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The process of high-temperature nitridation (7' =950°C) of titanium is inves-
tigated analytically and experimentally. The role of nitrogen as o-stabilizer in
forming of nitride layer and diffusion zone, which contains three layers (layer
of a-phase, layer of o+ 3-phase, and layer of B-phase), is shown. The approxi-
mate solution of formulated task is obtained for diffusion of nitrogen in such
a heterogeneous medium, taking into account the motion of interfaces. The
constants of parabolic growth of layers are calculated. It allows foreseeing the
kinetics of their growth and distribution of nitrogen in diffusion zone. The
microstructure evolution of diffusion zone (after processing times of 1 h and 5
h), which is caused by the phase—structural transformations during diffusion
of nitrogen, is fixed experimentally.

AHamiTHUHO 1 eKCIIePUMEHTAIBHO JOCTiIKEeHO IIPOIeC BUCOKOTEMIIEPATYPHO-
ro asoryBauHa (T=950°C) turany. BimobpaskeHO pOJbL as3oTy HAK O-
crabinisaTopa y (popMyBaHHI HiTPUAHOTO IIapy Ta TPHUIIAPOBOI Au@y3iiiHoi 30-
Hu (map o-dasu, map o+ pP-pasu i map P-pasu). OmepxanHo HaOIUMKeHUA
Ppo3B’A30K chopMyIbOoBaHOI 3amaui mono audysii asoTy B TaKOMY HEOTHOPIiA-
HOMY CepeJOBUILi 3 ypaxXyBaHHAM IlepeMillieHb MixkdasHux mexx. PogpaxoBano
KOHCTaHTH ITapabOoJiuHOTO POCTY IIapiB, IO YMOMKJIUBUJIO Iepea0aunT KiHe-
TUKY 1X pocTy i posnozin azotry B gudysiiiniii 3oni. ExcriepumenTaabHo 3adik-
COBAHO €BOJIIOI[II0 MiKPOCTPYKTYPH Tra30HACUUEHOTO Iapy (Iicjaa BUTPUMOK Y
1i 5 roaguu), 3yMOBJIeHY CTPYKTYPHO-()a30BUMHU IEePETBOPEHHAMU IIiJ] Uac Ju-
¢dysii azory.

IIporecc BuicokoTeMIepaTypHoro adotupoBanud (T =950°C) ucciegopan aHa-
JUTUYECKN U dKclepuMeHTaabHO. OToOpaskeHa POJIb a30Ta KaK O-CTa0MiIu-
3aTopa B GOPMUPOBAHUY HUTPUIHOTO CJIOA U TPEXCIONHON nu(Py3nOHHOMI 30-
HBI (CJI0H (-(hassl, cJI0i o + B-dassl u cioit B-dassr). IloayueHo npubInKeHHOE
pertenne chOpPMYyJINPOBAHHON 3aaul OTHOCUTEJIBHO TUMPHY3UU a30Ta B TAKOMH
HEOJHOPOAHOI cpejie ¢ YUETOM mepeMelleHnA Me:k(asHbIX IrpanHuIl. Paccunra-
HBI KOHCTAHTHI TapaboJIMYecKOro POCTA CJIOEB, YTO JAJIO BOSMOMKHOCTD IIPEIBU-
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IeTh KNHETUKY UX POCTa W pacipefeseHne a3ora B Au(G@y3noHHON 30HE. JKC-
IIePUMEHTAJBHO O0HAPYKeHa MUKPOCTPYKTYpPHAA 9BOJONUA AUDHYIUOHHON
30HHI (TIocsIe BpemMeHu o6paboTKku 1 u 5 yacoB), KoTopasa o0ycJioBiIeHa (pa3oBo-
CTPYKTYPHLIMH IIPEBPAIeHUAMY BO BpeMsa gud)pys3un a3ora.
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1. INTRODUCTION

