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ABSTRACT

Reports on the results of two-stage-experiments of low-temperature plasma nitriding of the Ti-6Al-4V titanium alloy in a
non-self-sustained high-current arc discharge. The diffusion of nitrogen into the interior of the material was determined
by the thickness of the layer being modified. It was established that the depth of the nitrided layer greatly depends on
temperature, pressure of the working medium, as well as on process duration. When treated in non-self-sustained high-
current arc discharge, the depth of the nitrided layer increases from 19 to 33 um.
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AHHOTALINA

MpeacTaBieHbl pe3ynbTaTbl ABYX3TAMHbIX 3KCMNEPUMEHTOB HU3KOTEMMNEPaTyPHOro MN1a3MeHHOro a3oTMPOBaHUA TUTa-
HoBoro cnnaea Ti-6Al-4V B HecamocToATe/IbHOM CU/IbHOTOYHOM [YyrOBOM Pa3psaae B Pas/iMyHbIX ycioBusax. Anddysma
a3oTa B maTepuan onpeaenanacb TOALWMHOW MOAUDULMPOBAHHOIO CN0A. YCTaHOBNAEHO, YTO rMyb6UHA a30TMPOBAHHOIO
CN0A CU/IbHO 3aBUCUT OT TemnepaTypbl, AaBAeHUA paboyei ra3oBOi CMECK, a TaKKe OT NPOAO/IKUTENbHOCTM NpoLiecca.
Mpu 06paboTke B HECAMOCTOATENILHOM CUIBHOTOYHOM [yroBOM paspsase rybuHa a30TMPOBAHHOIO C0A YBEMYMBAETCA
¢ 19 go 33 mKm.

KJIIOYEBBIE CJIOBA
MnasmeHHOe a30TMpPOBaHME; TUTAHOBbIE CM/aBbI; HEeCaMOCTOATENbHbIN CUIbHOTOYHbIM AYFOBOVI paspag;
MUKPOTBEPAOCTb NOBEPXHOCTU.

Introduction a nitride zone consisting of titanium mononitride
TiN (3-phase) with the hardness of about 1500 HV
and the sublayer of diffusion zone (solid solution of
nitrogen in titanium) with its maximum hardness
of 700 HV is formed on the surface of titanium and
titanium alloys. Sometimes a dark band consisting
of o+Ti2N or Ti2N+TiN is observed between them
[4]. The nitride zone slows down the diffusion of
nitrogen deep into the material [5-9]. Besides,
high processing temperature adversely affects the
mechanical properties of titanium alloys due to the
fact that the material undergoes structural-phase
transformations. Thus, a greater decomposition of
titanium mononitride occurs and a significant grain
growth takes place under the process of cooling [ 1].

Due to this fact the low-temperature plasma
nitriding is regarded as a promising hardening
method of titanium alloys and has the following
advantagesoverthetraditional gasnitriding[1-11]:

Nowadays, titanium alloys are widely used as
a structural material in the aviation and aerospace
industries due to such material properties as
excellent corrosion resistance, high specific
strength, low modulus of elasticity, non-magnetic
properties, and low coefficient of thermal
expansion [1-4]. However, itsapplicationis limited
because of the low hardness and poor tribological
properties. There exist many hardening methods
aimed to improve the mechanical properties of
the surface of titanium alloys. The most common
and effective ones are the methods of surface
modification, in particular nitriding. Usually,
traditional gas nitriding of titanium alloys is carried
out at high temperatures (above the polymorphic
transformation temperature) ranging from 850 to
1050 °C. This method also requires longer holding
period, i.e. over 30 hours [2, 3]. During nitriding,
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— higher saturation speed, which makes it
possible to decrease the temperature and to make
the pro-cessing time shorter;

— wider range of process parameters aimed to
achievespecifiedcharacteristicsofthesurfacelayer;

—1insignificant deformations of parts due to low
temperature of the process and uniform heating;

— possibility of titanium alloys nitriding
without additional depassivating treatment.

It should be noted that according to the
studies [12] an extended hardened layer is
formed after plasma ni-triding at the temperatures
below the polymorphic transformation. In this
case, a large diffusion zone is formed under the
thin nitride layer, consisting of d-phase and &+a
phases. The presence of an extended diffusion
zone favorably affects the fatigue characteristics.
Thus, in the opinion of the authors [13-16]
the large thickness of the nitride layer and the
insignificant extension of the diffusion zone
during high-temperature gas nitriding negatively
affect the fatigue characteristics of the alloy.
This leads to the enhanced cracking caused
by the extended nitride layer, as well as their
rapid spread caused by the large-sized grains.

