minimal increase in the thickness of the interdiffusion zone 
at 900 ◦C (see Table 2), the presence of Mo significantly lowered the interdiffusion, 
as well as the thickness of the formed Al2O3 layer (see values given in Figs. 6(a) and 
6(c)). Therefore, the addition of Mo drastically decreased the inwards diffusion of Al 
compared to the pure Ti substrate, and its evaporation led to higher Al activity, which 
allowed the formation of a more homogeneous Al2O3 layer with fewer TiO2 inclusions.

Compared to Mo-40Ti (see Fig. 6(c)), an even thinner Al2O3 layer with a Si-O-
rich sub-scale formed on the surface of both Mo-Si-Ti alloys (see  Figs.  7(a) and 
7(c)), which showed almost the same weight gain. The development of such sub-
scales has already been described in the literature, as has the difficulty of detect-
ing them [59–61]. In this work, the detection was possible using semi-quantitative 
EPMA element maps (see Si map in Figs. 7(b) and 7(d)). Nevertheless, some dif-
ferences were identified regarding the underlying Al3 Ti layer. Compared to the  
Mo-40Ti substrate, the presence of Si slows the inward diffusion of Al into the 
underlying substrate even more than just Mo. The formation of Al8Mo3 does not 
occur within the eutectic or the eutectoid Mo-Si-Ti alloy, and Al3 Ti remains the sole 
phase in the outer coating after 100 h.

To sum it up, the coating-substrate interactions at 900 °C were much more pro-
nounced than at 700 ◦C with Mo and Si significantly reducing the interdiffusion. 
Additionally, the higher temperature as well as MoO3 evaporation facilitated the 
selective oxidation of Al. Less Ti in the alloys minimized the influence of TiO2 on 
the growth rate, while a silica sub-scale slowed it down.

Oxidation Kinetics

The description of the oxidation kinetics (illustrated in Figs. 3 and 5) is not straight-
forward when considering mass losses due to MoO3 evaporation (very obvious e.g., 
in the initial weight loss of Al-coated Mo-Si-Ti) and superimposed linear and para-
bolic weight gain terms. Therefore, the TGA curves were fitted using a power func-
tion (see Equation 2). The initial mass losses were omitted, and the fit was limited to 
the remaining curve.

The values obtained for the oxidation constant b (see Table 3) are close to 1 for 
Al-coated Ti and Mo-40Ti at 700 ◦C , confirming the linear oxide growth. For both 

(2)y = m ⋅ x1∕b
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substrates, particularly low values of the factor m were obtained, which reflects the 
acceleration of the oxidation reaction. The marginally higher final mass gain of Ti 
compared to Mo-40Ti aligns with the slightly higher value for m. Additionally, the 
similar mass gains confirm that the evaporation of Mo oxides only marginally influ-
ence the linear oxidation kinetics of Al-coated Mo-40Ti at this temperature. Instead, 
the formation of Ti-rich oxides has a higher influence on the oxidation kinetics. 
From the oxidation behavior of titanium aluminides [53, 62] it is known that the 
thermodynamic stabilities of Al2O3 and TiO2 are so close to each other that the 
competitive growth of these two oxides often prevents the formation of a protective 
scale with a parabolic growth rate for the stoichiometric composition. Additionally, 
TiO2 exhibits high oxygen diffusivity at elevated temperatures [63]. Compared to 
the lower temperature, an almost two-fold increase of the parameter b and a four-
fold increase of the factor m was observed for the coated Ti at 900 ◦C , indicating a 
change from linear oxidation kinetics to parabolic growth. This aligns with the oxi-
dation behavior of Al3 Ti described in the literature [52, 53, 64]. Due to the higher 
temperature, the slight difference in the oxide stability between Al and Ti is enough 
to promote the diffusion and selective oxidation of Al2O3 (see Fig. 11). The factor 
b for Mo-40Ti at 900 ◦C was still between linear and parabolic, indicating the con-
tribution of linear kinetics. In accordance with the lower temperature, the value for 
m remained constant. However, Mo-40Ti showed the lowest mass gain, which con-
firms that the 15 at.% Mo that dissolve from the substrate into the deposited Al3 Ti 
phase significantly evaporates at 900 ◦C.

