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Phase composition, texture, and stress state in coatings based on Ti—-N, Cr-N, and
Ti—Cr—-N systems obtained by ion-plasma deposition method are studied using an X-ray
difractometry (by structural analysis) Texture and high compressive stresses up to ~
8 GPa are revealed in all observed phases (TiN, Cr,N). Factors affecting the residual-stress
level are discussed, and the model of stress-state formation is proposed.
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Oco6aueocTi cTpyKTYpHu i (ha30BOTO CKJIAAY MOKPUTTIB HITPUAIB THTAHY Ta XpOMy, SKi
OTPUMYIOTH METOJOM ioHo-mIa3MoBoro ocamxkeHHsa. J.B.I'aywwosa, A.I.Bopornkos,
H.€.Kaninina, B.T.Kaninin, JI.I'.Ilononcokuil, A.I.Cmenaniok

Metomom ananisy cTpyKTypu mochaigikeHo (pasoBUP CKJIAJ, TEKCTypy 1 HANpysKeHU# cTaH e
nokputTtax Ha ocHOoBl cuerem Ti-N, Cr—N, Ti—-Cr—N, oTpuMaHNX METOZOM ILIA3MOBOI'O OCAIMKCH-
Ha. Y Beix puspnaenux dasax (TiN, CroN) BuspiIeHo TexcTypy i BeqmMKi cTHCKAIOUl HAPYMKeHHH,
mo gocaraiTb sHaueHus ~ 3 I'Ila. OOrosopeHo YMHHUKM, IO BILIMBAIOTH HA PiBEHb SAJIMIIKO-
BUX HAIIPYIKEHb, 3aIIPOIIOHOBAHO MOLEJb (DOPMYBAHHSA HAIPYMKEHOI'O CTAHY.

MeTomoM aHanu3a CTPYKTYPHI MCCAeTOBAHLI (DA3OBLIM COCTAB, TEKCTypa M HATPAKEHHOe
cocToAaume B MOKpHITHAX Ha ocuHoBe cucteM [i—-N, Cr—N, Ti—-Cr—N, mosyuenmeix meromom
ImrasMeHHOro ocaxxieHusd. B peiapnennerx (asax (TN, Cr,N) o6Hapy:ena TekcTypa 1 sHAUM-
TeJbHBIE CHKUMAIOINE Halpsaxenus, mocrurawmommue ~ 3 I'Tla. O6cyxmennl GaKTOPbI, BJINA-
OI[e HA YPOBEHb OCTATOUHBLIX HAIPAMKEHUN, IPEeIIOKeHa MOAeJb (POPMUPOBAHUS HAIIPI-
JKEHHOT'O COCTOSIHUS B IOKPBITHSX HA OCHOBE HHUTPHUIA TUTAHA M XPOMa.

1. Introduction deposition of strengthening coatings [1-3].
Coatings based on transition metal nitrides

are promising coatings for die tools, as well
crease the material wear resistance is to mod- as for friction units [3]. However, there are

It is known that one of the ways to in-

ify its surface using methods of ion-plasma currently no studies of the stress state for
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coatings of complex chemical composition
formed under non-equilibrium conditions
and associated with self-organization of dis-
sipative structures. This complicates the op-
timization of the technology for obtaining
coatings with the specified structure and
properties [4]. This work is aimed to study
the structure, phase composition of applied
coatings in order to construct the model for
the ion-plasma coating formation, taking into
account the parameters of their production.

2. Experimental

Coatings of titanium and chromium ni-
trides with a thickness of 1.5-3.5 um were
applied by vacuum-arc method using the
Bulat-ZT plant on steel 20 substrates. The
method includes two main stages [2]. At 1st
stage, the substrate surface was cleaned and
activated by ion bombardment with the de-
posited material at a displacement potential
of 1,400 V. The radiation heating of the
substrate, depending on the substrate mate-
rial, did not exceed 500°C. At the 2nd
stage, the coating was deposited.