It is necessary to have comprehensive knowledge (experimental and
theoretical) about the kinetics of the processes of interaction of ele-
ments taking into consideration the influence of process parameters
and phase—structural state of the material for forecasting of surface
strengthening of titanium alloys after nitriding. Titanium undergoes
polymorphic transformation at Ty.p=882°C [1]. Previously, it was in-
vestigated the kinetics of nitriding of titanium and (o + p)-titanium
alloys at temperatures of T <T,.p analytically and experimentally
[2].The microstructural evolution during o < B-phase transformation
because of migration of B-stabilizers is presented in [3]. However, the
authors did not take into consideration the role of nitrogen as o-
stabilizer in the structural transformations. The influence of nitrogen
as o-stabilizer during nitriding of titanium at temperatures of
T > Typ under the rarefied atmosphere without forming of continuous
nitride layer on the surface was investigated earlier in [4]. The aim of
this work is to create the physical and mathematical model for diffu-
sion saturation of titanium at temperatures T >T,-g under medium
with high nitrogen potential; establish the kinetic peculiarities of such
nitriding analytically and experimentally caused by the phase-
structural transformations in the diffusion zone.

2. THERMODYNAMIC ANALYSIS

According to the phase diagram (Fig. 1), titanium undergoes polymor-
phic transformation (change of crystal lattice from h.c.p. to b.c.c.) at
Towp=882°C [5]. We will be interested in high-temperature (T > Toep)
interaction of titanium with the gaseous medium with the high nitro-
gen potential. Under these conditions, according to the phase diagram
(Fig. 1), titanium nitrides (TiN, Ti,N) as products of chemical reac-
tions and solid solutions of nitrogen in o- and B-phases because of dif-
fusion dissolution of nitrogen in titanium matrix and structural trans-
formations are stable in the system. In particular, in the nitrogen con-
centration range 0 <Cy<C,;, solid solution of nitrogen in B-phase is
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Fig. 1. Titanium—nitrogen phase diagram [5].

stable, while in the concentration range C,, < Cy < Cg, solid solution of
nitrogen in a-phase, and in the concentration range C,; < Cy < C,,, solid
solutions of nitrogen in both a- and B-phases can coexist.

It should be noted that in a-phase the solubility of nitrogen is high
enough at temperature of nitriding and can reach, for example, for
T=950°C 17.5 at.% against 0.75 at.% in B-phase. At the same time,
coefficient of diffusion of nitrogen in o-phase is on two-three orders
less than in B-phase (Fig. 1).

3. PHYSICO-MATHEMATICAL MODEL

Let us consider the process of isothermal saturation of titanium at
temperatures higher than temperature of polymorphic transformation
(T > Tyep). In this case, the initial microstructure of titanium has f3-
modification. According to the thermodynamic analysis, the following
scheme of the nitrated surface layer of titanium is suggested (Fig. 2).
During the interaction of titanium with nitrogen, nitride layer (0 <
<x<Y,(t)) and diffusion zone are formed. The diffusion zone consists
of three layers. The layer I (Y,(t) < x<Y;(t)), which borders on the ni-
tride layer, is o-phase of titanium significantly nitrogen-enriched be-
cause of high solubility of the nitrogen in o-phase of titanium. This
layer is formed and it grows during nitriding because of diffusion dis-
solution of nitrogen and structural transformations in titanium, be-
cause nitrogen is o-stabilizer. The layer III (Y4(T) < x <o), which bor-
ders on the titanium matrix, at the temperature of saturation, is p-
phase of titanium enriched by nitrogen. Between the first and third
layers, the layer II (Y;(T) < x <Y,(1)), which is the disperse mixture of
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Fig. 2. Scheme of distribution of nitrogen concentration at nitriding of tita-
nium at temperature of T'> T, p.

o- and B-phases enriched by nitrogen, is formed, and it grows.

It will be done some model assumptions for analytical description of
the process of nitriding. The aim of nitriding of titanium samples is
strengthening of their surface layers and the object of analytical inves-
tigation of the kinetics of diffusion saturation of titanium by nitrogen
the half-space (0 <x <o) has been chosen. Nitride film is formed im-
mediately on titanium surface, and the surface nitrogen concentration
does not change with time and corresponds to stoichiometric titanium
nitride (TiN). On the interfaces, the nitrogen concentrations corre-
sponding to equilibrium phase diagram are constant (Fig. 1).