The influence of low-temperature plasma
nitridingmodesonthestructure,phasecomposition,
and mechanical properties of the titanium
alloy Ti-6Al-4V is investigated in this paper.

1. Materials and methods

The research was carried out using a
two-phase titanium alloy Ti-6Al-4V widely

applied in industry (6.5% Al 5.1% V,
0.1% Fe, 0.03% Si, 0.02% C, 0.01% N).
Several experiments on low-temperature
plasma nitriding of the titanium alloy Ti-6Al-4V
were performed in non-self-sustained high-current
arc discharge (NNV-6,6-11 installation) (fig. 1) [8].
The influence of process parameters such
as temperature (T=450-600°C) and duration
of treatment on both microhardness and depth
of the nitrided layer was studied in this work.
The modes of low-temperature plasma nitriding
of titanium alloys are presented in tables 1. The
nitriding was carried out at a constant pumping
of gas medium 80%N2+20%Ar. Anhydrous
nitriding is due to the fact that, when diffusing
into the surface layer, hydrogen dramatically
increases the brittleness of the layer. This fact is
confirmed by differentauthorsintheirpapers[15].
Microhardness measurements along the depth
of the nitrided layer were carried out applying the
method of reconstructed imprint in accordance
with the Russian State Standard GOST 9450-76
using the Struers Duramin-1/-2 microhardness
tester. The static load applied to the diamond
indenter for the period of 10 s was 490.3 mN
(50 g). The depth of a hardened layer was
determined from the hardness distribution curve
to the value of the hardness of the basic material.
The microstructure of a hardened layer was
studied using optical microscope Olympus GX-51.
Thin section was etched with the etching agent
10% HF-15% HNO,-75% H,0 in order to
determine the structure of the titanium alloy.

Fig. 1. Appearance of installation NNV-6,6-11
Puc. 1. Buemnnii Bua ycranosku HHB-6,6-U1
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Table 1
Tabnuna 1
Nitriding modes in non-self-sustaining high-current arc discharge
Pe:kuMbl 230THPOBAHUS B HECAMOCTOSITEJILHOM CHJIBLHOTOYHOM IYTOBOM pa3psjie

No. samples Temperature, °C Duration ¢, i
1 600+10 1
2 550+10 1
3 500£10 3
4 500£10 1
5 450+10 1
2. Results and discussions various surface treatment modes is mainly

L ) o presented by equiaxial o-phase grains [11]
The initial structure after annealing at 800°C (.. ¢ oundary separation of [-phase of

is presented by small equiaxial and elongated drop-, acicular, and prolate shape (fig. 2).

a-phase crystallites with boundary separation of Treatment at 450°C does not change the
drop-, acicular, and prolate shape B-phase. The  microstructural parameters ofsamplesandthe grain
hardness of the initial structure is 350 HV .. phasesremainequiaxial. Thereisnosharpboundary

The microstructure of samples after between the diffusion zone and the material base.

Diffusion zone
Diffusion zone

Diffusion zone
Diffusion zone

c d

Fig. 2. Microstructure of the Ti-6Al-4V alloy after low-temperature plasma nitriding by non-self-sustaining
high-current discharge at t =1 h: a — 450 °C; b — 500 °C; ¢ — 550 °C; d — 600 °C

Puc. 2. Mukpoctpykrypa cruasa Ti-6Al-4V nmocne HU3KOTEMIIEpaTypPHOTO HOHHOTO a30THPOBAHUS
HECaMOCTOSTEIIbHBIM CHIIBHOTOUHBIM pa3psiaoM ipu £ = 1 4: a — 450 °C; b — 500 °C; ¢ — 550 °C; d — 600 °C
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At 600 °C there is a growth of separate
crystallites which illustrates the beginning of
secondary recrys-tallization. Microstructural
parameters in the near-surface layer are similar to
the parameters in the volume of material.

Microhardness measurements along the depth
showed that after the nitriding, an increase in
the surface microhardness is observed, which
is associated with the formation of a nitride
layer on the sample surface having golden hue
and a diffusion zone [16]. Fig. 3 demonstrates
the hardness distribution curves for different
temperatures along the depth of a modified layer.