The coatings were produced by sputter-
ing of high-purity titanium and chromium
based cathodes in a purified nitrogen me-
dium at the pressure maintained at 0.3 Pa.
The bias potential and ionic current were
200 V and 1.5 A for titanium deposition
and 150 V and 0.8 A for chromium deposi-
tion. The thickness of the coatings was
changed by increasing the deposition time
from 5 to 15 min when the substrate is ro-
tated at a speed of 8 min~l. The coating of
the Ti-Cr—N system was obtained by simulta-
neous sputtering of titanium and chromium
cathodes at the bias potential of 150 V.

The objects of X-ray diffraction studies
were the "film on a substrate” systems.
Studies were performed in the radiation of
a copper anode with monochromatization in
a diffracted beam. To identify the structure
and texture, measurements were made in
the range of 2y angles from 20° to 150°.
Determination of residual deformations in
coatings was performed using the sinZy
method by precision measurement of inter-
plane distances during multiple inclined
surveys. As the angle of inclination in-
creases, the thickness of the informative
layer naturally decreases [4].

3. Results and discussion

3.1. Residual stresses in TiN coatings

Figure 1 shows the displacement of the
diffraction lines of titanium nitride Ti-N at
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Fig. 1. Changing the type of the diffracto-
gram section using inclined surveys of the
sample with TiN coating of 1.9 um thick: I —
v=0°2—y=2380° 3 — y=50°

different angles y, which indicates the pres-
ence of internal stresses.

Analysis of diffractograms of Ti-N coat-
ings on the substrate showed that they re-
veal lines corresponding to the TiN phase
(NaCl structural type) and lines of the o-phase
(ferrite) corresponding to the reflection
from the substrate. Therewith, reflections
from the o-phase are present at all y val-
ues. It follows that the entire thickness of
the coating is involved in the formation of
the diffraction pattern.

TiN type diffraction lines (khh) are much
more intense in reflection compared to tabu-
lar data, which indicates TiN texturing. An
axial-type texture with the axis (111) perpen-
dicular to the substrate plane and the diffu-
sion angle of the texture Ap > 15° is detected.

The stress state was analyzed using the
(333) TiN and (222) a-phase reflections (Fig. 1).
As the angle y increases from 0 to 50°, the
intensity of the (383) TiN line increases, and
the (222) a-phase line weakens. In addition,
the (833) TiN line s noticeably shifted to-
wards large angles, while the position of the
(222) o-Fe phase line practically does not
change. The (222) o-Fe phase line present
on the diffractogram is a reflection from
the substrate as a result of a thin coating.
The positions I, 2, 3 correspond to the registra-
tion of the same (333) Ti-N line obtained at
different angles of inclination of the sample
with TiN coating with the thickness of 1.9 um:
1 —y=0°%2—wy=2380°3— y=>50°1Itis
means that compressive stresses act in the
film plane, and stresses are not detected
radiographically in the substrate.
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According to the figure, the positions of
the diffraction lines were determined and
the lattice period was found in accordance
with the formulas.

The graphs of the diffraction profiles Oy
— sin?y based on the results of processing
are shown in Fig. 2. It should be noted that
the graphs are symmetric with respect to
the slope of the sample towards y > 0 and
Yy < 0. Experimental points are not de-
scribed by a strictly linear relationship. The
deviation from the linear relationship
(curve 1) exceeds the error of lattice period
determination, which is +3-107¢ A. How-
ever, by approximating the graphs with
straight lines, it is possible to estimate the
average deformation over the coating thick-
ness € in accordance with the relations:

ao(l + V) (1)

_ s a2

ay = F oysinv ta,,,

e w=90"%=0 %74 (2)
ag ag ’

where o is value of the lattice period in
the direction normal to the reflecting planes
(y = 0°); o, is the value of the lattice period
in the film plane (y = 90°); a( is the value
of the lattice period in non-tensioned condi-
tion; 6, is normal stress components in the
plane of the coating; v is Poisson ratio; E is
Young’s modulus.

The average ¢ deformation values are —
0.82 % for the sample with a thickness of
1.9 um and —-0.98 % for a sample with a
thickness of 8.2 pum.

