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Oxidation behavior and thermal stability of a B-solidifying y-TiAl alloy after plasma source nitrogen ion im-
plantation were studied. Nano-sized TiN, TisN, Ti3AIN, and TizAl;N; particles were found in the modified layer.
The microhardness of the modified layer was 2.5 times higher than that of the as-cast condition. Nitrogen ion
implantation increased the oxidation resistance significantly in comparison to the as-cast condition. Thin inner
and outer TiO3, dense protective AlyO3 and fine-grained mixed Al;O3+TiO3 layers were found on the surface
after oxidation. The effect of nitrogen ion implantation on phase stability and oxidation mechanisms is analyzed.

1. Introduction

p-solidified gamma titanium aluminide (y-TiAl) based alloys are
currently considered as one of the most attractive light-weight high-
temperature structural materials due to their low density, high specific
strength, superior creep resistance, and good oxidation resistance [1-5].
The replacement of high-density Ni-based superalloys by the y-TiAl
based alloys in aircraft or automobile engines is a promising way to
decrease fuel consumption, noise level and CO, and NOy emission [4].

Alloys comprising 42-44 at.% of Al solidify through the -phase area
without the L+p—a peritectic transformation and are called p-solidified
v-TiAl alloys. In these alloys fine-grained structures with a relatively soft
texture are observed in comparison with those in conventional (or
peritectic-solidified) y-TiAl [4,5]. Microstructure of the as-cast $-solid-
ified y-TiAl based alloys usually consists of colonies of a lamellar y (TiAl)
and oy (TizAl) intermetallic ordered phases which form in prior a-grains.

Meanwhile the usage of the y-TiAl based alloys at high temperatures
requires additional treatment to protect them from oxidation because
the oxidation rate of these alloys accelerates rapidly above 600 °C [1,6,
71. It is well established that a pure alumina (Al,03) layer does not form
on the unprotected surface of the y-TiAl based alloys in an oxidizing
atmosphere at elevated temperatures [8,9]. The only Al,Os-former is the
ap (TizAl) phase, while the y (TiAl) phase promotes the rutile (TiO3)
formation. Growth of TiOy grains in the Al,Os layer leads to the
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formation of micropores and cracks. In addition, an adverse transition
Ti3Al phase layer can be observed underneath [10-12].

Some improvement of the y-TiAl based alloys oxidation resistance
can be associated with the suppression of TiO, formation using either
bulk alloying or surface modification [1]. Microstructure [13], surface
finish [14], and environment [15,16] have also a pronounced effect on
the oxidation rate. For instance, the appearance and coarsening of the oy
phase particles promote oxidation dramatically [9,13]. An increase in
the concentration of Al [17], W [18], Y [19], Si or Nb [20] enhances the
oxidation resistance. For example, a high content of Nb in a
Ti-45.0A1-7.1Nb-1.0Cr alloy increased a potential operating tempera-
ture up to 850 °C [7]. At the same time, the addition of refractory ele-
ments can induce casting defects and, as a result, decrease mechanical
properties [1]. It should be noted that tailoring of the chemical
composition to obtain a good combination of oxidation resistance and
mechanical properties is a very challenging task [21].

Another approach to improving oxidation resistance is associated
with surface modification by ion implantation or coatings. Both ap-
proaches have certain advantages; for example, various coatings can be
used for protecting against aggressive environment and/or high tem-
peratures [1]. Ion implantation of metallic or non-metallic elements has
some obvious benefits associated with low temperatures of the process
or the possibility to treat surfaces with non-zero curvature. An increase
in the oxidation resistance of y-TiAl based alloys due to implantation of
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non-metallic (F, I, and Cl) or metallic ions (Nb, Al, Si, and Mo) was
earlier reported in [22-24].

