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Abstract: Coating properties and oxidation behaviors of Si pack cementation-coated TZM
(Mo-0.5Ti-0.1Zr-0.02C) alloys were investigated in order to understand the stability of the coating layer
at high temperatures up to 1350 °C in an ambient atmosphere. After the pack cementation coatings,
MoSi; and MosSis layers were formed. When MoSiy-coated TZM alloys were oxidized in air at high
temperatures, the Si in the outer MoSij layer diffused and formed SiO,. Also, due to the diffusion
of Si, the MoSi; layer was transformed into a columnar shaped MosSi3 phase. During isothermal
oxidation, the Mos5Sis phase was formed both within the coated MoSi; layer and between the MoSi,
and the substrate. The coating properties and the oxidation behavior of the Si pack-coated TZM
alloys were discussed along with the identification of growth kinetics.
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1. Introduction

TZM alloys are traditional Mo-based alloys that are typically used for high temperature
applications due to their superior material properties at high temperatures. The phase constituting
TZM alloys are composed of mainly Mo matrix with precipitates of TiC and/or ZrC. Detailed material
properties have been reported elsewhere [1-5]. In particular, since the alloys are stable with liquid
state metals, they have been applied in high temperature components such as atomic plant components.
However, since the alloys are mainly composed of Mo, the low stability of Mo during high temperature
exposure under an ambient atmosphere is a serious limitation of these alloys. Specifically, when the
alloys are exposed in air at high temperatures above 400 °C, a volatile and non-protective Mo oxide,
MoOQg, is formed. This ruins the usefulness of the alloys due to the nature of the non-protective
oxidation behaviors of Mo [6,7].

Mo-based alloys have been studied in the past to improve oxidation resistance through surface
coatings. Surface protection coatings such as thermal plasma spray, sputtering coatings, or pack
cementation coatings have been studied in order to improve oxidation resistance at the exposure
to high temperatures under an ambient atmosphere [8-11]. Among the coating routes, the pack
cementation coating process has the capability of producing a uniform coating layer on complex
shaped substrates, and is effective in preventing oxygen penetration [2,4,7,12-17]. According to the
literature, the formation of protective coating layers can be achieved by Si or Al pack cementation
coatings [2,4,11]. Upon the application of Si pack cementation coatings on the alloy, MoSi, phase,
a highly oxidation resistant material, is formed as a result of the diffusion of Si into Mo in the matrix.
When the MoSi, phase is exposed in air at high temperatures, SiO, is formed on the surface of the
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MoSi; layer, implying that the coated TZM alloys exhibit excellent oxidation resistant behaviors [1].
Furthermore, the effectiveness of Al-Si silicide coatings has been reported. The coating layers composed
of Mo(Si, Al); can provide protection to the TZM alloys through the formation of an Al,O3 layer on the
surface [7]. Besides these, systematic reports have also been published which focus on the formation of
pack cementation coating layers with various compositions and coating kinetics using different halide
activators [7].

In order to apply the coated TZM alloys on structural parts that require reproducible credibility,
such as defense systems, the coating layers should have properties such as (i) strong bonding with the
substrate; (ii) a defect-free coating layer in complex-shaped structures; and (iii) a defined lifetime of the
coating layer with respect to exposure at high temperatures. While the nature of the pack cementation
coating process suitably matches with the aforementioned two requirements, the lifetime kinetics
of MoSip-coated TZM alloys have not been systematically investigated at high temperatures during
oxidation exposure. In reality, the lifetime analyses of the coating layers are a critical issue for the
practical application of the coated TZM alloys, such as structural parts for defense systems, in order to
provide reproducible service time and temperatures.

In this study, the growth kinetics of the MoSiy coating layer were investigated to identify
the lifetime of the coated TZM alloys during isothermal exposure under aerobic conditions.
The disintegrated kinetics of the MoSi, phase was also investigated during the isothermal oxidation
exposure for various exposure times up to 1350 °C in air. The formation of columnar MosSi3 inside the
MoSi, layer was observed for the first time. The coating layer kinetics and disintegrated kinetics were
discussed via microstructural observations and kinetic estimations.