Line 2 on the graph describes compres-
sive stresses that are uniform throughout
the entire reflecting layer. To calculate
macrostresses, it is necessary to know v
Poisson’s ratio and E modulus of normal
elasticity. The data on these parameters for
TiN are contradictory in the literature. For
values v = 0.28 and E = 429 GPa [5], the fol-
lowing values of macrostresses in the TiN phase
were obtained: 6 = —3.1 GPa for a coating with
the thickness of 1.9 um; o = -3.4 GPa for a
coating with a thickness of 3.2 um.

The lattice period o can be determined
from sin?y — graphs under the assumption
of an isotropic symmetric plane-stressed
state. It is determined at the y, value cor-
responding to the undeformed section of the
deformation ellipsoid:
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Fig. 2. Graph of the dependence of the lattice
period on sin?y for (338) TiN: 1 — coating thick-
ness 1.9 um, 2 — coating thickness 3.2 um.
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As can be seen from Fig. 2, the value of
0 in coatings of different thicknesses is
almost the same for samples obtained under
equivalent conditions, and is equal to o =
4.2415 A. The value of oy differs from the
value of the TIN lattice period of
stoichiometric composition equal to 4.243
[6], but it coincides with the data of [7].
TiN, as an implementation phase, is charac-
terized by a wide area of homogeneity. Esti-
mates show that the value of o obtained in
this work indicates that the deviation from
the stoichiometric composition in TiN coatings
does not exceed 10 % of atm. nitrogen.

3.2. Research of Cr—N coatings

Diffractograms of Cr—N coatings show in-
tense CroN phase lines with the hexagonal
lattice, weak chromium lines with BCC lat-
tice, and o-phase lines (from the substrate).
Significant intensity of the CroN (£00) type
phase lines indicates the presence of an axial
type texture with (200) planes located mainly
parallel to the surface of the coating. The
diffusion angle of the texture is Ap ~ 20°.

The presence of this texture is confirmed
by the results of measurements in the sliding
geometry, when these planes are approxi-
mately perpendicular to the surface plane and
come out of the reflecting position.

As a result of, it was found that a thin
chromium sublayer is initially formed on
the steel substrate, and a Cr,N coating is
formed on it.

In order to measure macro-deformations
and determine the lattice periods in the
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CryoN phase, (411) and (228) reflections lo-
cated in the range of diffraction angles 2y
110-125° were selected. For these reflections,
the d,, — sin?y dependences are constructed,
which are shown in Fig. 3. Figure 3 shows
that all values of CryN interplane distances
in a thinner sample are higher. SinZy
graphs for the diffraction line (223) have a
similar form.

The average level of compressive macro-
deformations in the samples ranges from —
1.3 % to —-1.0 %. In a thin surface layer,
the value of residual deformations based on
the results of surveys in the sliding geome-
try coincides with the given values. The pe-
riods of the CryN crystal lattice calculated
from the values of the interplane distances
d (411) and d (223) in the undeformed sec-
tion of a sample with a thickness of 3.0 um
are ag=2.776 A and ¢, = 4.447 A. When
evaluating, it was assumed that v = 0.23, as
for CrN [10]. The lattice period values for a
thin sample are higher: ay = 2.783 A and ag
— 4.471 A. All the obtained values of the
lattice periods are within the region of ho-
mogeneity of the CroN phase [8, 9].

A complex phase composition is detected
in the Ti—Cr—N sample with the thickness of
1.6 um within the reflecting layer. The dif-
fractogram contains lines belonging to the
TiN and CroN phases, lines of the chromium
layer, and substrates. Analysis of the inten-
sity ratio of diffraction lines indicates that
the Ti—Cr—N coating shows a weaker texture
than in single-phase films.

The lines of the detected phases, as in
the case of single-phase films, are shifted
towards smaller angles, which gave reason
to assume the presence of compressive re-
sidual stresses in the coating. Estimation of
macrodeformations and stresses in titanium
nitride was performed using sin2y method
along the line (422) with the largest angle
20 of the detected reflections.

