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EFFECT OF VACUUM ION-PLASMA TREATMENT ON SURFACE LAYER

STRUCTURE, CORROSION AND EROSION RESISTANCE

OF TITANIUM ALLOY WITH INTERMETALLIC a2-PHASE

A. M. Mamonov,1 S. M. Sarychev,2 S. S. Slezov,1 and Yu. V. Chernyshova1

Translated from Metallovedenie i Termicheskaya Obrabotka Metallov, No. 5, pp. 17 – 24, May, 2018.

Results are provided for a study of the effect of vacuum ion-plasma nitriding on the phase composition, struc-

ture, microhardness, salt corrosion resistance, and erosion resistance of alloy Ti – 14Al – 3Nb – 3V – 0.5Zr

with an original bimodal structure and different surface microgeometry. It is shown that with an increase in

nitriding temperature from 550 to 650°C the content of Ti
2
N nitrides in the surface layer increases and Ti

3
AlN

nitride in formed, which raises the microhardness but reduces the thickness of the hardened diffusion zone;

pores appear in the surface at 650°C. Vacuum ion-plasma nitriding is shown to raise substantially the resis-

tance of specimens of alloy Ti – 14Al – 3Nb – 3V – 0.5Zr with a polished surface to salt corrosion. Additional

nitriding after deposition of a TiN coating improves ground specimens salt corrosion resistance. Vacuum

ion-plasma nitriding with additional deposition of a TiN coating increases the resistance of specimens with

polished and ground surfaces to erosive action.

Key words: titanium aluminide, vacuum ion-plasma nitriding, corrosion, microhardness, structure,

phase composition.

INTRODUCTION

Titanium alloys with a high volume fraction of interme-

tallic �
2
-phase base on titanium aluminide Ti

3
Al are tradi-

tionally considered as promising materials for use in aero gas

turbine engines and power generation installations [1 – 3].

Surpassing commercial titanium alloys with respect to spe-

cific heat resistance, high-temperature strength, and level of

operating temperature these materials have lower production

ductility, which considerably complicates the preparation of

the required wrought semiproducts and objects. Another seri-

ous problem, retarding use of these alloys, especially with an

� + �
2
-structure (i.e., containing from 7 to 14 wt.% alumi-

num) is the low thermal stability at working temperatures

[4]. Work of Russian and overseas researchers has been per-

formed for solution of these and other problems for alloys of

these classes [5 – 7].

However, it is desirable to consider the possibility of

using alloys containing aluminum, exceeding its limiting so-

lubility in �-titanium in fields not connected with action of

high temperature. One of these fields is production of objects

for medicinal purposes, in particular highly loaded implants

and surgical instruments for orthopedics and traumatology.

In order to prepare implants there is traditional use of ti-

tanium alloys with normal or reduced elasticity modulus

[8 – 10].

Concerning medical instruments for endo-prostheses,

then the main specifications to be considered are their corro-

sion resistance, hardness, specific strength, wear resistance,

and also structural stiffness, which is determined by tool ge-

ometry and material elasticity modulus. It is well known that

aluminum increases the elasticity modulus of titanium alloys

due to increasing interatomic bond strength in a titanium

HP-lattice. On alloying with aluminum up to 10 wt.% the

normal elasticity modulus for �-titanium increases by 20%

[11]. As a result of this use of high modulus titanium alloys

with increased aluminum content is very promising for pre-

paring large orthopedic cutting tools. This makes it possible

to create reliable light ergonomically high resource surgical

instrumentation.

The collection of requirements for object properties

gives a rise to a requirement for forming within them a com-

posite structural state with which the optimum structure of a

material volume, providing good strength and fatigue proper-

ties, and crack resistance, is combined with a graded modi-

fied surface layer and functional coatings giving high hard-
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ness and wear resistance. It is apparent that in order to create

these structural states it is necessary to use complex tech-

nology.

