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DEPTH-PROFILE OF RESIDUAL STRESSES IN METALLIC/CERAMIC COATINGS

GLEBOKOSCIOWY PROFIL NAPREZEN WEASNYCH W POWELOKACH METALICZNO CERAMICZNYCH

The use of X-ray diffraction techniques provides the wide possibilities of applying non destructive tensometry, especially
for coatings and near-surface layers. It consists in control of residual stresses arising after different technologies or exploitation
conditions. In this paper the “sin®}” method of X-ray stress measurement applied to analysis of its depth profile in Cr, and
CrN/Cr coatings is presented. Explanation of physical origins of the stresses revealed by carried out experiments and prediction
of the stress evolution in the examined coatings are discussed.

Technika dyfrakcji rentgenowskiej dostarcza szerokich mozliwosci stosowania nieniszczacej tensometrii, szczegélnie w
powtokach materiafowych i warstwach przypowierzchniowych. Polega ona na kontroli napreze wlasnych powstajacych po
réznego rodzaju procesach technologicznych jak i w wyniku eksploatacji. W niniejszym artykule zaprezentowano rentgenow-
ska metodg “sin?” pomiaru naprezei w zastosowaniu do analizy ich profilu gleboko$ciowego w powltokach Cr i CrN/Cr.
Przedyskutowano fizyczne uwarunkowania generowanych naprezeii na podstawie wykonanych do$wiadczen i przewidywanego

rozwoju naprgzeri w badanych powlokach.

1. Introduction

For a long time, mutual influence of substrate and
coatings or material bulk and a modified near surface
layer on state of its structure belong to the most inter-
esting problem from the both research an application
viewpoints. The reason is a special, non-homogeneous
character of structure of the specific area, which has
a crucial meaning for physical properties of material
(composition) with layered structure. Besides the mate-
rial properties, also the structure feature (spatial arrange-
ment of grains) and its state (presence of residual stress-
es) are significant for durability of such system. Among
the structure characteristics essentially influenced on the
properties and simultaneously not satisfactorily recog-
nized is configuration of field of the residual stresses.

There are several known ways for determination of
residual stresses, such as the destructive mechanical re-
moval layers, methods based on measurement of materi-
al properties affected by stresses (ultrasonic techniques,
registration of Barkhausen magnetic noise, Raman spec-
troscopy) and diffraction technique based on measure-
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ment of strain of crystallographic lattice. A big advan-
tage of the diffraction technique is its non-destructive
character as well as a possibility of macro- and mi-
croscale analysis of stress in multi-layer and multiphase
materials. A subtle system of stresses, crystallograph-
ic texture and/or phase composition accompanied usu-
ally the layered structures with interface areas make
the material difficult to investigation. For that reason a
non-destructive examination ways are required.

Advanced experimental techniques as well as so-
phisticated method of data processing allow revealing —
to some extent — the complicated and still not enough
recognized specific nature of the near-interphase areas.
Recently developed ways of evaluation of residual stress-
es or texture analysis of the near-surface area, like a
Grazing Incidence Diffraction method [1] or X ray Tex-
ture Tomography [2], respectively are sufficient research
tools in this field.

As for tensometric procedures revealing a depth pro-
file of the residual stresses, they based on the X-ray and
neutron diffraction techniques. Independently of the re-
search tool, problem of result authority and possibili-
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ty of verification of the identified stress level are still
open.

The present work describes an attempt of verifica-
tion of configuration of the stress field remain in chosen
coatings of Cr and CrN deposited on structural steel
which are one of the most widely applied materials with
layer structure.

According to numerous literature records [3-7],
multilayer Cr-CrN coatings are characterised by a very
good crystallographic matching of subsequent con-
stituent Cr and CrN layers [3] and by the creation of crys-
talline transient layer with the thickness of tens nanome-
ters [7]. It ensures a good connectivity of layer in partic-
ular separation zones, and as a result, good maintenance
properties: adhesion [4], abrasive wear resistance [5] and
corrosive resistance [6]. By M. Berger at al. [8] has al-
so been revealed that the presence of constituent layers
with a greater plasticity in the multilayer coating sig-
nificantly increases coating’s abrasive wear resistance.
The outcomes of experimental testing indicate in this
case an important role of constituent layers of metallic
chromium, which thanks to their capability of plastic
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deformation, limit the operation of hard particles in the
friction area.

The goal of presented stress analysis is comprehen-
sive characterization of material structure, essential from
viewpoint of prediction it behaviour in exploitation con-
ditions. Based on experimental data, a large diversity
of the stress profile have had been identified. Applied
measurement way, data processing and interpretation of
results are the subject of the work.