Table 3   Overview of the factors b and m which was determined using a fit of the TGA curves. *Due to a 
change in the oxidation kinetic after 40 h of exposure, only the part of the curve between 40 h and 100 h 
was included in the fit. Additionally, the mass change curves of the Al-coated Mo-Si-Ti alloys were fitted 
assuming paralinear kinetics (Equation 3). The values for parabolic oxidation constant kp and linear vola-
tilization rate kv are listed in the table, too

Substrate (Temperature) Factor b Factor m Chi squared

Ti ( 700 ◦C) 1.26 0.02 8.41 ⋅ 10−5

Mo-40Ti ( 700 ◦C) 1.16 0.01 6.81 ⋅ 10−5

Mo-20.0Si-52.8Ti ( 700 ◦C) 2.43 0.14 0.00181
Mo-21.0Si-34.0Ti ( 700 ◦C) 4.20 0.34 0.00108
Ti ( 900 ◦C) 1.90 0.08 4.17 ⋅ 10−4

Mo-40Ti ( 900 ◦C)* 1.53 0.01 7.42 ⋅ 10−5

Mo-20.0Si-52.8Ti ( 900 ◦C) 2.50 0.07 1.75 ⋅ 10−4

Mo-21.0Si-34.0Ti ( 900 ◦C) 2.31 0.05 2.10 ⋅ 10−4

Substrate (Temperature) kp [ g2 cm−4 s−1] kv [ g2 cm−4 s−1] Chi squared

Mo-20.0Si-52.8Ti ( 700 ◦C) 4.69 ⋅ 10−12 1.05 ⋅ 10−12 0.00109
Mo-21.0Si-34.0Ti ( 700 ◦C) 9.77 ⋅ 10−12 2.50 ⋅ 10−12 0.00473
Mo-20.0Si-52.8Ti ( 900 ◦C) 1.03 ⋅ 10−12 4.94 ⋅ 10−13 8.81 ⋅ 10−5

Mo-21.0Si-34.0Ti ( 900 ◦C) 7.08 ⋅ 10−13 3.25 ⋅ 10−13 1.43 ⋅ 10−4
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For the two Mo-Si Ti alloys, values above 2 for the factor b were obtained, indi-
cating sub-parabolic oxidation kinetics at both temperatures. This illustrates the 
strong positive influence of Si on oxidation behavior and suggests a contribution 
of Mo evaporation. The parameter m was significantly higher for both materials at 
700 ◦C , indicating a faster acceleration of the oxidation reaction at lower tempera-
tures, which confirmed the influence of Mo evaporation at higher temperatures. As 
already observed for Ti and Mo-Ti, an increased value for m corresponds to a higher 
final mass increase. The exceptionally high values of both factors for the eutectoid 
alloy at 700 ◦C can be explained by the sharp mass increase at the start of the oxida-
tion process. The high initial mass increase is due to the cracks within the coating of 
the eutectoid alloy, which initially oxidize and close before the surface determines 
the kinetics. The sub-parabolic oxidation behavior confirms the positive influence 
of the Si content on the oxidation kinetics of the aluminides investigated. For the 
Mo-Si-Ti alloys a paralinear fit (Equation 3) of the entire TGA curve was also per-
formed, to better quantify the contributions of oxide layer growth and evaporation.

This evaporation is high in both systems, but layer growth and the associated mass 
gain predominates. Interestingly, due to the faster kinetics of oxide growth, the rela-
tive contribution of the evaporation is smaller than at 700 ◦C , even if the absolute 
amount of evaporated oxides is probably higher.

To sum it up, the kinetic data confirms the microstructural observations such as 
adding Mo to the substrate material significantly lowers the mass gain rate at 900 ◦C 
due to MoO3 evaporation. Furthermore, higher temperatures facilitate the selec-
tive oxidation of Al over Ti, minimizing the influence of TiO2 (compare Figs. 6(b) 
and 6(d)), thus enabling the formation of a protective α-Al2O3 scale with a para-
bolic growth rate. With the addition of Si to the substrate, the oxidation kinetics are 
changed to parabolic or even sub-parabolic at both temperatures. The strong positive 
influence of Si on the oxidation behavior is evident from the formation of a SiO2 
subsurface scale (best visible in Figs. 7(b) and 7(d)).

