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Abstract: Oxidation resistance of Zr-Y coating on y-TiAl alloy prepared by a double-glow plasma
surface alloying technique was investigated in static air at 750 °C, 800 °C and 850 °C for 100 h. A pure
Zr coating was also prepared for comparison. Addition of Y improved high-temperature oxidation
resistance of the alloying coating because of its refining effect and inhibition of cationic diffusion.
Oxidation kinetic curves indicated that the high-temperature oxidation resistance of the Zr-Y coating
was about eight times higher than that of the bare substrate and about 3 times higher than that of
pure Zr coating.
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1. Introduction

v-TiAl is one of the most widely used materials in the aviation industry because of its excellent
comprehensive mechanical properties, low density, and good corrosion resistance. However,
at certain pressures and temperatures, it oxidizes, burns, and spreads quickly. This is often called
“titanium fire” [1-3]. Such flammability restricts its application under certain service conditions.
National aviation materials experts are searching for titanium alloy flame retardant protection [4-6].
Certain surface treatment methods can solve this problem [7,8]. Zhang et al. [9] demonstrated that
Al,Os film enhances oxidation resistance of Ti-alloy substrate.

Traditional methods of preparing alloy coatings include procedures such as magnetron sputtering
and ion implantation [10,11]. Magnetron sputtering provides high-density and smooth coatings.
However, film hardness and the adhesion strength between the film and the substrate are both
poor [12-14]. Ion implantation provides better purity of the doped ions, and the doping concentration
is not limited by the solid state solubility. Additionally, the concentration and depth distribution
of the implanted ions are accurate and controllable. However, ion implantation layers are typically
too thin and, thus, have short life span. In addition, an ion-beam deposited coating might not be
homogeneously distributed on parts with complex shapes [15,16].

In this paper, we report a double-glow plasma surface alloying technology as a new method to
deposit protective coatings on a TiAl substrate. This technology can effectively improve hardness,
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wear, and oxidation resistance [17-19] of the underlying substrate. It also allows the coating to be
metallurgically bonded to the substrates without an obvious interface. This technology has high
deposition rates and demonstrates great promise for a variety of engineering applications since it
provides good coating uniformity and excellent control over thickness, especially for substrates with
complex shapes [20].

We deposited Zr and Zr-Y coatings on TiAl substrate using double-glow plasma surface alloying
technique. We analyzed the high-temperature oxidation behavior of these samples using isothermal
oxidation tests at 750 °C, 800 °C and 850 °C conducted for 100 h. To understand the mechanism of the
oxidation of the resulting alloys, we implemented methods such as oxidation kinetics, energy dispersive
spectroscopy (EDS), X-ray diffraction (XRD), and scanning electron microscopy (SEM).

2. Experimental Section

2.1. Specimen Preparation

The composition of y-TiAl is shown in Table 1. Samples were cut into square shapes with
dimensions of 14 mm x 14 mm X 4 mm. The surfaces of all the specimens were polished with SiC
paper, cleaned ultrasonically in acetone to remove the oil, and then dried.

Table 1. Chemical composition of y-TiAl (wt %).

Ti Al \'% Cr Nb (0] C N
The rest 46.5 <15 <1 <020 <001 <01 <0.05

The sputtering target of a Zr-Y alloy disc prepared by powder metallurgy was used to supply
the alloying elements. The double-glow plasma surface alloying process was performed in a vacuum
chamber, which included three electrodes: The anode, the source electrode (Zr or Zr-Y alloy plate),
and the substrate electrode (y-TiAl alloy). Double-glow plasma surface alloying was performed as
shown in Figure 1. A target electrode (TE) and a substrate electrode (SE) were mounted in a vacuum
chamber (anode). The chamber was evacuated to just under 0.1 Pa and then filled with argon as a
protective gas. The potential difference between the target and the substrate resulted in an unequal
electronic potential hollow-cathode effect, which would spurt the ions or atoms to deposit on the
substrate. The parameters for the experiment are shown in Table 2.