The phase composition of the studied
samples is characterized by the presence of
TiN or CryN phases. TioN and CrN phases are
not detected. This can be explained as fol-
lows. According to the phase equilibrium
diagrams of Ti-N and Cr-N systems [12,
13], the CryN and TiN phases are formed by
the peritectic reaction. In quasi-equilibrium
conditions of vacuum condensation by the
"vapor-crystal” mechanism [10], they can be
formed as result of a gas-peritectic reaction
near the substrate surface. The CrN and
TioN phases can be obtained at appropriate
temperatures and deposition times by
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Fig. 8. d,, - siny graph for (411) Cr,N: 1 is
coating thickness 1.3 um, 2 is coating thick-
ness 3.0 um.

peritectoid reactions in the solid state in-
volving previously formed solid nitrides
CroN and TiN. Under the coating conditions
used, the formation of CrN and Ti)N is sup-
pressed by the kinetic factor.

Under simultaneous evaporation of tita-
nium and chromium in the nitrogen atmos-
phere, the main phase in the coating is TiN.
Titanium interacts with nitrogen because of
its higher affinity for nitrogen than chro-
mium. Thus, the free energy of the forma-
tion reaction TiN (-AG) is 2.6 times higher
than that of Cry,N, and the reaction rate
constant is about 1.5 times higher [11].

A feature of the structural state of the
coatings studied with X-rays is the presence
of significant compressive stresses and tex-
tures, which are naturally associated with
deposition modes. Similar results observed
earlier in the study of films deposited from
streams by various physical methods were
widely described by the authors [6-8]. At
the same time, the influence of individual
factors in the coating structure formation,
such as "atomic forging” (pinning) [3, 4],
"compaction” [12], "collision of crystallites”
[18], was analyzed. However, to date, there
is no reasonable explanation for the forma-
tion of abnormally high deformations,
which often exceed 1 %, which is signifi-
cantly higher than the usual elastic limit of
samples having metallurgical origin.

The data obtained in this work on the
phase composition, structure, substructure,
texture, and stress state of coatings of vari-
ous thicknesses give grounds to consider the
process of film formation from the point of
view of the structure evolution and its self-
organization in the framework of an irre-
versible multiparametric thermodynamic
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process. Main idea of this approach is that
if the "growing film on a substrate” system
experiences a range of energy effects during
the coating formation, then it develops a
number of energy dissipation directions and
responses of the system itself, such that the
total Gibbs energy of the "film-substrate”
system is minimal. In this case, the "film"
can be heterophase and inhomogeneous in-
itially or become so during the development
of the system. In a multi-level structure
system (macro -, micro- and submicrostruc-
tural levels), the dissipation of the supplied
and locally stored energy must also occur
multilevel and not uniformly in volume.
From the point of view of elasticity theory,
this causes the formation of residual defor-
mations localized at the level of macro -,
micro - and submicrostructure. However,
the operator, value and distribution of
stresses must be related to the structural
and textured state.

Microstresses in melts are balanced
within individual grains, but have a com-
mon orientation of the main directions in
each grain, due, for example, to the ori-
ented influence of the long-range part of
the displacement fields around defects.

During the formation of coatings from
low-energy particle fluxes, the formation of
radiation defects such as dislocation inser-
tion loops was observed [14]. The loops
should be located in tightly packed planes,
the orientation of which in relation to the
sample surface is associated with the pre-
dominant orientation of the crystallites. De-
fects of this type lead to displacement of the
diffraction lines [15]. Thus, the stress values
determined from the offset of the diffraction
lines from the sin?y graphs are the sum of
the first and second kind of stresses averaged
over the reflecting volume:

oHBY = 0y + o7, (4)

The differences in the stress level in the
X-ray data and the deflection of the sub-
strate shown in [16] can be explained by the
action of the sum of stresses, not only oy,
measured from the deflection. The deforma-
tion reaches the maximum limit and has the
same sign, and the calculated stresses will
be abnormally high.