However, nitrogen ion implantation did not necessarily result in an
improvement of oxidation resistance [25-27] in spite of a significant
increase in hardness and wear resistance of the surface layer [28,29].
Nitrogen ion implantation with relatively high ion energy — 50—140 keV
has been well studied in conventional y-TiAl [25-27]. In contrast, the
application of lower ion energies during chlorine ion implantation can
result in a significant increment of oxidation resistant [11]. The lower
ion energies can result in a higher concentration of an implanted
element at the same radiation dose [30,31] despite a decrement in the
modified layer depth. In addition, a lower density of defects introduced
during processing retards diffusion and makes the surface structure
more stable [32,33]. On the other hand, structure and mechanical
properties of the modified surface may be changed during annealing or
operation at elevated temperatures [34]. For example, some variation in
the volume fraction and crystal structure of nitrides can be attained
[25]. Thus, the present work aims to study the oxidation behavior and
thermal stability of the p-solidifying y-TiAl alloy after plasma source
nitrogen ion implantation with relatively low ion energy (~40 keV).

2. Experimental procedures

The B-solidifying y-TiAl alloy with the measured chemical composi-
tion Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B (at.%) was used in this
study. Ingots of the alloy were produced by multiple vacuum-arc melting
[35].

Flat samples (20 x 20 x 2 mm®) which were cut from the ingots using
a Sodick AQ300 L wire electrical discharge machine. The samples sur-
face was ground and then mechanically polished using an OP-S colloidal
silicon suspension with an abrasive particle size of 0.04 ym. The ob-
tained samples were then subjected to plasma source ion implantation at
room temperature at a radiation dose of 107 cm™2 and an energy of
40 keV in a vacuum chamber with a pressure in the range 10*-107 Pa.
Expected heating of the samples during implantation did not exceed
400 °C. The dwell time during implantation was 4 h.

Annealing after ion implantation was performed at 550 or 750 °C for
1, 10, or 100 h in a Nabertherm furnace (LT 5/12/P320) with subse-
quent furnace cooling. To prevent oxidation during annealing, the
samples were sealed in quartz tubes filled with argon.

Oxidation resistance tests were performed in a dry air atmosphere
using the Nabertherm furnace. Before the testing, the surface of the
samples was subjected to ultrasonic cleaning in isopropyl alcohol; then
the weight of the samples was measured using HR-200 analytical scales
with an accuracy of 0.0001 g. After that, the samples were soaked for
24 h at 800 °C and air cooled at the rate of ~3°C/s. The heat-treated
samples were weighed and then placed again into the pre-heated
furnace. The number of such cycles during the oxidation resistance
tests varied from 1 to 5, and the total dwell time at 800 °C was 24, 48,
72,96, or 120 h for 1, 2, 3, 4 or 5 cycles, respectively.

The chemical composition and surface microhardness after nitrogen
ion implantation were studied using a so-called beveled sample with a
polished surface inclined ~5° from the initial specimen surface to in-
crease the apparent thickness of the modified layer. The chemical
composition after ion implantation was analyzed using a JEOL JAMP-
9500 F ultra-high resolution Auger scanning electron spectrometer with
an accelerating voltage of 10kV in a high vacuum medium (10~° Pa)
after ion surface cleaning directly in the device chamber. The Vickers
microhardness was measured using a Wolpert 402MVD semi-automatic
hardness tester equipped with a diamond pyramid indenter with a base
angle of 136°; a load and a dwell time were 10 g, and 15 s, respectively.

X-ray diffraction analysis (XRD) was conducted using a Rigaku Ul-
tima IV diffractometer and CuK, radiation. Scanning was performed in
the 20 interval of 15-120° with a step of 0.02°. The surface layer after
oxidation resistance was examined in the glancing angle geometry; the
offset angle (w) was 0.25°. The surface layer after ion implantation and
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subsequent annealing in argon was examined using the standard Bragg-
Brentano geometry.