1.Control console
2.Power supply
3.Source cathode
4.Sample cathode
5.Vacuum device
6.Inert species
7.Cooling water
8. Thermometer
9.Chamber
10.Anode

Figure 1. Schematic diagram of the double glow plasma surface alloying technique.

Table 2. Process parameters of plasma surface alloying.

Parameters Value
Source voltage/V 600-650
Cathode voltage/V 450-500
Processing time/h 3
Work-piece pressure/Pa 36
Processing temperature/°C 900-950

Distance between source and cathode/mm 18
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2.2. Oxidation Resistance Measurement

Isothermal oxidation tests were studied in air in a muffle furnace at 750 °C, 800 °C and 850 °C.
The specimens were placed in Al,O3 crucibles, which were cooled to room temperature after oxidation
for 100 h. An analytical balance with an accuracy of 0.1 mg was used to measure the mass changes
of all samples at regular intervals during the isothermal oxidation tests. The kinetics equations of
isothermal oxidation were fitted by Levenberg-Marquardt algorithms. All fitting equations followed
three forms, including the cubic rate law, the logarithmic rate law, and the parabolic law, given by [21]:

y1° = kex + bx € (0,100] (1)

Equation (1) shows that the oxidation process was controlled by diffusion retardation due to the
doping of alloy element oxides, ion diffusion and dense blocking layer:

Y2 =kn (kpx + ki3)x € (0, 100] 2)

Equation (2) shows that, in the process of membrane growth, the large elastic compressive stress
made the outer layer denser, slowing down the oxidation process:

y3? = kpx + bx € (0,100] 3)

Equation (3) shows that the oxidation process was controlled by film thickness [22-24].
The oxidation rate functions were obtained by taking the derivative of the isothermal
oxidation kinetics:

n = — K v e (0,100 4)
3(kex +b)3
knk
I _ 117412
Y2 = Tepx + k) 10~ < (0100) ©)
k
y3/ = mx S (0, 100] (6)
p

2.3. Characterization

The surface morphologies and cross-sections of the oxidized samples were investigated with
a JSM-6360L scanning electronic microscope (SEM, JEOL Ltd., Tokyo, Japan) equipped with energy
dispersive spectrum (EDS), while the phase compositions of the oxide scales were determined using
Bruker D8-ADVANCE X-ray diffraction (XRD, Bruker, Billerica, MA, USA) with Cu K« radiation over
a range of 26 from 10° to 100°.

3. Results and Discussion

3.1. Microstructure and Phase Distribution of Coatings

As-deposited Zr coating was uniform (see Figure 2a), and the uneven particles and bulges were
homogeneously dispersed and distributed on the surface of the modified layer. EDS analysis indicated
that the surface was composed mostly of Zr and small quantities Ti and Al. Zr-Y coating was silver
in color and looked smooth and dense and demonstrated uniform crystallinity. We believe that the
addition of Y stimulated nucleation of crystal grains. Finer grains suppressed abnormal grain growth
and reduced presence of micropores. EDS showed that the surface of the Zr-Y coating mainly contained
1.41 wt % of Y, 5.20 wt % of Ti and 92.73 wt % of Zr. This composition indicated significant deviation
from the composition of the Zr-Y target. One explanation could be formation of infinite solid solution
between Ti and Zr since their crystal structures are very similar. Another reason for this deviation
could be the difference between Zr and Y sputtering energy, which affected how much of each element
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was actually sputtered. The thickness of the Zr-Y coating was ~25 um (see Figure 3). The coating
consisted of an outer deposition layer (zone I) and an inner diffusion layer (zone II).
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Figure 3. Component distribution of the Zr-Y coating: (a) cross-section; (b) EDS.