In turn, the residual macro-stresses de-
tected in coatings can be represented as the
sum of thermal stresses 6§*¢"™ caused by the

difference in the coefficients of thermal ex-
pansion of the film and the substrate, and

structurally o%”, conditioned by an inho-
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mogeneous change in the specific volume.
This change may occur as a result of crys-
tallization of the amorphous phase, atomic
pinning, or annealing of structural defects.
Thus:

csig};‘“ _ thherm + 0‘{" + Gﬁ’r, (5)
When estimating the residual stresses of
thermal origin in TIN films deposited on
steel substrates at a temperature of
< 500°C, the values of compressive stresses
not exceeding 1 GPa were obtained, which
is significantly lower than those measured

in this paper, G?igf‘lf = 8 GPa. It is obvious

that structural stresses o§!” caused by struc-

tural changes make a decisive contribution
to the wvalue of the measured residual
stresses in coatings.

As can be seen from Figs. 2—83, in con-
trast to the classical sin?y method, the non-
linear nature of sin?y graphs is observed.
The deviation from the linear relationship,
as noted above, significantly exceeds the
measurement error. The linear dependence
is observed only for the TiN sample with a
thickness of 3.2 um (line 2 in Fig. 2), which
indicates the uniformity of stresses and
composition in the depth of the informative
layer. As is known, the curvature of sin?y
graphs can be caused by a number of rea-
sons: the slope of the main stress axes to
the sample surface, the inhomogeneity of
the stress level or composition in the film
depth, and the influence of the sample tex-
ture. A comprehensive analysis of the ex-
perimental results shows that in this case,
the nonlinear nature of sin?y graphs is pri-
marily due to the inhomogeneous thickness
of the stress state.

A different type of dependencies is possi-
ble if the contribution of 6; and 6" to O
varies depending on the thickness of the
coating, its structural state, and the level
of sophistication of the texture. Thus, the
increase in the thickness of the TiN coating
from 1.9 to 3.2 pum, accompanied by the
25 % decrease in the diffusion angle of the
texture, causes an increase in the total o,
and the increase in the convexity of the
curves. In this case, the density of disloca-
tions in the walls estimated from the broad-
ening of diffraction lines with multiple in-
dices increases from 9-1010 to 25.1010 ¢m=2,
and the density of randomly distributed dis-
locations decreases from 2.8:1012 to

Functional materials, 27, 4, 2020
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1.6-1012 ¢m~2. This is probably due to ra-
diation annealing of defects in the structure
formed at the initial stages of coating gen-
eration. The accumulation of secondary de-
fects in textured films, such as dislocation
loops of small diameter that creates long-
range distortion fields [16], should lead to
the formation of Gﬁr.

4. Conclusions

Based on the results of structure and
stress state studies, a model for the forma-
tion of ion-plasma condensates is con-
structed, taking into account specific depo-
sition parameters and indirect data. The
model is based on the assumption that the
structure of layers formed at the initial
stages of coating generation develops dur-
ing deposition more significantly than
under thermal deposition conditions.

It is established that stresses formed as a
result of compaction (compression) and
crystallization (stretching) are balanced be-
tween the coating and substrate and are o,
stresses of the first genus. The texture that
is observed after crystallization is explained
by the fact that the generation of crystal-
lographically oriented grains is energeti-
cally more favorable than the generation of
a highly dispersed polycrystal with a cha-
otic orientation of crystallites. Crystal-
lization and texture formation in coatings
partially remove residual macro stresses,
but not completely, since the upper layers
of the coating are continuously compacted
as a result of bombardment. When the coat-
ing thickness is more than 1.5-2.0 um, the
inner layers of the film experience radia-
tion-stimulated annealing.

Further growth of the coating can lead
to a change in the contribution of these
components to the overall level of residual
stresses, which should be manifested in a
change in the form of the sin2y graph and
the ratio between the deformation in the
film plane and normal to it.

It is established that the development of
the film structure, grain substructure and
their preferred orientation, as well as the
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stress state are interrelated and are deter-
mined by specific technological parameters
of coating application.
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