2. Experimental Details

Bar-shaped TZM alloy with a diameter of 10 mm (purchased from Hansh®, Seoul, Korea), was cut
into small pieces of 10 mm thickness. Each piece was polished using a fine Al;O3 powder and cleaned
ultrasonically. For Si pack cementation coatings, the powder mixture was composed of 25 wt %
coating source (Si), 5 wt % activator (NaF), and 70 wt % anti-sintering material (Al,O3). The powder
mixture was blended in a jar of a milling machine for 24 h. The powder mixture with the TZM
alloys in an alumina pack were put inside a furnace under an Ar atmosphere, and the coatings
were carried out at temperatures of 900-1100 °C for various time ranges (up to 24 h). The process
involved the deposition of Si vapor carried by volatile halide species on the substrate embedded
in a mixed powder pack at elevated temperatures. In order to identify the thickness of the coating
layer, the coated TZM alloys were cut perpendicular to the surface. The TZM alloys coated at 1100 °C
for 6 h were selected for oxidation tests, since the coating layer thickness of ~30 um was a desirable
thickness for practical application. For the oxidation tests, a coated sample disc placed in an alumina
boat was inserted into a tube furnace which was initially set at a high temperature (up to 1350 °C)
in air. After the oxidation time reached the selected exposure time, the specimens were pulled out
of the furnace promptly and cooled in air. The coated alloys and oxidized specimens were cut into
cross-sections for microstructure observations. The sectioned specimens were polished with fine
Al,O3 powder and cleaned ultrasonically. The cross-sections of the coating layers were examined
by scanning electron microscope (SEM, JEOL-6300, JEOL, Ltd., Tokyo, Japan) equipped with energy
dispersive spectrum (EDS, TEAM XP, Tokyo, Japan) and electron backscatter diffraction pattern
systems (EBSD, TSL-Hikari Super, Tokyo, Japan).

3. Results and Discussion

In the case of the Si diffusion coatings, chemical reactions such as Si + Al,O3 + NaF — SiF;
+ NaF + Al,O3 may progress during the coating heat treatments. Al,Os is a ceramic material
that is an anti-sintering agent, and the ceramic material does not participate in chemical reactions.
When a high-temperature SiF, activating gas atmosphere is formed through the heat treatment,
Si is coated on TZM alloys through gas and solid state diffusion. The additional detailed coating
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procedure was described elsewhere [7,12-15]. The outlook images of (a) as-received TZM,; (b) the
MoSip-coated TZM; (c) the oxidized TZM without coatings; and (d) the oxidized TZM with Si pack
cementation coatings exposed in air at 1350 °C for 50 h are shown in Figure 1. When the coatings were
not applied, the TZM alloy turned yellowish in color and lost its initial shape due to the non-protective
MoOj3 phase formation after oxidation tests. An additional analysis of the oxidation behaviors of the
uncoated TZM was not investigated, since the loss of Mo was so obvious [6,7]. However, when the
coatings were applied on the TZM alloy, the surface turned dark grey and the initial shape was well
maintained after oxidative exposure, implying that the coatings are needed for practical applications.
Figure 2 shows a typical cross-section of the coating layer with Si pack cementation coatings at 1100 °C
for 6 h. The formation of the coating layer of MoSi; has been mentioned in previous studies [7,14].
After the Si pack cementation coatings, MoSi, formed on the surface and formation of a MosSi3 layer
was observed between the MoSi; and the TZM alloy (Figure 2b). However, no Mo3Si phase was
observed in the current study. It can be argued that the Mo3Si phase might have formed between
MosSis and TZM, but this was not observed possibly due to the nature of low growth kinetics and /or
the limitation of the SEM, which corresponds to previous documents by other researchers [18,19].
In order to identify the growth behaviors of the coating layers, the cross-sections of the MoSi,-coated
TZM alloys annealed at 1100 °C for 24 h were observed with EBSD, as shown in Figure 3. In order to
show a thick coated layer, the specimen coated for the longest time was selected. The MoSi, grains
underwent the preferred directional grain growth with a ~1 um width, and Mo5Siz grains developed
beneath the MoSi, grains. The direction of the MoSi, grain grew towards the surface, and the length of
the MoSi, grain was not consistent, ranging from 10 to 40 pm. Figure 4 shows the growth kinetics of
the MoSi, and the MosSi3 phases underneath. The thicknesses of the synthesized MoSi, and MosSi3
phases increased as the coating time was increased. Moreover, the thickness of the coating layer linearly
increased with respect to the annealing time. When the coating layer thickness was plotted as x? = kt,
where x denotes thickness (m), t denotes time (s), and the k represents the kinetic parameters. The k
values of the MoSi, phases were larger than that of MosSi3. The k values for MoSi, were estimated to be
2.18 x 1071, 1.17 x 10719, and 5.60 x 10719, and those for MosSis were evaluated to be 2.25 x 10~ 14,
3.03 x 10713, and 2.40 x 10~!? at annealing temperatures of 900, 1000, and 1100 °C, respectively. It was
noted that the orders of the current values were similar to the previous results obtained from solid
state diffusion annealing [18]. To note, the kinetic parameter (k) also followed the equation, k = k, exp
(—Q/RT), where Q is the activation energy (kJ/mol), R is the gas constant (J/K mol), and T (K) is the
absolute temperature. The evaluated Q values of MoSi, and MosSi3 phases were 217 and 313 kJ/mol,
respectively, which are similar to the results of the previous documents [19].