Figure 3 illustrates elements distribution in the alloying coating from the surface to the substrate
determined EDS. Zr and Y contents in the diffusion layer gradually decreased, while the Ti and Al
contents increased (see Figure 3). This inter-diffused layer could be considered a metallurgical bond,
and it improved adhesion between the coating and the substrate. Strongest XRD peaks were mainly
located between 30° and 40° (see Figure 4) Diffraction peak intensity of the Zr phase was significantly
higher than that of the Y phase. Zr was deposited in its elemental form, which is favorable for the
formation of compact zirconia films during oxidation. Yttrium dispersed in the coating provided
coating with the thermal barrier properties.
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Figure 4. XRD pattern of the Zr-Y coating.



Coatings 2018, 8, 361 50f 13

3.2. Structure and Morphologies of the Oxidation Film

The surface of the oxidized Zr coating was mainly composed of ZrO; and small amounts of
TiO, and Al,O; (see Figure 5a). TiO, and Al,Os diffraction peaks were weaker than that of ZrO,,
thus, formation of ZrO, on the surface of the oxidized film could effectively inhibit TiO, formation,
demonstrating good oxidation resistance. Oxidation products of the Zr-Y coating were mainly
ZrO; Y703 and AlyOs, as well as small amount of TisO; (see Figure 5b). No TiO, was detected.
The appearance of Ti;O7 indicated that the Zr and Y elements reacted faster with oxygen preventing it
from diffusing into the layer to fully oxidize Ti atoms.

Crystal particles formed during oxidation were large and loosely stacked (see Figure 6a).
Oxidation film composed of Al,O3 and TiO, had very poor adhesion and flaked off easily. Even though
some cracks and pores appeared in the oxidized Zr coating (see Figure 6b), a majority of the oxidized
film was still in good contact with the substrate, and no peeling was observed. EDS analysis showed
only small amounts of TiO, and Al,Oj3 in the oxidized film, thus, the oxidized film had good stability
and remained continuous, effectively preventing deeper penetration of oxygen. Bubble-like structures
were observed on the oxidized Zr-Y coating (see Figure 6¢c). EDS and XRD demonstrated higher
content of Y in these bubbles compared to other regions. The main crystalline phases of the bubbles
were ZrO; and Y,03. Compared to pure Zr coating, the sizes of oxide particles on Zr-Y coating were
more uniform, and the crystals packed tighter without visible cracks or pores. Thus, a compact and
continuous oxidation film formed, preventing further oxygen diffusion. Although Y content in Zr-Y
coating was only 1.45 wt %, the oxide layer that formed was more protective.

The cross-section diagram shown in Figure 7a demonstrates that the oxidized (at 750 °C for
100 h) Zr coating consisted of three layers. The outer layer was ~3 um thick, consisted of ZrO,,
and was damaged by the stress of the volume expansion associated with the oxidation processes.
The intermediate layer consisted of continuous ZrO, mixed with a small amount of Al,O3 and TiO,.
This layer could effectively prevent the deeper penetration of the oxygen since it was very dense
without any holes and was tightly bound to the substrate. Contents of O and Zr in the third layer were
low, and the main phases in this layer were Al,O3 and TiO,.

No obvious stratification of the oxidized Zr-Y film was observed (see Figure 7b). However,
judging by the EDS analysis, it had two layers with different compositions. The outer layer was
~10 pm thick and consisted of ZrO; and Y,O3 bubble-like oxidized film. The inner layer consisted of
Ti4O7 and Al,O3. Due to the thermal stresses and different diffusion rates of metals, Kirkendall voids
formed between the oxidized film and the substrate [22]. Al atoms near the substrate diffused into the
oxidized film forming amorphous alumina layer under the oxidized film.
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Figure 5. XRD pattern of the specimens at 750 °C for 100 h: (a) Zr coating; (b) Zr-Y coating.
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Figure 6. Surface morphology and EDS pattern of specimens at 750 °C for 100 h: (a) TiAl substrate;
(b) Zr coating; (c) Zr-Y coating.
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Figure 7. Cross-sectional morphologies and compositions of the specimens at 750 °C for 100 h:
(a) Zr coating; (b) Zr-Y coating.
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Zr coating oxidized at 800 °C consisted of ZrO, and 3-Ti;O3 (see Figure 8a). We believe that
B-TipO3 formed because the solubility of oxygen in titanium increased with temperature. At the
same time, formed ZrO, hindered diffusion of O. Thus, saturation degree of oxygen in oxides
decreased, which facilitated transformation of four-valent titanium in TiO, to its lower valent states.
Al atoms diffused to the outer surface of the alloyed layer and incorporated into the «-Ti;O3 forming
(Tip.99Alp.01)203 [1,23].