One of the most promising comprehensive technologies

for this group of titanium alloys is that consisting of a se-

quence of using thermal hydrogen treatment (THT) and va-

cuum ion plasma nitriding (VIPN) with controlled, energy,

concentration, and kinetic parameters [12]. Use of hydrogen

technology for preparing and treating wrought semiproducts,

based on the hydrogen plastification [13 – 18], makes it pos-

sible to resolve the problem of production ductility for these

alloys.

The possibility has been considered in [16] of creating by

means of THT bimodal structures in alloy based on titanium

aluminide Ti
3
Al. Apart from a good combination of strength

and ductility properties, this structure should provide greater

efficiency for vacuum ion-plasma nitriding due to presence

of a finely dispersed structure of components of secondary

�(�
2
)-phase with a lower degree of ordering than in primary

ordered �
2
-phase. In the case the volume fraction of second-

ary �
2
-phase within the alloy structure after THT comprised

40 – 50%.

It is well known that use of vacuum ion-plasma nitriding

is most effective for improving the tribological properties of

titanium alloys, including wear resistance. However, until

now this technology has only been developed for structural

titanium alloys and applied to friction assemblies of medici-

nal implants and the elements of joints of limited mobility in

aviation engineering.

Currently [17 – 19] solid phase technology is being cre-

ated for creating graded surface structures in titanium alloys

by alloying with nitrogen during low-temperature ion nitri-

ding in a gas atmosphere (mixture of nitrogen and argon)

with application of an electric field with low voltage poten-

tial difference. Use of this technology makes it possible to

provide controlled alloying with nitrogen of the surface of

finished objects at 550 – 600°C and short exposures (up to

1 h), which does not affect either the surface microgeometry

or the structure formed within the volume of a component in

the preceding production stages for preparing and treating

semiproducts.

The of the present work3 is a study of the effect of va-

cuum ion-plasma nitriding on phase composition, structure,

microhardness, salt corrosion resistance, and erosion resis-

tance of alloy Ti – 14% Al – 3% Nb – 3% V – 0.5% Zr with

an initial bimodal structure and different surface microgeo-

metry.

METHODS OF STUDY

Research was performed on specimens of alloy Ti –

14Al – 3Nb – 3V – 0.5Zr (wt.%) [20], cut from hot-rolled bar

50 mm in diameter. Specimen workpieces were subjected to

hydrogen thermal treatment by the Sieverts method [13] by a

regime providing preparation of a bimodal structure with a

volume faction of primary globular �
2
-phase with a size of

3 – 5 �m of about 50% and a finely dispersed mixture of

�(�
2
)- and �-phases [16]. Specimens 2 – 3 mm thick were

cut from workpieces. In order to determine the effect of orig-

inal surface micro-geometry on the properties studied, speci-

mens were mechanically ground with preparation of rough-

ness parameter R
a
= 0.15 – 0.21 �m, and subsequent polish-

ing with diamond paste to R
a
= 0.04 �m. Parameter R

a
was

measured in a Hommel Tester T500 instrument on a linear

base of 0.8 mm.

Vacuum ion-plasma nitriding was performed in Bulat-6T

unit with controlled mixture of nitrogen and argon at tempe-

ratures from 550 to 650°C with preliminary ion cleaning.

Corrosion resistance was studied by a potentiodynamic

method [21, 22] in 3% aqueous NaCl solution at room tem-

perature using a PI-50-1.1 potentiostat, a three-electrode cell,

a subsidiary electrode of platinum wire, and a silver chloride

electrode as the reference electrode. The steady-state value

of electrode potential (E
st
), pitting formation potential (E

po
)

and passive state current density (i
pas

) were determined.

A specimen surface after nitriding and corrosion tests

was studied in a Axio-Observer. A1m light microscope with

software for analyzing images NEXSIS ImageExpert Pro 3.