Figure 1. Surface image of (a) the as-received TZM alloy; (b) after coating the TZM alloy at 1100 °C for 6 h;
(c) oxidized TZM alloy at 1300 °C for 50 h; and (d) MoSiy-coated TZM alloy oxidized at 1350 °C for 50 h.
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Figure 2. (a) Cross-section of MoSi,-coated TZM alloys at 1100 °C for 6 h; (b) shows the enlargement

of the inset in (a).
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Figure 3. (a) Cross-section of MoSi,-coated TZM alloys at 1100 °C for 24 h; (b) shows the electron
backscatter diffraction (EBSD) micrographs of the marked area in (a).
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Figure 4. Growth kinetics of (a) MoSiy; (b) MosSis layer; and (c) kinetic parameters (k) with respect to
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Figure 5 shows SEM micrographs of the surface of the TZM alloy after oxidation at 1350 °C for
5,20, and 50 h. When the MoSi, phase-coated TZM was exposed in air, an SiO, phase formed on the
surface. However, with increase in time (i.e., when the thickness of the SiO, phase was increased),
cracks were observed on the surface of the SiO, layer, possibly due to the coefficient of thermal
expansion (CTE) difference between SiO; and the coated MoSi, layer [7,19]. It was observed that
porous mushroom-shaped oxides were formed at the location of the cracks. The insets in Figure 5a—c
are shown in Figure 5d—{, respectively.

Figure 5. Surface morphology of MoSi,-coated TZM alloys oxidized at 1350 °C for (a) 5, (b) 20,
and (c) 50 h; (d—f) show the enlargements of the marked areas in (a—c), respectively.

In order to identify the effect of the coating layer on the oxidation exposure, the cross-section of
the oxidized specimen was prepared and EBSD was carried out for the coated specimen oxidized at
1350 °C for 20 h. The SEM is shown in Figure 6a, and the EBSD micrograph of the marked large box in
Figure 6a is shown in Figure 6b, in which the thickness of Mo5Si3 was about 50 um, located between the
surface MoSi; and the TZM substrate. Also, the marked small box in Figure 6a is shown in Figure 6¢,d.
The micrographs show that columnar grains of MosSi3 were located inside the coated MoSi, layer.
It was clear that some grains of vertical MosSiz were connected to the Mo55i3 layer located between
the surface MoSi; and the TZM substrate, as shown in Figure 6d.

In order to identify the disintegrated kinetics of MoSi; and the growth kinetics of the MosSis
layer during oxidation exposure, the thicknesses of each phase were measured with respect to the
oxidation time, as shown in Figure 7. AS can be seen in the figure, the thickness of the MoSi, phase
decreased, and the reduction rate increased when the oxidation temperature reached the temperature
of 1350 °C. At the same time, it was noted that the thickness of the Mo5Si3 phase located between the
surface MoSi; and the TZM substrate increased as the temperature and time of the oxidation exposure
was increased. Again, during the oxidation, the k values for the MoSi, phases (thickness reduction
rate) were estimated to be 2.36 x 10~11,2.77 x 10711, and 3.86 x 1010 (Figure 7a), and the values for
MosSi; were evaluated to be 6.17 x 10719, 3.93 x 10719, and 2.20 x 10710 (Figure 7b), at oxidation
temperatures of 1250, 1300, and 1350 °C, respectively. The Q value for the decomposition of MoSip
was estimated as 567 k] /mol, and that for the MosSis phase was evaluated as 210 kJ/mol. Figure 8
shows the mass change of the MoSi;-coated TZM alloy after oxidation. Although an increase in mass
was observed, the amount of increment was marginal, i.e., the increased values were less than 1 wt %.
This is possibly due to the formation of SiO; at the surface after oxidation tests.



Coatings 2018, 8, 218 6 of 10

Figure 6. Cross-sectional SEM of the MoSi,-coated TZM alloy oxidized at 1350 °C for 20 h. (a) SEM;
(b) EBSD micrograph of the large area marked in (a); (c) the enlargement of the small inset in (a);
and (d) image with black and white contrast of (c).

Regarding the columnar growth of MosSi3 inside the surface of MoSiy, a possible mechanism
is shown in Figure 9. According to a previous report, the growth of the MoSi, phase is usually
observed as a columnar manner, since the MoSi, phase is synthesized via diffusion reactions [2]. At the
same time, when the coated MoSi, layer was exposed to high temperatures in the presence of air,
the surface MoSi, phase underwent a disintegration reaction, viz. (5/7) MoSi; (s) + O, (g) = (1/7)
MosSis + SiO; (s) [15]. This reaction shows that when the surface SiO, layer was formed, an MosSis3
phase should be produced due to the loss of Si from MoSi,. In this regard, it is possible that the MosSi3
phase inside the MoSi; phase could grow, and Si should move through the grain boundaries of the
MoSi; layer, as shown in Figure 6.
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Figure 7. Layer kinetics of (a) MoSi, layer, (b) MosSi3 layer during oxidation exposure with respect to
the exposure time; (c) shows the log k vs. inverse temperature plot.
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Figure 8. Remaining weight percent of TZM alloys after oxidation exposure at the designated
temperature and time.