The main oxidation product of the Zr-Y coating was ZrO,. Contents of all other oxides were
much smaller. We believe that Y, distributed at the grain boundaries, oxidized, forming Y,O3 at high
temperature, which effectively blocked the diffusion of cations and reduced the overall oxidation rate
of the sample. Thus, the oxidation mechanism changed from the bidirectional diffusion of anions and
cations to the oxygen diffusion-dominated ones. Oxidation layer formed at the metal-oxidation film
interface, producing a small amount of Al;O3 and TizOy [24]. Thus, the oxidation process was stable at
this temperature range. The growth rate of titanium oxides in Zr coating was significantly higher than
in the Zr-Y coating, thus, Zr-Y coating was more effective in oxidation protection.

As the temperature increased, nucleation rates of the oxide grains on the TiAl surface substrates
increased (see Figure 9a). Therefore, grains became smaller and the number of cellular particles
decreased. Al content in these cellular particles was above average according to the EDS analysis.
The oxidation layer of the Zr coating demonstrated abnormal grain growth and some cracks
(see Figure 9b). Therefore, surface defects of Zr-film associated with the oxidation process increased
with temperature, diminishing its oxygen blocking effect and further aggravating the oxidation process.
However, Zr-Y coating remained relatively intact during the oxidation process mostly because of
the formation of fine grains associated with the presence of Y (see Figure 9¢c). Oxidized Zr-Y coating
demonstrated no abnormal grain growths, voids, or cracks. A surface energy spectrum analysis
diagram showed only Zr and O as main constituents of the oxidized film. Because Y atoms occupied
grain boundaries and other defects, cations in the underlying substrate were effectively prevented
from diffusing toward the surface [24,25].
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Figure 8. XRD patterns of the specimens at 800 °C for 100 h: (a) Zr coating; (b) Zr-Y coating.

The oxidized layer of the Zr coating formed during annealing at 800 °C for 100 h was ~15 um and
had obvious cracks (see Figure 10a). During the oxidation, the microcracks extended to the edge of the
coating (see Figure 9b). Oxidation film eventually separated from the substrate due to the combination
of thermal and growth stresses, forming deep longitudinal cracks. These cracks, upon visual inspection
of the sample, revealed themselves as a warping of the outside edge of the pores. Cross section of the
oxidized Zr-Y coating was smooth without obvious cracks and defects (see Figure 10b). Some scattered
small pores were observed. However, they were not dense enough to cause significant damage to the
coating. Moreover, these small pores could release thermal stresses and assist in maintaining cohesion
and adhesion of the coating at high temperatures. The top layer of the oxidized Zr-Y coating consisted
of ZrO, and a relatively small percentage of Y,Os3. Y atoms, uniformly distributed in the coating,
oxidized into Y03, which then inhibited further oxygen diffusion inside the coating, reducing overall
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oxidation rate [24,25]. Presence of Y atoms also inhibited upward diffusion of Al atoms, preventing
the formation of a poorly crystalline aluminum layer between the coating and the substrate. Thus,

addition of only 1.44 wt % of Y played an important role in improving high-temperature oxidation
resistance of the coating.

Element Wit%  At%

Element

Figure 9. Surface morphology and EDS pattern of specimens at 800 °C for 100 h: (a) TiAl substrate;
(b) Zr coating; (c) Zr-Y coating.
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Figure 10. Cross-sectional morphologies and compositions of the specimens at 800 °C for 100 h:
(a) Zr coating; (b) Zr-Y coating.