The diffusion process in such heterogeneous system will be de-
scribed by Fick’s system of equations:

9°C.(x,7) 9C.(x,7)
D' L — L
oox? ot
Here, C/(x, 1) is nitrogen concentration, x is spatial coordinate, T is
time, D, is nitrogen diffusion coefficient; index i =0 corresponds to
TiN, layer (0<x<Yy(1)), i=1—0a-Ti layer (Yo (t)<x<Yy(7)), i = 2—
(o + B)-Ti-layer (Y(1)<x<Y,(1)), i=3—P-Ti layer (Yi(T)<x<c)). It
should be noted that diffusion coefficient D, is the averaged effective
diffusion coefficient of nitrogen in (o + )-Ti layer [2].
Initial conditions (t=0):

,i=0,1,2, 3. 1)

Ci(x,0)=0,Y(0)=0for x>0. (2)
Boundary conditions (1 > 0):

Co(O’ T) = C()s’ Cg(°°9 T) = 09 C() (Yvo(T)9 T) = Cop C1 (Yo(T)’ T) = CIS’ (3)
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C, (Y,(1),7) = C, (Y;(1),7) = Cpy, Cy (Y,(1),7) = Cy (Y,(7),7) = Cys.
The motion of interfaces will be set by the parabolic dependences:

Y,(v) = 2B,\/DyT, Y, (1) =2B,\D;T , Y,(1) = 28,\/Dyt. 4)

Here, B, (=0, 1, 2) are dimensionless constants (for the specific tem-
perature), which will be determined from the law of conservation of
mass on the interfaces. Thus, for diffusion fluxes on the interfaces
Y(), there are as follow:

aC aC dy,(7)
- oa_o +Dla_l Z(COI_CIS)L’
X lx=v,(t)-0 X |x=v,(1)+0
(%)
ac, aC, aC, aC,
AT I O o I P
X 2=y, (t)-0 X |x=y, ()40 X lx=y,(1)-0 X lx=y,(0)+0

It is difficult to solve the diffusion task (1)—(5) in analytical form.
The method of approximate solution of above-mentioned task [6]
should be used. The linear distribution laws of the nitrogen concentra-
tions in nitride layer and in the first two layers of diffusion zone corre-
sponded to the quasi-stationary state is accepted, and Gauss law for the
distribution of nitrogen in the third layer is:

x
C(x,1)=C.-(C,,—-C.)—,
0( ) 0S ( 0S OI)YO(T)

SN 1ol
Y0 - Y,
x =Y, (7) ©
— —_— - —1
Cy(x,7) = G, —(C, = Cyy) Y,(t) - Y, (1) ’
-Y,(7)

C;(x,1) = Cyerfc ad

B

The chosen functions C,(x, t) satisfy the initial (2), boundary condi-
tions (3) and the differential equations (1). The following set of tran-
scendental equations for calculating the parameters ; (j=0, 1, 2) was
obtained by the conditions of mass balance on interfaces (5) and rela-
tion (4):

A1 1 B: —BoYo -1 2(B; - B,v1) -1.

Lo | = -1, -1,
28, [Bo Ao (B, —BoYo) A, By —Bivy) Angx/E

Having solved the set of equations (7), we obtain:

(D
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Bo = Ao(\le + 2/Ao - B) /2’ Bl = BoYO + A2A3Y1Y2\/E/27

B, =By, + Ay, /2, ®
where
B =1/(A, A A YYoN), Yo =y/Dy/Dys 1, =y/D,/D,, ¥, =/D,/D;,
4, - Cos =Cor 4 = Cos =Cor 4, - Cis=Ciy 4, - Ci=Coy
C,; —Cis Cs—-C, C,—-C,, C,;