Since phase development during oxidation is related to the diffusion process, it was useful to
examine the diffusion pathways with respect to the sequence of the product phases. In regard to
the diffusion pathway, some approaches have been proposed under simplified conditions [20-22].
The analysis methods included two requirements of the diffusion path. First, the pathway should cross
the line connecting the end member compositions in order to satisfy mass balance. Second, a stable
path should follow the isothermal phase diagram and coincide with two-phase field tie lines to satisfy
local equilibrium. Furthermore, the reaction pathway analyses with finite terminal members and
infinite terminal members are totally different situations [23]. For the current cases, probably the
diffusion pathway was somehow transient due to the presence of the unstable MoSi,. When the coated
MoSi, phase was exposed to air, two separated reactions of (i) oxygen/MoSi; ((1/7) MoSi; + O, —
(1/7) MosSi3 + SiOp) and (ii) MoSiy / TZM (2MoSi; + 6Mo — MosSi3 + (Mo3Si)) may occur during
oxidation exposure. Then, the MoSi, layer would eventually disappear as the oxidation time increased
due to the loss of Si, i.e., the current case is a diffusion reaction between finite terminal members,
and the diffusion pathway might change when the MoSi, phase disappears.

The observed diffusion pathway of the MoSip-coated TZM after the oxidation tests was O
(Mo0O3)/5i0, /MoSi; /MosSi3 /TZM, as shown in Figure 10. When the MoSi; coating layer was
oxidized, Mo initially evaporated to the surface. Then, a SiO; layer formed on the surface of MoSi,
due to the reaction of oxygen that diffused into MoSi; and reacted with the Si [7]. According to



Coatings 2018, 8, 218 8 of 10

Figure 10, the diffusion pathway was O (MoO3)/SiO;/MoSi; /MosSis / TZM during oxidation (Path I).
When further oxidation occurred, the MoSi, layer may undergo loss of Si due to the diffusion of
Si towards the surface and inside the alloy. In that case, the diffusion pathway may change to O
(Mo003) /510, /MosSiz /TZM (Path II). Furthermore, when the oxidation exposure time is increased,
the MoSi, phase eventually disappears.

While further investigation into factors such as the grain orientations of MosSi3 inside the MoSip
layer is needed, the current observations clearly showed that the disintegration of the outer MoSi,
layer occurs together with both the formation of MosSi3 inside the MoSi, layer and the formation of
MosSis located between the outer MoSi; layer and the TZM alloy. Also, the lifetime (decomposition
of the MoSi; layer) of the MoSi, coating layer stability was identified during the exposure of high
temperatures under an ambient atmosphere.

After Si pack
cementation coatings

MoSi, 1

T 3 8
MosSi; ‘

After oxidation

Figure 9. Schematic illustration of MoSi, coatings and the formation of MosSi3 phase inside the MoSi,
layer after oxidation.

Mo Mo;Si MosSi;  MoSi, Si

Figure 10. Diffusion pathways of the oxidation of MoSi; (diffusion path I: O (M0O3)/SiO, /MoSi; /
MosSi3 /TZM; diffusion path II: O (M0O3)/SiO;, /MosSiz / TZM).



Coatings 2018, 8, 218 90f 10

4. Conclusions

The growth kinetics and the lifetime kinetics of the coating layers during oxidation were
investigated for the MoSij-coated TZM alloys. When MoSi, coatings were laid on TZM alloys,
the columnar MoSi, and the MosSi; phases located between the surface of MoSi; and the substrate
TZM alloy were formed. During the coating process, the activation energies of the kinetic parameters of
MoSi; and MosSiz were estimated to be 217 and 313 k] /mol, respectively. When the MoSi,-coated TZM
was oxidized up to 1350 °C, the thickness of the MoSi, layer decreased, whereas that of the MosSis3
phase constantly increased during oxidation exposure. The activation energy of the disintegration
parameter of MoSi; and the growth parameter of MosSiz was estimated to be 567 and 210 kJ/mol,
respectively. Also, during the oxidation, the MosSis phase was also observed inside the surface MoSip
layer as a columnar shape due to the loss of Si, which formed a surface SiO; layer. The formation of
the SiO; layer can accelerate the disintegration of the MoSi, coating layer. The present observations
show that the disintegration kinetics of the coated outer MoSi; layer is meaningful for the estimation
of the lifetime of TZM alloys.
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