The microstructure of the alloy was studied using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
Following tapes of samples were tested by SEM: beveled sample with a
polished surface inclined ~5° — for the surface and material structure
after nitrogen ion implantation; a cross-section of samples - for structure
and element distribution of oxidation scale. The samples were examined
using a FEI Quanta 600 electron microscope equipped with a back-
scattered electron (BSE) and an energy-dispersive X-ray spectroscopy
(EDS) detector with an accelerating voltage of 30 kV. Thin foils for TEM
were obtained by a conventional twinjet electro-polishing using
TenuPol-5. The electrolyte consisted of 5% perchloric acid, 35 %
butanol, and 60 % methanol. The modified side of the TEM samples both
after ion implantation and after annealing was masked; thus the base
material side was electrolytically polished only. The voltage and tem-
perature of the polishing were 27V and 30 °C, respectively. The ob-
tained samples were examined using a JEOL JEM-2100 electron
microscope with an accelerating voltage of 200 kV. The size of nitrides
was determined using a Digimizer software on dark-field TEM images.

3. Results and discussion
3.1. As-cast conditions and effect of nitrogen ion implantation

The following phases were detected in the as-cast program alloy by
XRD: TiAl (y), TisAl (a2), and GdAlz (Fig. 1). The microstructure of the
alloy mostly consisted of lamellar (az+y) colonies (Fig. 2). In addition,
light layers of the B phase, occasionally containing o phase particles,
were found at boundaries of the colonies. Globular y phase particles
were also detected (Fig. 2a). In addition, GdAls and Gd,TiOs particles, as
well as borides, were observed. The average size of the (xa+7) colonies
was found to be 20 + 5 pm; the average interlamellar spacing in the
(ap+7y) colonies was 60 + 10 nm (Fig. 2b). More detailed information on
the structure of the as-cast alloy can be found elsewhere [36].

A SEM-BSE image of the modified layer after nitrogen ion implan-
tation is shown in Fig. 2¢. The measured depth of the modified layer was
~1 pm. The modified layer was found to be somewhat lighter in com-
parison with the base material; the border between the modified layer
and the base material resembled a wavy bright line. Overall, SEM
observation did not detect significant changes in the microstructure
after nitrogen ion implantation. However, XRD analysis revealed the
presence of various nitride phases after nitrogen ion implantation,
namely: TiN, TizN, TigAlN, Ti3A12N2 (Fig. 1).

The local chemical compositions of the modified layer and the base
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Fig. 1. XRD patterns of the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy in the
as-cast conditions and after nitrogen ion implantation.
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Fig. 2. Microstructure of the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy in the as-cast condition (a, b) and after nitrogen ion implantation (c): (a, ¢) - SEM and (b)
— TEM bright-field images. The green arrow in (c) indicates the modified layer thickness; the red arrow denotes the base material. Areas for Auger spectral analysis
(Table 1) are indicated with the corresponding numbers (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article).

material measured by Auger spectroscopy are shown in Table 1 (the
corresponding Auger spectra are given in the Supplementary Materials).
The content of nitrogen in the modified layer was 50 at.%. This result is
in good agreement with earlier studies of nitrogen ion implantation of
dilute titanium alloys [37] or y-TiAl based alloys [26,38]. It should be
noted that the equilibrium content of nitrogen in the oy phase is above
2.32 at.% at room temperature [39], reaching 3.5 at.% at 900 °C [40].
However, the solubility of nitrogen in the y phase is lower than 0.1 at.%
[41]. Thus, the amount of nitrogen in the modified layer was far beyond
the equilibrium solubility in both the ay and y phases. Most likely, an
excessive amount of nitrogen results in the precipitation of nitrides [42]
that was consistent with the results of XRD analysis (Fig. 1). Evaluation
of the N-concentration profile for the applied ion implantation mode
using a SRIM-2013 software [43] suggest the depth of the modified layer
of ~0.15 pm with the maximum concentration at the middle of profile.
Some difference with the experimental results could probably be asso-
ciated with heating during ion implantation up to 400 °C

TEM images (Fig. 3) show that the lamellar structure of the as-cast
alloy remained almost unchanged in the modified layer, however an
increase in the dislocation density and the formation of some thin
deformation twins within both lamellar and globular y-phase was
observed (Fig. 3a and c); these changes are quite typical of metallic
materials subjected to high-energy treatments [29,32]. The high con-
centration of nitrogen in the modified layer resulted in the formation of
nanoparticles with the size of 8-14 nm of different species of nitrides
(TiN, TigN, TizAIN, or TizAlyNy) (Fig. 3 and Table 2). The total volume
fraction of all types of nitrides was approximately the same (~0.2 %) in
different phases. An increased concentration of radiation defects and
some heating during ion implantation, most likely, increased the kinetic
of the nitrogen redistribution and the precipitation formation.