Hot Corrosion Behavior

Type I Hot Corrosion

Figure 8 shows cross sections of the Al-coated Mo-Si-Ti substrates after 24 h and 
100 h of exposure to type I hot corrosion conditions at 900 ◦C . On both samples, an 
outer non-continuous Al2O3 layer formed before the oxidation continued in the form 
of unprotective TiO2/SiO2 oxides. After 24 h, the complete Al reservoir was already 
consumed, which led to a severe corrosion attack. Due to the higher Mo content of 
the eutectoid alloy and the associated MoO3 volatilization, the TiO2/SiO2 oxide layer 
formed was significantly thicker compared to the eutectic alloy. After 100 h of expo-
sure there was no metallic material left, and the complete substrate was oxidized.

(3)
Δm

A
=
√

kp ⋅ t − kv ⋅ t
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The aluminide coating did not provide sufficient protection against hot corro-
sion at 900 ◦C . No protective alumina scale was formed because the Na2SO4 deposit 
significantly reduced the MoO3 evaporation, as the salt created a local environment 
where the partial pressure of oxygen is significantly reduced. This decreased the 
overall formation of Mo oxides and enabled the occurrence of MoO2 , which has 
a considerably lower partial pressure. Additionally, the deposit caused steric hin-
drance, further limiting the formation and evaporation of Mo oxides. As a result, 
MoO3 volatilization contributed to a notably reduced extent to the local increase of 
Al activity and accumulation at the sample surface as observed during oxidation. 
Instead, liquid phases were formed such as sodium molybdate (Na2MoO4 , melting 
point 687 ◦C [65], which arises from the reaction of Na2SO4 with MoO3 . A compar-
ison of the partial pressure of MoO3 ( pMoO3

 = 5.21 ⋅ 10−4 bar) and its evaporation 
from a liquid Na2MoO4 deposit ( pMoO3

 = 3.15 ⋅ 10−12 bar) likewise demonstrates the 
reduced oxide volatilization [37]. At both test temperatures, Na2MoO4 is known to 
rapidly dissolve surrounding oxides [66–68], which led to progression of the cor-
rosion. Additionally, the direct reaction of MoO3 with Al2O3 produced aluminum 
molybdate (Al2Mo3O12), which was also molten during type I hot corrosion ( 820 ◦C 
(Al2O3-rich side) or 740 ◦C (MoO3-rich side) [69]). As a result, any protective Al2
O3 that may have formed at some point cannot be sustained.

Therefore, the hot corrosion behavior was mainly determined by the under-
lying substrate material and, hence, is  similar to the behavior of the uncoated 

(a) Corroded Al-coated Mo-20.0Si-52.8Ti (24 h) (b) Corroded Al-coated Mo-20.0Si-52.8Ti 
(100 h)

(d) Corroded Al-coated Mo-21.0Si-34.0Ti 
(100 h)

Fig. 8   BSE images of the oxides formed on Al-coated substrates after hot corrosion at 900 ◦
C in syn-

thetic air + 0.1% SO
2
 . Optical microscopy overview pictures of the cross sections are displayed next to 

the BSE images
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samples [70] or even worse. After the failure of the pure Al3 Ti layer, the eutectic 
samples underwent an increased attack as the pack cementation process decreased 
the Si content at the surface, impeding the formation of a beneficial SiO2 layer. 
As known from hot corrosion theory, for a progressive attack, a negative solubil-
ity gradient of the oxides involved is required [71, 72], otherwise the liquid phase 
would eventually become saturated with the dissolved species, and the corrosion 
attack would stop. After 24  h of exposure (see Fig.  8(a)), characteristic MoO3 
oxide needles [73, 74] were found in the gap at the substrate oxide interface of the 
eutectic sample. Since it is unlikely that these needle-shaped oxides were formed 
by solid state diffusion, it is suggested that the MoO3 needles have reprecipitated 
from the liquid phase. In addition to reprecipitation, the negative solubility gradi-
ent was realized for both Mo-Si-Ti alloys, due to the evaporation of Mo oxides as 
evidenced by the absence of Mo oxides throughout the oxide scales.