A specimen surface phase composition after nitriding

was determined by x-ray diffractometry in DRON-4 and

DRON-7 diffractometers with filtered copper K
�
-radiation.

Specimen microhardness HV
0.05

was measured in a

Micromet 5101 instrument. In order to determine the thick-

ness of the strengthened (modified with nitrogen) surface

layer an oblique angle microsection was used with an angle

of 3°.

Specimen resistance to erosive action (by analogy with

wear resistance) was evaluated by blowing the surface with a

stream of compressed air, containing microparticles with a

size of about 100 �m of aluminum silicate glass (dull finish-

ing) with subsequent measurement of parameter R
a
.

RESULTS AND DISCUSSION

In selecting vacuum ion-plasma nitriding (VIPN) re-

gimes results of work in [12, 17 – 19] were considered, and

also known general features of titanium alloy nitriding with a

different degree of alloying with aluminum and �-stabilizers

[23].

The main difference of the test alloy from structural al-

loys based on titanium is an ordered condition of �
2
-phase,

although the primary �
2
-phase bimodal structure contains a

greater amount of aluminum than secondary finely dispersed

�(�
2
)-phase [24]. The interatomic bond strength in the or-

dered �
2
-phase lattice is markedly greater than in �-phase,

due to development of a covalent component. This leads to
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partial blocking of the intermodal lattice, increasing nitrogen

diffusion activation energy and reducing its intensity, and

also reducing nitrogen solubility, especially in primary

�
2
-phase. Under these conditions the predominant role of

forming a diffusion zone should be played by a finely-dis-

persed mixture of �- and secondary �(�
2
)-phases, having a

high extent of interphase boundaries, and being a good diffu-

sion “channel.” In addition, it is well known that the diffu-

sion coefficient in �-phase, even containing alloying ele-

ments, is markedly higher than in �-phase [25]. However, it

should be considered that in this case nitrogen diffusion

should initiate � � �-transformation, which will be accom-

panied by coarsening of �(�
2
)-phase particles and possible

coalescence that as a result leads to a reduction in the propor-

tion of finely dispersed mixture of �(�
2
)- and �-phases in a

bimodal structure and formation within the surface layer of a

structure close to equiaxed.

Considering the reasoning provided above, and also the

fact that the best results for wear and corrosion resistance of

nitrided structural alloys [19, 23] have been obtained with a

VIPN temperature of 550 – 580°C, the following treatment

regimes were selected: 1 ) 550°C, 40 min; 2 ) 550°C, 60 min;

3 ) 600°C, 60 min; 4 ) 650°C, 40 min.

The structure within the volume of an alloy specimen be-

fore VIPN and the structure of the surface after nitriding by

different regimes is given in Fig. 1. With nitriding tempera-

tures of 550 and 600°C ground and polished specimens have

a dense uniform surface of light yellow color without signifi-

cant defects, i.e., pores and other discontinuities (Fig. 1b and

c). Nitriding at 650°C leads to formation at a specimen sur-

face of a considerable number of pores (Fig. 1d ), and the

surface becomes matte and has a more intense yellow color.

This develops to the greatest extent in specimens after me-

chanical grinding. Roughness parameters for an original pol-

ished surface increase less markedly the higher the nitriding

temperature: up to 0.06 – 0.07 �m at 550 and 600°C, and up

to 0.10 �m at 650°C (Table 1).

Results of x-ray studies of the phase composition of the

surface layer of a specimen are provided in Fig. 2. The phase

composition of specimens treated by regimes 1 and 2 is re-

presented by �
2
-, �-, and �(Ti

2
N)-phases (Fig. 2a ). No

marked difference in amount of nitride was revealed. Com-

parison of the integral intensity and angular position of �
2
-

and �-phase reflections makes it possible to suggest that with

an increase in nitriding duration and 550°C from 40 to
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Fig. 1. Microstructure of the volume (a)

and surface (b – d ) of specimens subjected

to VIPN by different regimes: b ) 550°C,

1 h; c) 600°C, 1 h; d ) 650°C, 40 min.