Coatings 2018, 8, 361 90of 13

The phase composition of Zr coating after its oxidation at 850 °C was more complex than at other
temperatures. It mainly consisted of ZrOy 333 and TiO; with some small amounts of Al;O3 and TizOs
(see Figure 11a). We believe that Zr and O, reacted first, forming ZrO,. Parts of this ZrO, underwent
polymorphic transformation from monoclinic to tetragonal phase at 850 °C, which led to volume
contraction of the oxidized film and formation of a significant amount of micropores and microcracks.
As the oxidation process continued, Ti atoms diffused to the surface and reacted with ZrO,, reducing
Zr** to lower valent states [26].
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Figure 11. XRD pattern of the specimens at 850 °C for 100 h: (a) Zr coating; (b) Zr-Y coating.

Oxidation products of Zr-Y coating annealed at 750 °C, 800 °C, and 850 °C for 100 h in air were
similar. The only difference was that Al,Os was not detected after oxidation at 850 °C (see Figure 11b).
Formation of Y,0O3 stabilized ZrO;, therefore ZrO, did not undergo polymorphic phase transformation
upon cooling to room temperature [27]. Therefore, the coating was stable and dense and provided
good protection against oxidation. Y atoms distributed along the grain boundaries hindered diffusion
of interior metal ions.

The surface of the oxidized bare y-TiAl alloy exhibited irregular grains and severe damage when
oxidized at 850 °C for 100 h (see Figure 12). Its oxide film was porous and had multiple cracks which
are very favorable for oxygen diffusion. These observations can be explained by a disordered crystal
structure of TiO, at high temperatures, especially when comparing to Al,O3. Loose TiO, particles
resulted in poor adhesion of the Al,O3/TiO, mixed oxidation films. The thermal stresses caused this
loose oxidation film to peel from the surface of the substrate at high temperature [28].

The surface of the oxidized Zr coating had more obvious cellular granular growth. The oxidized
Zr surface showed numerous deep cracks. As the cracks propagated, the oxidized film started bubbling
and peeling off. The outer layer of the oxidized coating was ~10 um, had loose structures and uneven
grain sizes, and completely separated from the substrate. Al concentration was the highest at ~7.5 um
away from the surface (Figure 13a). We believe that diffusion of O, Al and Ti through the intermediate
layer led to this complex morphology. Part of the alloy below the oxidized layer contained a lot
of dissolved oxygen, leading to severe embrittlement [14]. At 850 °C, oxidation resistance of Zr
coating degraded rapidly, and such Zr-coating would not be able to provide adequate protection to the
v-TiAl alloy.

Zr-Y coating remained intact and continuous after its oxidation at 850 °C for 100 h (Figure 13b).
Ti and Al contents on the film surface were minor, and the main phases were ZrO; and Y,O3. The inner
layer of the oxidation film was a gradient distribution layer. ZrO; underwent particle polymorphic
transformation at 850 °C. The volume change associated with this polymorph transition affected the
oxidized film structure. Because of the similar atomic radii, we believe that a solid solution formed,
which explains high solubility of Y,03 in ZrO; [25]. The crystal structure of this solid solution changed
from monoclinic to tetragonal. Such solid solutions could keep their dual crystal structures without
phase transition at both room and high temperatures. Formation of yttria-stabilized ZrO, is very
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favorable because it can act as a thermal barrier and has excellent chemical stability, both of which
effectively improve high-temperature oxidation resistance of y-TiAl alloys.

Element Wt% At%

| Element

Figure 12. Surface morphology and EDS pattern of specimens at 850 °C for 100 h: (a) TiAl substrate;
(b) Zr coating; (c) Zr-Y coating.
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Figure 13. Cross-sectional morphologies and compositions of the specimens at 850 °C for 100 h:
(a) Zr coating; (b) Zr-Y coating.
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3.3. Isothermal Oxidation Kinetics

Oxidation kinetic curves of bare and Zr and Zr-Y-coated y-TiAl substrates at 750 °C, 800 °C,
and 850 °C are shown in Figure 14. Both coated samples displayed better oxidation resistance than the
bare y-TiAl substrate. Performance of the Zr-Y alloying coating was superior to that of Zr coating.
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Figure 14. Oxidation kinetics of the specimens at (a) 750 °C; (b) 800 °C; (c) 850 °C.