The dependence analysis (fig. 3) showed that
the microhardness along the depth of the samples
de-creases gradually, which indicates the presence
of an extended layer with the increased hardness.
Besides, as the treatment temperature increases, the
thickness of the modified layer increases as well.

Dependences of microhardness of the depth
of the nitrided layer show that the temperature of
plasma nitriding, both in non-self-sustained high-
current arc discharge, has a significant effect on
the nature of nitrogen diffusion into the interior of
titanium alloy during low-temperature nitriding.
That is one of the most important parameters that
control the properties of nitrided parts is their
temperature during processing.

The results, which are shown in fig. 3,
confirm the presence of diffusion at relatively low
temperatures used in this work. For example an
increase in temperature from 450 to 600 °C leads
to an increase of the nitrided layer depth from
19to 33 um. Thus, when temperaturesriseto 150°C

—=T=40°C |

==T= 50T
—=T=350°C
500 +

=T 500 °C
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leads to an increase in the depth of the diffusion
layer in 1.73 times.

This is explained by the fact that the nitriding is
a thermally activated diffusion process [3, 12, 16].
This regularity is observed in the paper [17] where
the authors show that the nitrided layer thickness
depends on the temperature (exponential law) and
the plasma nitriding kinetics of titanium alloys is
described with the help of quadratic parabolic
dependence, since the process is controlled by the
diffusion of nitrogen in the metal.

The time of ion nitriding at a constant
temperature has a significant effect on the thickness
of the diffusion layer. The graphs show (fig. 4)
that increas ion nitriding unit time dramatically
increases the depth of diffusion. For example, the
increase of the nitriding process duration from
1 to 3 hours at a temperature of 500 °C leads to
an increase of the depth of the nitrided layer from
23 to 33 um.

The diagram of microhardness (fig. 5)
dynamics along the depth of the nitrided layer
shows that the microhardness of the sample
surfacesdecreases smoothly away fromthe surface,
which indicates the presence of an extended layer.

Analysis of the dependence further showed
that the depth of the strengthened layer after
nitriding was 27 pum. However, the surface
microhardness of the sample located parallel
to the plasma flow was 1.5 times higher that of
the sample that was placed perpendicular to the
plasma flow and made 660HV .. This is due to
the fact that titanium nitride of high hardness is
formed on the surface of the sample [17-20].

~p==T= 450 °C
—d—T= 500 °C

& —-T= 850 °C

——T=600 °C

.71 J - —"

0 10 20 30 40 £ b um

Fig. 3. Dependences of microhardness variation of the nitrided layer depth of titanium alloy Ti-6Al-4V

Puc. 3. 3aBucuMoCTH U3MEHEHHSI MUKPOTBEPIOCTH I10 TIyOHMHE a30THPOBAHHOTO CIIOS
TUTAHOBOTO cruiasa Ti-6A1-4V
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Fig. 4. Microhardness distribution along the depth of a hardened layer depending on the nitriding time

Puc. 4. Pacnipenenenrie MUKpOTBEPAOCTH 10 IIyOMHE YIPOUHEHHOTO CJI0S
B 3aBUCUMOCTH OT BPEMEHH a30THPOBAHUS
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Fig. 5. Dependance of microhardness dynamics along the depth of the nitrided layer

Puc. 5. 3aBucumMocTh pacnpeaciaCcHud MUKPOTBEPAOCTHU 10 FJ'Iy6I/IHe A30TUPOBAHHOTO CJIOA

Conclusion

As a result of the study of the effect of low-
temperature plasma nitriding modes on the struc-
ture and properties of Ti-6Al-4V titanium alloy
the following was established:

1) The nitriding at 450 and 500°C does not
result in the change of sample microstructural
parameters, and at 550°C and above a slight grain
growth is observed in the samples due to the
processes of recrystallization.

2) The depth of a modified layer significantly
depends on the treatment temperature and
duration. Thus, the temperature increase from
450 to 600°C leads to the increase in the depth of
a nitrided layer from 20 to 33 um. Besides, when
the holding time is increased, the increase in the
depth of a nitrided layer is observed.

4) The surface microhardness of the sample
located parallel to the plasma flow has been 1.5
times higher that of the sample that was placed
perpendicular to the plasma flow and made
660HV0,05. This should be attributed to the fact
that titanium nitride is formed on the surface. The
depth of the nitrided layer in both cases has been
similar and reached 27 um.
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