TABLE 1. Surface properties of Ti – 14Al – 3Nb – 3V – 0.5Zr Al-

loy Specimens after Vacuum Ion-Plasma Nitriding

VIPN by different

regimes
HV

0.05
, MPa R

a
, �m h, �m

Original condition 3800 0.04�0.18 –

550°C, 40 min 4780 0.05�0.19 90�85

550°C, 1 h 4830 0.06�0.19 95�90

600°C, 1 h 5500 0.07�0.20 60�50

650°C, 40 min 5850 0.10�0.34 50�40

Notations: HV
0.05

is polished specimen average microhardness, R
a

is average roughness parameter, h is strengthened layer thickness.

Note. R
a
and h provided in the numerator for original ground, and

in the denominator for original polished surfaces.



60 min there is some reduction in the amount of �-phase and

an increase in the nitrogen content in �
2
-phase. The light yel-

low color of a specimen surface indirectly points to presence

within it of titanium nitride TiN, although its layer is excep-

tionally thin, which does not make it possible to reveal it by

an x-ray method.

Within the structure of specimens nitrided at 600 and

650°C (regimes 3 and 4 ), apart from nitride Ti
2
N, a complex

nitride Ti
3
AlN was detected (Fig. 2b ). The amount of Ti

2
N

nitride increases with an increase in nitriding temperature.

In addition, asymmetry is revealed for �
2
-phase reflections,

expressed within them as broadening from the direction of

smaller Bragg angles. This points to dissolution of nitrogen

predominantly in finely dispersed �(�
2
)-phase. The amount

of �-phase decreases with an increase in nitriding tempe-

rature.

The average microhardness of specimens in relation to

surface preparation and VIPN regime is given in Table 1.

The average microhardness with an increase in temperature

and nitriding duration increases and reaches a maximum at

650°C, which is connected with an increase in the amount of

nitride within a surface layer (Table 1).

The greatest thickness of the zone strengthened with ni-

trogen (diffusion) is reached for ground specimens nitrided at

550°C (Table 1 and Fig. 3a and b ). An increase in tempera-

ture to 600 and 650°C leads to a sharp (by a factor of 1.5 – 2)

reduction in the extent of the diffusion zone (Fig. 3c and d ),

which is probably caused by formation of a considerable

amount of stable TiN and Ti
3
AlN nitrides stable at these tem-

peratures in various stages of the nitriding process.

Taking account of the results obtained for microhardness

and modified strengthened layer thickness for corrosion

studies, specimens with an original ground and polished sur-

face, and also specimens after VIPN at 600°C were selected.

In one part of nitrided specimens a layer of titanium nitride

TiN was applied additionally by a condensation method.

Before the start of testing all specimens were held in

NaCl solution for 2 h in order to achieve a steady value of

electrode potential.

Results of potentiodynamic for specimens are provided

in Table 2. Negative values of steady state potential E
st
only

apply to polished specimens.

Formation at a polished specimen surface during VIPN

of a nitrided layer with nitrides �-Ti
2
N, �-TiN, and Ti

3
AlN

leads to a significant (594 mV) shift in E
st
into the positive

region (Table 2). With additional application at a polished

specimen surface after VIPN of a coating of titanium

mononitride TiN, lower values of steady state potential are

observed compared with nitrided specimens (Table 2).
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Fig. 2. Areas of diffraction patterns for specimens after VIPN at

550°C, 30 min (a) and 650°C, 40 min (b ) (I is emission intensity).
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nitrided layer on originally polished specimens subjected to VIPN

by regimes 1 (a), 2 (b ), 3 (c), and 4 (d ) (h is distance from surface).



The steady state potential of ground specimens, sub-

jected to VIPN, is close to the steady state potential for origi-

nal specimens. After additional coating application of tita-

nium mononitride TiN an increase is observed in the steady

state potential for specimens compared with the nitrided con-

dition (Table 2).