It should be noticed that parameters §; depend on the values of nitrogen
concentrations on interfaces and its diffusion coefficients, which in
turn depend on the temperature. Taking the values of these parame-
ters, which correspond to the saturation temperature T =950°C, ac-
cording to relations (8), the constants B, (j=0,1,2): ,=0.183,
B,=1.691, B,=0.782 were calculated. The following values of diffu-
sion coefficients were used here: D;=Dyx=3-10"2cm?/s, D,=D,=
=2.5-10"cm?/s, D,=10D, (from those reasonings that D, <D, < D,),
D,=Dyg=3.2-10"® cm?/s [1, 5], and such values of nitrogen concentra-
tions on interfaces: C,s=50, Cy; =383, Ci;s=17.5, C;,=1.5, Cy5=0.75
(at.%) (Fig. 1). Taking into consideration the correlation (4), the mo-
tion of interfaces will be presented as:

Y, (1) = K,\t, Y,(1)=K T, Y,(7) =K, 9)

where K, =28,D,%, K, =2B,D,?, K, =2B,D)> — constants of the
parabolic growth of nitride layer and o-, (a+f)-layers of diffusion
zone stabilized by nitrogen, respectively. In particular, these con-
stants for saturation temperature T = 950°C are such as

K,=6.33-10"cm/s"?, K,=5.835-10° cm/s'?, K,="7.8-10"° cm/s'%. (10)

Having found the constants of parabolic growth of the layers (10)
and having used the relations (9), it is easy to foresee the kinetics of
motion of interfaces (Fig. 3, a, b), and also time dependences of the
change of thickness of nitride layer (Fig. 3, a) and o-, (o.+[)- and [-
layers of the diffusion zone (Fig. 3, ¢) in accordance with correlations:

AY, (1) = Y, (1),
AY, (1) = Y,(1) - Y, (1) = K, (11)
AY,(1) = Y,(1) - Y, (1) = K,

where Kl =K, -K,, 122 =K,-K,.
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Fig. 3. Kinetics of motion of interfaces: interface of nitride layer Yy(7) (a); 1—
interface Y,(1), 2—Y (1), 3—Y;(1), O — experiment (b); change of thickness of
layers: I—thickness of a-layer, 2—(o + B)-layer, 3—p-layer at nitriding of
titanium at T =950°C (¢).

It should be noted that [ layer of diffusion zone is identified by the
motion of conventional boundary with the specific nitrogen concentra-
tion, for example C;;=0.25 at.% . Based on relations (6), the concen-
tration profiles of nitrogen in the diffusion zone of titanium after ni-
triding during 1 and 5 hours (Fig. 4) are calculated. It is clear that, ac-
cording to the assumptions (4) with the increase of processing time,
the motion of interfaces (Fig. 3, a, b) and, correspondingly, the growth
of thickness of the different layers of the diffusion zone (Fig. 3, c¢) oc-
cur, according to the parabolic dependences proportionally to the cor-
responding constants of parabolic growth K;i K, .

The diffusion coefficient of nitrogen in f-phase is on two-four or-
ders higher than that in o-phase and nitride layer that is why the
thickness of P layer is much larger than the thickness of the other lay-
ers of diffusion zone (Fig. 3, a, ¢). If the thickness of nitride layer
(Yo(7)) is less than 0.2% from the total thickness of diffusion zone
(Y5(7)), the thickness of a-, oc+ -, and B-layers will be 16, 8 and 76% .
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Fig. 4. Concentration profiles of nitrogen in diffusion zone of titanium after
its nitriding at T = 950°C for two isothermal exposures: I—t=1h,2—t=5h.

At the same time, the different solubility of nitrogen in o- and (-
phases of titanium influences on the distribution of nitrogen in the
diffusion zone. If the phase—structural transformations do not take
place in the diffusion zone, the profile of nitrogen in this zone would
have a small gradient because of the low solubility of nitrogen in -
phase. In fact, nitrogen, being a-stabilizer, stimulates the § — o-phase
transformations in the layers of the diffusion zone, adjacent to the ni-
tride layer. As the solubility of nitrogen in o-phase is much higher
than that in B-phase, we can foresee that, in zone I, the profile of nitro-
gen will have a large gradient (Fig. 4) as well as the distribution of mi-
crohardness in this zone. It has been confirmed by the experimental
investigations data.