More detailed analysis had revealed that the TisN type particles with
a spherical or elongated shape (Fig. 3a and b) were predominantly found
inside the y phase lamellae. Although the TizN nitrides formation was
not observed during reaction of the y-TiAl alloy surface with gaseous
nitrogen (TiN is usually formed instead [44,45]), TioN was found after
ion implantation, probably due to an increased concentration of radia-
tion defects [32]. Results obtained earlier for titanium alloys have sug-
gested that higher ion energy may result in the formation of the TisN
particles rather than TiN [46,47].

Table 1
Chemical composition of the modified layer and base material (in at.%) obtained
by Auger spectroscopy. Characteristic areas for analysis are shown in Fig. 2c.

# Area Ti Al A Nb Zr Gd N
1 Modified layer 25.2 23.4 <1* <1 <1 <1 50.0
2 Base material 51.3 44.2 2.1 <1 1.0 <1 <1

* The concentrations below 1.0 at.% was beneath the detection limit.

Elongated Ti3AIN nanoparticles (Fig. 3d) were found within the oy
phase lamellae. Other nitrides like TiN and TizAloNy were observed
mostly inside the globular y phase particles at the colony boundaries
(Fig. 3e and f). The TiN nitride phase is equilibrium and contains more
nitrogen than the other nitrides; therefore, the TiN formation within the
y phase, which has the lowest solubility of nitrogen, seems reasonable.
The formation of the Ti3AIN and TizAloNy nitrides in the y-TiAl based
alloy after nitrogen ion implantation is reported for the first time in the
present work. However, the possibility of the TisAIN and TizAl;Ng ni-
trides formation in the Ti-Al-N ternary was previously suggested using
thermodynamic modeling [40,48,49].

3.2. Annealing effect

The program alloy after ion implantation was annealed at 550 or
750°C for 1-100h to estimate the stability of the modified layer
structure. TEM images and the corresponding XRD patterns of the alloy
after annealing are shown in Figs. 4 and 5, respectively. The average
sizes of the observed nitrides are summarized in Table 2.

A non-equilibrium condition of the modified layer after high energy
treatment should most probably result in some structural trans-
formations upon annealing. The main changes were associated with the
nitrides (Table 2): (i) the size of both the TiN and Ti3AIN particles
increased noticeably after annealing at both temperatures, however
coarser nitrides were found after annealing at 750 °C; (ii) the TizAloNy
particles were stable at 550 °C and coarsened slightly at 750 °C; (iii) the
size of the TiyN particles decreased gradually with an increase in the
annealing time; as a result the TioN nitrides disappeared completely
after 100 h annealing at 550 °C or at 10 h at 750 °C.

Estimated volume fraction of the different nitrides increased sub-
stantially both in the oy phase lamellae (from ~0.2 % to ~0.4 %) and
globular y phase (from ~0.2 % to ~1.2 %) after annealing at both
temperatures (550 °C and 750 °C) for 1 h; further soaking did not result
in noticeable changes. The observed increase can, in fact, be related with
coagulation of the nitrides that made them more visible for TEM in-
vestigations. The fraction of the nitrides in the lamellar y phase was
almost unaffected during annealing due to nitrogen diffusion from y
towards the oy phase with much higher nitrogen solubility [39-41].