Results of studies have shown that the corrosion process

proceeds with anodic control, i.e., the anodic reaction is li-

miting (limiting corrosion rate). In view of this in subsequent

studies anodic polarization curves were used (Fig. 4) in order

to evaluate the effect of treatment method on specimen cor-

rosion resistance.

As these studies have shown, anodic polarization curves,

obtained for specimens of alloy Ti – 14Al – 3Nb – 3V –

0.5Zr, do not have fundamental differences from the polar-

ization curves for structural titanium alloys. Anodic polariza-

tion curves for ground specimens have a clearly defined re-

gion of a passive condition, the current density of which is

close to that obtained for titanium alloys VT6 and VT20 [12].

On reaching a potential of value +1408 mV on the ano-

dic curve a sharp increase in current density is observed,

which points to presence of pitting formation. A study of a

specimen surface by means of a light microscope confirmed

presence within it of local corrosion damage, i.e., pitting, and

development of blue spots was observed in areas of its for-

mation (Fig. 5a, Table 2).

For specimens subjected to mechanical polishing of the

surface, the anodic polarization curve has an extended region

of passive condition, and pitting formation at a specimen sur-

face is not observed.

Vacuum ion plasma nitriding leads to a significant (for

polished specimens by almost an order to magnitude) reduc-

tion in current density in the passive region (see Fig. 4). On

anodic curves for polished specimens after use of VIPN an

extended passive region is retained, and there is no pitting

formation at the surface (Fig. 5b ).

VIPN of ground specimens hardly changes the pitting

formation potential (see Table 2 and Fig. 5c ). After corro-

sion tests at a surface there is formation of pitting and blue

spots appear.

Application at the surface of polished specimens after

VIPN of a layer of TiN does not cause significant changes to

their corrosion resistance. The current density of the passive

condition is almost unchanged, and there is almost no pitting

at the surface (Fig. 5d ).

With application of a TiN coating to ground specimens

the current density of the passive region decreases, but the

process of pitting formation is not entirely suppressed.

Pitting formation is observed at potentials of the order of

2000 mV. Therefore, use of VIPN makes it possible to im-

prove significantly the corrosion properties of specimens of

alloy Ti – 14Al – 3Nb – 3V – 0.5Zr, i.e., to increase their

steady state potential and to reduce by almost an order of

magnitude the current density of the passive condition. In

this case polished specimens after use of VIPN have better

corrosion resistance.

Application of a coating of titanium mononitride TiN af-

ter VIPN does have a significant effect on the corrosion re-
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TABLE 2. Results of Potentiodynamic Tests for Ti – 14Al – 3Nb – 3V – 0.5Zr Alloy Specimens in Aqueous NaCl Solution