4. EXPERIMENTAL PROCEDURE

Commercially pure (c.p.) titanium with dimensions of 10x15x4 mm?®
was investigated. The samples are polished (R,=0.4 um) and washed
with deionized water before the treatment. The samples are heated to
the nitriding temperature in vacuum of 107 Pa. Then, they are satu-
rated with molecular nitrogen of the atmospheric pressure at the tem-
perature of 950°C. The isothermal exposure in nitrogen was 1 and 5 h.
After isothermal exposure, the samples were cooled in nitrogen to
room temperature.

The microstructure of the nitride layers was studied using
‘EPIQUANT’ metallography microscope. Distribution of microhard-
ness on cross section of surface layers of c.p. titanium after nitriding
is estimated by measurement of microhardness at loading of 0.49 N.
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5. RESULTS AND DISCUSSION

The nitride layer of goldish colour is formed on the surface of c.p. tita-
nium after nitriding. Its colour is darkening with the increase of iso-
thermal exposure in nitrogen atmosphere. It indicates the increase of
its thickness.

The diffusion zone is formed under titanium nitride layer (Fig. 5). It
is difficult to find the layer II (Fig. 2) in this zone, which, according to
the phase diagram (Fig. 1), probably has to form. However, two differ-
ent parts, according to the structure of diffusion zone (zone A and zone
B) are clearly fixed. Zone A is a-phase of titanium formed during ni-
triding by nitrogen as o-stabilizer. Its thickness, according to data of
metallography analysis, increases from 20 to 45 um with the increase
of duration of nitriding from 1 to 5 h. Zone B is a-phase of titanium on
the basis of solid solution of nitrogen, however formed as a result of
B—o-transformation at cooling.

The results of investigation of character of microhardness distribu-
tion on cross section of surface layers of c.p. titanium after nitriding
are presented in Fig. 6. On curves of microhardness, distribution zone
A (layer I, Fig. 2) and zone B (probably, layer II + layer III, Fig. 2) are
clearly seen.

The large gradient of microhardness is typical for zone A. It is
caused by f—oa-transformation because of saturation by nitrogen as o-
stabilizer and its comparatively high solubility in a-phase. With the
increase of distance from the surface, the microhardness is drastically
decreases (Fig. 6) that is explained by the decrease of nitrogen concen-
tration (Fig. 4). The hardness of zone B is considerably less than that of
zone A because of large difference of nitrogen solubility in o- and -
phases. The thickness of these zones is increased with the increase of
duration of nitriding (Fiig. 6). In particular, the thickness of zone A is

Fig. 5. Structure of surface layers of c.p. titanium after nitriding at t=1h (a)
and 5 h (b) (T =950°C, p=10° Pa).
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Fig. 6. Distribution of microhardness on cross section of surface layers of c.p.
titanium after nitriding at t=1h (I)and 5 h (2) (T =950°C, p = 10° Pa).

34 um for t=1h and 69 um for t=>5 h. It will be noticed that this thick-
ness is larger than corresponding thickness, determined by the data of
metallography analysis. The general depth of diffusion zone (zone
A+zone B)is 185 um for t=1h and 425 um for t=5 h (Fig. 3, b).

The obtained analytical distribution of nitrogen (Fig. 4) and results
of measuring of microhardness (Fig.6) confirm the correlation be-
tween model calculations and experimental data.

6. CONCLUSIONS

The kinetic peculiarities of diffusion saturation of titanium at temper-
ature of T'=950°C, which is higher than the temperature of o< -
polymorphic transformation, are determined analytically and experi-
mentally.

The role of nitrogen as a-stabilizer in forming of multilayer diffu-
sion zone is shown.

The analytical calculations of the kinetics of the layers of diffusion
zone growth and the distribution of nitrogen in them correlate with the
results of experimental investigations. The microstructure evolution
(after processing times of 1 and 5 h) of the diffusion zone is fixed ac-
cording to them.
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