XRD analysis showed similar results (Fig. 4): the intensity of the both
(221) and (002) peaks from the TiyN phase decreased with an increase in
soak time to the level comparable with the background after annealing
at 550 °C for 100 h or at 750 °C for 10 h. In contrast the (220) maximum
of the TiN phase became stronger with the time increasing. This process
can be associated with the development of recovery resulting in a
reduction in the point defects concentration and, in turn, in a decrease in
the stability of the TiyN nitride particles [26,44,45,50]. However, no
other evidence of the recovery development was found. Dissolution of
TioN may intensify diffusion of nitrogen atoms along boundaries and
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Fig. 3. TEM images of the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy after ion implantation: a, d-f — bright-field images and corresponding selected area electron
diffraction patterns; b — dark-field image in the (002)ron reflection; ¢ — dark-field image in the (TlO),, reflection.

Table 2

Nitrides particle size in the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy after nitrogen ion implantation and subsequent annealing.

Size of nitrides (nm)

After nitrogen ion implantation and further annealing

Phase
After nitrogen ion implantation 550°C 550°C 550°C 750°C 750°C 750°C
1h 10h 100 h 1h 10h 100h
TiN 6+1 6+2 12+6 14+7 12+15 19+10 20+13
TipN 10+3 9+2 7+2 - 7+4 - -
TizAIN 9+2 14+ 4 13+6 15+5 11+3 15+4 17+6
TizAloNo 14+3 14+6 12+5 15+6 12+4 17+6 18+7

dislocation pipes. As a result, localization of nitrogen and subsequent
heterogeneous precipitation of TiN nitrides were expected in those
places where transverse twins cross lamellar boundaries (Fig. 5b). In
contrast, peaks associated with TizAIN or Ti3AloN, changed little during
annealing (Fig. 4). Note that quantitative XRD analysis is impossible due
to strong residual stresses in the modified layer [51,52].

The dependence of the surface microhardness on the annealing
temperature / duration is shown in Fig. 6. Nitrogen ion implantation
resulted in a pronounced increase in the hardness from 410 HV in the as-
cast state to 1050 HV. An increase in surface hardness after ion im-
plantation is obviously associated with the precipitation of nitride
nanoparticles, interstitial (by nitrogen atoms) solid solution hardening,
a high density of radiation defects and residual stresses [28,29,38,46,
52]. A short (1 h) annealing at T =550 °C did not result in any notice-
able changes in the microhardness. However, an increase in time at
550 °C or in annealing temperature (to 750 °C) gradually decreased the
microhardness to 950-1000 HV. This is most likely caused by a combi-
nation of factors, including nitrides coarsening, loss of coherency of
nitrides/matrix boundary, diffusion of nitrogen atoms from the surface
into the bulk of the material, development of recovery processes, and
partial relaxation of residual stresses in the layer [53-55]. It should be
noted however, that the interlamellar spacing structure did not notice-
ably change during annealing at both temperatures (Fig. 5); therefore
this factor hardly influenced on hardness.

3.3. Oxidation resistance

The oxidation resistance was evaluated during cyclic soaking at
800 °C for 24 h (1-5 cycles) with subsequent air cooling. In addition to
the oxidizing effects of the hot dry air, this treatment resulted in stresses
arising in the surface layer during several heating and cooling due to the
thermal expansion coefficients mismatch for various components of the
oxidized layer and the base material. In some cases, this can lead to the
crack initiation and spallation of oxides [22]. Fig. 7a shows the effect of
annealing on the mass gain for the as-cast and nitrogen ion implanted
alloy. Two stages can be found in the both cases [10,25,26]. At the first
stage, the curves had a parabolic shape which is associated with the
formation of a protective oxide layer on the surface. This process seems
to be completed during first three cycles, i.e. in 72h. The protective
layer formation led to retardation in the mass gain at the second stage
after 3-5 cycles due to which a significant decrease in the oxidation rate
was observed. After 5 cycles, the mass gain of the alloy after ion im-
plantation was ~2 g/cm? which was much lower than that in the as-cast
alloy (~12 mg/cm?).