The rate law of the kinetics curves of the y-TiAl oxidation reaction changed from cubic to quadratic
as the temperature increased. At x = 100, oxidation rates of the y-TiAl alloy at 750 °C, 800 °C and
850 °C were 0.02216, 0.071 and 0.128 mg/(mm?-h), respectively.

Oxidation kinetics of the Zr coating also followed the cubic law at 700 °C and 800 °C but exhibited
a quadratic behavior at 850 °C. At x = 100, oxidation rates of the Zr-coating at 750, 800 and 850 °C
were 0.009501, 0.0206 and 0.059 mg/(mm?-h), respectively. At lower oxidation temperatures, relatively
continuous oxidation layers formed. Oxygen diffusion was restricted by many factors but especially
by the formation of the dense oxidation layer. Oxygen mainly diffused from the grain boundaries.
At 850 °C, the crystal structure of some ZrO; crystals changed, which damaged the film and could
no longer restrict oxygen diffusion. High-temperature oxidation resistances of Zr coating at 750 °C,
800 °C and 850 °C were 2.3, 3.4 and 2.2 times higher than that of the bare substrate, respectively.

Oxidation kinetics of the Zr-Y coating followed the logarithmic rate law at 700 °C and 800 °C and
cubic rate law at 850 °C. At x = 100 h, the oxidation rates at 750 °C, 800 °C and 850 °C were 0.002822,
0.008729 and 0.0145 mg/(mm?-h), respectively. Zr-Y oxidized film was dense due to the compressive
stresses at 700 °C and 800 °C. Y atoms were distributed along the grain boundaries, preventing metal
ions from diffusing toward the surface and slowing down the oxygen diffusion into the coating.
At 850 °C, monoclinic phases in the oxidation layer partially transformed to tetragonal, causing
volume shrinkage and reduction of the compressive stresses, which led to even further densification
of the oxidized film. Therefore, high-temperature oxidation resistance of Zr-Y coating increased at
850 °C. Addition of Y stabilized ZrO, making the oxidized film continuous and minimally damaged.
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High-temperature oxidation resistance of Zr-Y coating at 750 °C, 800 °C and 850 °C was 7.9, 8.1 and
8.8 times higher than the corresponding values of the bare TiAl alloy, respectively. It was also 3.4, 2.4,
and 4.1 times higher compared to that of Zr coating, respectively.

4. Conclusions

We used double-glow plasma surface alloying technology to coat y-TiAl alloy with Zr and
Zr-Y alloying coatings. SEM morphologies demonstrated metallurgically bonded coatings without
any defects.

Bare y-TiAl alloy demonstrated abnormal grain growth, and, as a result, poor oxidation
resistance. Oxidation products of the Zr coating mainly consisted of ZrO, at 750 °C and 800 °C.
The oxidation film was intact at these temperatures. At 850 °C, monoclinic ZrO, underwent partial
phase transformation causing cracking. Some Ti atoms diffused through these cracks towards the
surface and formed complex oxides. Thus, such highly degraded Zr coating could not provide
adequate oxidation resistance.

High-temperature oxidation resistance of Zr-Y alloying coating was better than that of y-TiAl and
Zr coating at all temperatures tested. Presence of Y atoms effectively prevented O and Ti diffusion.
Y atoms refined the grains and also stabilized ZrO, crystal structure, making oxidized film continuous
and undamaged.

All three samples tested (bare and Zr- and Zr-Y-coated TiAl alloys) showed different
types of oxidation kinetics at different temperatures indicating different oxidation mechanisms.
High-temperature oxidation resistance of Zr-Y coating at 750 °C, 800 °C and 850 °C was 7.9, 8.1 and
8.8 times higher than that of the uncoated substrate, respectively. It was 3.4, 2.4, and 4.1 times higher
than that of Zr coating, respectively.
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