Treatment

Specimen electrochemical characteristics

Specimen external appearance after testing

E
st
, mV E

po
, mV i

pas
, �A�cm2

Ground + 324 + 1408 1.46 	 10
– 6

– 1.49 	 10
– 6

Pitting present, blue spots

Mechanical polishing – 126 Sample not obtained 8.56 	 10
– 7

– 7.85 	 10
– 6

No color change or damage

Grinding + VIPN + 318 + 1458 9.09 	 10
– 8

– 4.55 	 10
– 6

Color change from light-yellow to

dark-yellow, pitting present, blue spots

Polishing + VIPN + 468 Sample not obtained 3.75 	 10
– 8

– 1.31 	 10
– 5

Color change from light-yellow to

dark-yellow, no damage

Grinding + VIPN + TiN + 363 + 2000 1.52 	 10
– 8

– 1.5 	 10
– 5

Color change from yellow to dark-yellow

with grey spots, pitting present

Polishing + VIPN + TiN + 388 Sample not obtained 2.75 	 10
– 8

– 3.85 	 10
– 5

Color change from yellow to brown,

no damage

2

1

4

3

6

5

i, À ñm� 2

E, mV

10

10

10

10

– 4

– 6

– 8

– 10

– 500 0 500 1000 1500 2000

Fig. 4. Anodic polarization curves for Ti – 14Al – 3Nb – 3V – 0.5Zr

alloy specimens obtained in 3% NaCl aqueous solution (i is current

density, E is corrosion potential): 1 ) grinding; 2 ) polishing; 3 ) po-

lishing + VIPN; 4 ) grinding + VIPN; 5 ) polishing + VIPN + TiN;

6 ) grinding + VIPN + TiN.



sistance of polished specimens, and the resistance of ground

specimens in this case is improved, i.e., there is a reduction

in current density of the passive state i
pas

and an increase in

pitting formation potential E
po
.

Specimens with ground and polished surfaces, speci-

mens after VIPN at 600°C for 60 min, and specimens with

additional application of a TiN-coating, were subjected to

erosive action. The resistance to erosive action was evaluated

from the change in surface roughness parameter. Test results

are provided in Table 3.

The degree of the effect of erosive action on specimen

surface condition is clearly illustrated in Fig. 6.

Specimens with an original polished surface exhibit the

least resistance to erosive action. VIPN, especially combined

with additional application of titanium nitride, improves ero-

sion resistance to the greatest extent (Fig. 6). Surface grind-

ing considerably improves erosion resistance, apparently due

to strengthening a surface as a result of work hardening.

VIPN of these specimens hardly improves erosion resistance

since the thermal action of nitriding (600°C) overcomes

work hardening. Application of titanium nitride to ground

specimens provides a significant increase in microhardness

and a minimum change in surface roughness, although in this

case the relative increase in erosion resistance is not as sig-

nificant as in the case of specimens with a polished surface

(Fig. 6).
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Fig. 5. External appearance of Ti – 14Al –

3Nb – 3V – 0.5Zr alloy specimen surface

after potentiodynamic tests in 3% NaCl

aqueous solution: a) grinding; b ) polishing +

VIPN; c) grinding + VIPN; d ) polishing +

VIPN + TiN.
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Fig. 6. Roughness parameter for Ti – 14Al – 3Nb – 3V – 0.5Zr alloy

specimens subjected to different treatment after erosion resistance

testing.

TABLE 3. Effect of Erosive Action on Roughness Parameter R
a

for Ti – 14Al – 3Nb – 3V – 0.5Zr Alloy Specimens after Different

Treatment

Treatment Original R
a
, �m R

a
after action, �m

Grinding 0.20 0.54

Polishing 0.04 0.92

Grinding + VIPN 0.20 0.58

Polishing + VIPN 0.07 0.59

Grinding + VIPN + TiN 0.26 0.48

Polishing + VIPN + TiN 0.08 0.41



CONCLUSIONS

1. An increase in vacuum ion plasma nitriding tempera-

ture for alloy Ti – 14Al – 3Nb – 3V – 0.5Zr from 550 to

650°C leads to an increase of the amount of Ti
2
N nitride in

its surface layer and formation of Ti
3
AlN nitride, which fa-

cilitates an increase in microhardness, although the reduction

in depth of strengthened diffusion zone at 620°C causes pore

formation in the surface.

2. Vacuum ion plasma nitriding facilitates to the greatest

extent an increase in resistance to salt corrosion of specimens

of alloy Ti – 14Al – 3Nb – 3V – 0.5Zr with a polished sur-

face. Addition after nitriding of application of a titanium

nitride TiN coating leads to an increase in slat corrosion re-

sistance for ground specimens.

3. Vacuum ion plasma nitriding with additional applica-

tion of a TiN coating improves to the greats extent the resis-

tance of alloy Ti – 14Al – 3Nb – 3V – 0.5Zr with both po-

lished and with ground surfaces towards erosive action.
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