The oxidation behavior can be described by a power-law dependence
[56]:

Am = kt" (€]

where, Am is the mass gain; t is the exposure time in air at the preset
temperature; n is the time power; and k is the oxidation reaction rate
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Fig. 4. XRD patterns of the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy after nitrogen ion implantation and annealing: a, ¢ — at a temperature of 550 °C; b, d — at a

temperature of 750 °C.
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Fig. 5. TEM image of the structure of the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy after nitrogen ion implantation and annealing: a — 550 °C, 10 h; b — 550 °C,

100h; ¢ - 750°C.10h.

constant. The approximation of the experimental data obtained in the
current study is shown in Fig. 7b. In the as-cast alloy the values of n and
k were found to be n=1.42 and k =0.463 mg cm 2 57142, respectively,
for the first stage and n = 0.25, k =0.473 mg cm 2 %2> respectively, for
the second stage. After ion implantation, the respective values were
n=0.61 and k =0.001 mg cm 2 596! for the first stage, and n=0.11, k
=0.501 mg cm 2 5% for the second stage. The following observations
were made: (i) the time power (n) reduced drastically after 3 cycles (or
72 h) both in the as-cast condition and after ion implantation; (ii) ion
implantation resulted in much lower n values at the both stages in
comparison with the as-cast state; (iii) the oxidation reaction rate con-
stant (k) was significantly lower after ion implantation at the first stage,
but similar values were found at the second stage for both conditions.
Fig. 8 shows XRD patterns obtained from the surface after oxidation
resistance tests. Three types of oxides (TiO3, Al03, and Gd203) and two

types of nitrides (TisAIN and TizAl;Ny) were detected in the as-cast and
ion implanted conditions. The formation of TiO3 and Al,O3 on the sur-
face during high-temperature annealing is typical of y-TiAl based alloys
[21]. The formation of the nitrides in the oxidized layer in the as-cast
alloy can be attributed to the presence of nitrogen in the air environ-
ment. According to [57], the formation of titanium nitrides in the sur-
face layer prevents the formation of a continuous Al,O3 layer [58] and
promotes spallation along the interface between oxides and nitrides due
to mechanical stresses [12].

The oxide layers consisted of TiO (gray) and Al,O3 (black) oxides
[19] (Fig. 9). The following layers was observed in the as-cast alloy after
1 oxidation cycle (Fig. 9a): I — outer TiO; layer, enriched with Ti and O;
II - protective Al,O3 layer, enriched with Al and O; III - inner TiO; layer;
IV - mixed AlyO3 + TiO; layer; V - internal oxidation area; VI —
Al-depleted zone. Due to the presence of some TiOq particles in the
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alloy after nitrogen ion implantation and during annealing at 550 or 750 °C.

protective Al;O3 layer the latter was found to be discontinuous. Both the
mixed AlpO3 + TiO; and TiO, layers were slightly enriched with N,
possibly due to the presence of TisAIN/Ti3AloNy particles and a small
amount of nitrogen dissolved in TiO5 (TiO2.4Ny). The Al,O3-containing
layers were depleted of Nb. An increase in the number of oxidation
cycles to 5 resulted in a considerable increase in the depth of both the
oxide layer from 18.0 + 0.8 after the first cycle pm to 36.0 + 1.2 pm and
subsurface (which comprises internal oxidation and Al-depleted areas)
zone from 1.6 +0.1 pm to 7.1 + 0.5 um (Fig. 9b). In addition, a loose
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thin Al,O3 layer and a a wide TiO5 layer with some Al;O3 inclusions
appeared above the base material. Some cracks and pores were found in
the oxide layer, but no signs of spallation were observed.

Meanwhile the microstructural response of the alloy after ion im-
plantation to oxidation tests had some distinct differences (Fig. 9c¢, d).
After 1 cycle, the oxide scale depth was much thinner — 3.5 + 0.8 pm in
the as-cast condition. Moreover, inner TiOy layer had not almost
observed. The internal oxidation area was absent, but Al-depleted area
with an depth of 1.0 + 0.2 pm was formed. Nitrogen was mostly found in
the oxide layer. The surface was enriched with Nb. The width of the
oxide layer increased to 14.4 + 0.9 pm after an increase in the number of
cycles up to 5 (Fig. 9d). In addition, the following changes were noticed:
(i) partial destroying of the protective AlyOg3 layer just below the outer
TiO layer; (ii) significant growth of both the inner TiO, and mixed
Al;03 + TiOg layers; (iii) appearance of a tiny internal oxidation area;
(iv) uniform distribution of N and Nb in the oxide layer and base ma-
terial. Furthermore, a few pores in the inner TiO, layer were found. The
depth of the subsurface zone, comprising internal oxidation and Al-
depleted areas, was 2.2 £ 0.2 pm.