Type II Hot Corrosion

Figure 9 displays cross sections of the Al-coated Mo-Si-Ti substrates next to the cor-
responding semi-quantitative EPMA element distribution maps after 100 h of expo-
sure to type II hot corrosion conditions at 700 ◦C . A very similar microstructure was 

(a) Corroded Al-coated Mo-20.0Si-52.8Ti (100 h) (b) Corroded Al-coated Mo-20.0Si-52.8Ti 
(100 h)

(c) Corroded Al-coated Mo-21.0Si-34.0Ti (100 h) (d) Corroded Al-coated Mo-21.0Si-34.0Ti 
(100 h)

Fig. 9   BSE images and EPMA maps of the oxides formed on Al-coated substrates after hot corrosion at 
700

◦
C in synthetic air + 0.1% SO

2
 (24 h of exposure not shown). Optical microscopy overview pictures 

of the cross sections are displayed next to the BSE images
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found after 24 h of exposure, therefore, these cross sections are not shown here. An 
extension of the exposure time only led to a thickening of the oxides.

In contrast to 900 ◦C , the hot corrosion behavior at 700 ◦C was dominated by the 
applied aluminide layer, which led to a comparable oxide structure on both sam-
ples: Al2Mo3O12 was found as the outermost oxide layer, with Al2O3 underneath and 
small TiO2 inclusions throughout the scale. On both samples, remaining aluminides 
were found beneath the oxides. Due to the higher Mo content in the aluminide layer 
on the eutectoid Mo-21.0Si-34.0Ti alloy, the remaining Al reservoir was signifi-
cantly thinner compared to the eutectic Mo-20.0Si-52.8Ti alloy. This can be seen in 
the macroscopic overview image, in some areas on the eutectoid sample the alumi-
nide layer was consumed, which led to the corrosive attack of the substrate material.

Compared to 900 ◦C and the hot corrosion behavior of the uncoated substrate 
materials [70], the aluminide coatings led to a significant improvement in type II hot 
corrosion resistance. The detrimental Na2MoO4 , which formed during the exposure 
of the uncoated alloys [70], was successfully avoided with an Al2O3 content of over 
20% by the formation of Al2Mo3O12 , becoming the predominant phase [75].

Conclusions

Ti, Mo-40Ti, and two ternary Mo-Si-Ti alloys were aluminized and analyzed to 
determine the influence of the alloying elements on the coatings’ phase formation, 
morphology, oxidation, and hot corrosion behavior.

•	 Oxidation experiments at 700 ◦C and 900 ◦C revealed a significant influence of 
the temperature on oxidation kinetics.

•	 At 700 ◦C , thin oxides were observed, but only the Si-containing alloys exhibited 
a parabolic mass gin behavior, while the Ti, Mo-rich, and binary Ti-Mo alumi-
nide coatings grew linear.

•	 At 900 ◦C , Mo-oxide evaporation was beneficial and promoted alumina forma-
tion. Ti was oxidized alongside Al and accelerated the scale growth, while Si and 
Mo positively influenced interdiffusion with the substrate.

•	 While the Al coatings were suitable for oxidative atmospheres at both tempera-
tures, a strong temperature dependence of the protective effect was observed in 
hot corrosion environments. At 900 ◦C , the Mo-containing aluminides failed, and 
led to the formation of liquid phases. At 700 ◦C , an alumina scale was formed, 
which protected both Mo-Si-Ti alloys.

•	 During both oxidation and hot corrosion, the aluminide layers primarily deter-
mined the respective behavior, with a secondary dependence on the molybdenum 
content within these layers.
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(a) Al-coated Ti (b) Al-coated Mo-40Ti

(c) Al-coated Mo-20.0Si-52.8Ti (d) Al-coated Mo-21.0Si-34.0Ti

Fig. 10   XRD diffractograms of the different phases formed on the different substrates after pack cemen-
tation

Appendix A: XRD analysis

See Figs. 10, 11 and 12.
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(a) Oxidized Al-coated Ti (b) Oxidized Al-coated Mo-40Ti

(c) Oxidized Al-coated Mo=20.0Si-52.8Ti (d) Oxidized Al-coated Mo=21.0Si-34.0Ti

Fig. 11   XRD diffractograms of the oxides formed on the substrates after oxidation
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(a) Corroded Al-coated Mo-20.0Si-52.8Ti 
(900°C)

(b) Corroded Al-coated Mo-21.0Si-34.0Ti 
(900°C)

(c) Corroded Al-coated Mo-20.0Si-52.8Ti 
(700°C)

(b) Corroded Al-coated Mo-21.0Si-34.0Ti 
(700°C)

Fig. 12   XRD diffractograms of the oxides formed on the Mo-Si-Ti substrates after hot corrosion
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Appendix B: Raman analysis

See Fig. 13. 
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