SEM images of the oxidized surface of the program alloy after
annealing at 800°C are shown in Fig. 10. The images revealed a
considerable difference between the as-cast and the ion implanted
conditions. After the first cycle in the as-cast condition the oxidized layer
consisted of separate conglomerates of thin needle-shape crystals that
were enriched with Ti and O and corresponded to the TiO5 phase
(Fig. 10a). An increase in the number of cycles resulted in a gradual
thickening of the needle-shape crystals (Fig. 10b and c). The crystals also
formed a continuous layer already after 3 cycles. A similar surface
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Fig. 7. (a) direct and (b) logarithmic dependence the weight gain of the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy in the as-cast condition and after ion im-

plantation on oxidation time in dry air at 800 °C.
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Fig. 8. XRD patterns of the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy after various oxidation tests at 800 °C in the as-cast condition (a) and after nitrogen ion

implantation (b).
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Fig. 9. Cross-section SEM-BSE images (leftmost microphotographs) and EDS maps of the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy after oxidation tests at 800 °C
in the as-cast condition (a, b) and after nitrogen ion implantation (c, d),: a, ¢ — 1 cycle; b, d — 5 cycles. Designations: I and III - outer and inner TiO, layers,
respectively; II — protective Al,O3 layer; IV — mixed Al,O3 + TiO, layer; V - internal oxidation area; VI - Al-depleted zone.

structure was observed in y-TiAl based alloys after oxidation in humid
air [59]. In contrast, coarser flat oxide crystals (most likely the TiOq
phase) formed on the modified surface after the first cycle of the
oxidation test (Fig. 10d). At the next cycles, the crystals grown thereby
forming a continuous layer which, evidently, can inhibits further surface
oxidation (Fig. 10e and f). Such a surface morphology reminds a fine
Al,Og surface layer obtained after oxidation of an Al3Ti alloy in air [10].
No signs of spallation were observed both in the as-cast condition and
after nitrogen ion implantation; possibly due to a positive effect of Gd
[19].

The formation of a dense protective Al;O3 layer between the thin
outer and inner TiO layers of the modified surface at small oxidation

time differed significantly from the as-cast alloy behavior and contrasted
with the well-known ‘halogen effect’, where only a dense protective
Al;0O3 layer was observed on the modified surface after oxidation [60]. It
is known that an increase in the thickness of the outer and inner layers is
associated with the outward cation diffusion and inward oxygen anion
diffusion, respectively [12]. The formation of a dense protective Al,O3
layer can effectively inhibit the outward and inward diffusion. Nitrogen
ion implantation resulted in titanium nitrides precipitation (Figs. 1 and
2). An increase in activity of aluminum due to depletion of the solid
solution by titanium [61] should favor the Al,O3 layer formation at the
initial stages of oxidation and, as a result, in diffusion retardation. In
addition, even though the Nb concentration in the alloy was low, the



D.O. Panov et al.

Corrosion Science 177 (2020) 109003

Fig. 10. SEM-SE of the oxidized surface of the Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy after various oxidation tests at 800 °C in the as-cast condition (a-c) and

after nitrogen ion implantation (d-f): a, d - 1 cycle; b, e — 3 cycles; ¢, f - 5 cycles.

partitioning of Nb toward surface layer after 1 cycle of the testing can
also promote the dense protective AlyO3 layer formation because of
decreased oxygen solubility and increased activity of Al [13].

On the other hand, according to the SEM-BSE cross-section images
and EDS map (Fig. 9¢), the nitrogen content was noticeably higher in the
TiOy areas of the oxide layer after ion implantation which can be
considered as a modest nitrogen doping. Nitrogen in TiO, xNy restricts
the vacancy mobility in the oxygen-sublattice [62] that inhibits the in-
ward oxygen diffusion. The latter is associated with the internal oxida-
tion area formation that was quite weak beneath the modified surface.

The use of nitrogen ion implantation with a relatively low ion energy
(~40 keV) significantly increased the oxidation resistance of the inves-
tigated B-solidifying Ti-43.2Al1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy in
comparison with that in the as-cast condition. The obtained results are
quite unexpected, since a number of studies on y-TiAl based alloys after
nitrogen ion implantation showed that this treatment does not increase
the oxidation resistance, but rather leads to an intensification of the
surface degradation process in an oxidizing medium [25,26]. In the
mentioned studies, higher energies of nitrogen ions were used during
implantation, which probably led to the accumulation of a greater
number of radiation defects in the modified layer and, thus, negatively
affected both the modified layer stability and oxidation resistance. For
instance, ion implantation of phosphorus with high energies lowered the
oxidation resistance of a Ti-50Al (at.%) alloy due to the activation of Ti
atoms diffusion and destruction of the Al;O3 protective layer [11].

On the other hand, nitrogen coating (obtained via diffusion; i.e.
without radiation defects) also reduced the oxidation resistance of a Ti-
47A1-2Nb-2Cr-0.2Si alloy [61]. In this case the negative effect was
associated with the formation of an external TiN layer which trans-
formed into TiO, in oxygen atmosphere at temperatures above 500 °C
[63]. It should also be mentioned that the effect of nitrogen ion im-
plantation on the oxidation resistance have been studied in y-TiAl alloys
which showed better oxidation resistance in comparison with the pro-
gram alloy due to a higher content of Al [17]. After nitrogen ion im-
plantation, the oxidation resistance of the program alloy is comparable
with chlorine- [11,64] or niobium- [65] implanted y-TiAl based alloys.
In summary, the obtained results show that nitrogen ion implantation
under a proper condition can also be considered as a promising way to

increase the oxidation resistance of y-TiAl based alloys, however, further
studies are required to verify the positive effect of nitrogen ion im-
plantation using different alloys and/or oxidation conditions.

4. Conclusion

The effect of plasma source nitrogen ion implantation on the struc-
ture evolution of the modified layer and the oxidation resistance of the
B-solidifying Ti-43.2A1-1.9V-1.1Nb-1.0Zr-0.2Gd-0.2B alloy was studied.
The following conclusions can be drawn.

1 After nitrogen ion implantation the TiN, TisN, TisAIN, and TizAloNg
phases are observed in the modified layer. The Ti,N particles pre-
dominantly form inside the y phase lamellae, the TisAIN particles are
found within the ay lamellae, while the TiN and Ti3Al;N, particles
are located inside the globular y phase particles. Subsequent
annealing at 550 or 750 °C results in some coarsening of the TiN,
TisAlN, and Ti3Al;N» phase particles, and dissolution the TisN phase.

2 The microhardness of the modified layer was found to be 1050 HV,
which is more than 2.5 times higher than that of the as-cast condition
(410 HV). Subsequent annealing at 550 or 750 °C is accompanied by
a gradual decrease in the microhardness to 950-1000 HV with an
increase in annealing time to 100 h.

3 Nitrogen ion implantation resulted in a significant increase in the
oxidation resistance of the implanted alloy in comparison with the
as-cast condition. A positive effect in terms of oxidation resistance is
observed after nitrogen ion implantation with an energy of 40 keV
and a radiation dose of 107 cm~2. During oxidation of the modified
layer a continuous layer is formed, consisting of thin inner and outer
TiO,, dense protective Al;0O3 and fine-grained mixed Al;O3 + TiOo
layers, in contrast to the as-cast condition, wherein a rough layered
structure of TiO5 and Al;O3 with pores and cracks is formed.
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