2. Material

Three various metallic coatings deposited by differ-

ent methods on steel substrate previously heat-treated
or/and nitraded was subdued to investigation:
Cr coating (ca. 25 pm thick) has been deposited by a
galvanic method on a steel rod of 22 mm diameter with
hardend (martensitic) near-surface layer of 2 mm thick
(Fig. 1). Three samples of the Cr coated on steel rod in
different technological conditions denoted as Crl, Cr2
and Cr3 were examined.

Fig. 1. Scheme of steel rod (22 mm diameter) with hardened near-surface layer, coated by Cr (left) and microstructure of its cross section
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or o,
s s o i
Cr .
PR — CrN (g=0.8um) Crenl
EE——_____ (g=0.2nm) Cri -

—_ ]
| Substrate: steel 4H13 ] CrN (g=1um)

o

Sabshals , ,
stocl éH13 Tt

Fig. 2. Scheme (left) and microscope view (right) of structure of multilayer coating Cr-CrN. Thickness of individual layers (denoted as “g”

is given in the brackets



51

TABLE 1

Technological parameters of manufacturing constituent layers materials Cr, CrN in the investigated multilayer coatings

Pressiire Polarisation Foundation Deposition
Material | Atmosphere bar voltage temperature speed
plmbar] Ubias [V] T [°C] V [nm/min]
Cr 100% Ar 3.0x107 =50 450 50
CrN 100% N, 3.5%107? -200 450 60

Fig. 3. Microstructure of side surfaces of the examined Cr (left) and CrN (right) coating

CrN and multilayer Cr-CrN coatings based on chromi-
um nitride were obtained at Plasma Technology Centre
ITE-PIB in Radom by means of arc-vacuum method [9,
10] with the use of MZ383 device by Metaplas lonon
company.

The CrN coating ca. 6 um thick was deposited on 4H13
steel substrate. In the case of the Cr CrN multilayer coat-
ing the following scheme of reciprocal system of partic-
ular constituent layers was applied: the first constituent
layer deposited directly on the substrate was CrN 1 pm
thick. As next 5 two-layer Cr-CrN complexes were de-
posited, in which Cr thickness amounts to 0.2 um and
the thickness of CrN is 0.8 um (Fig. 2).

The differentiation of thickness in the manufactured

constituent layers was achieved by choosing the depo-
sition process time. Multilayer coatings selected for the
stress examination were obtained according to parame-
ters given in Tab. 1.
Microstructure of surface of the examined Cr and CrN
coatings observed by means of optical and scanning elec-
tron microscopy techniques, respectively is presented in
Fig. 3.

3. Experiments and metodology

Examination of residual stresses was performed by
a siny method [11] based on X-ray diffraction data.

Respecting the material of substrate and coating of ex-
amined samples, the both CoKa and CuKa series of
radiation have been applied. For each of the samples,
averaged lattice strains were measured traditionally in
two mutually perpendicular planes and additionally, the
depth profile of it in one of the planes have been inves-
tigated.

Values of residual stresses were calculated regarding
the isotropic elastic constants calculated by the Reuss
model [12, 13] using a computer program Stress by
Baczmanski [14]. Appropriate values of Young’s
modulus, Poisson’s ratio and isotropic diffraction elastic
constants s;, 'bs; were taken from literature data [15]
and given in Tab. 2.

TABLE 2
Elastic constants of examined materials
Material
Parameter a-Fe
Cr | GN (Martensite)
Young’s modulus E [GPa] | 279 | 216 201
Poisson’s ratio v 0.2110.20 0.296
Diffraction elastic constants sy [1/TP] {-0.75|-0.97 -1.47
Diffraction elastic constants s, [1/TP]| 4.34 {11.20 6.43

Measurement apparatus equipped with Euler cradle
and a parallel X-ray beam optics have enabled to real-
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ize a various tilting the sample, its rotation and x y z
positioning needed in depth-profile analysis of residual
stresses. Besides of sample tilting by the ¢ angle im-
posed by the sin’y method another one by the y angle
was applied to changing the penetration depth of X ray
beamn during the measurement [2].

As a result, the diffraction effects could be registered
for thicker and thicker (counting from outer surface of
sample) layers of material. For such chosen successive
layers of L thickness (Fig. 4) the residual stresses oV
have been calculated by sin’y procedure. Then using a
simple proportion between the thickness of successive
layers and regarding exponentional character of attenu-
ation of the intensity of X ray beam due to absorption,
values of the stresses ascribed to individual sub-layers
of sl thickness (denoted as 0-*”) have been evaluated as
follows.

surface of

sample

sub-layer

Dl
<>
-~

Fig. 4. Scheme of layers considered at measurement and calculating
procedures heading to reveal the depth-profile of residual stresses

The averaged o©) component of the stress in the
measured near-surface layer of sample with L thickness
is a superposition of the o®? and o stresses existed
in a chosen sub layer (s/) and in whole material (/) lay-
er laying directly above of it, respectively (see Fig. 4).
Analogously to procedure of separation of a sub-layer
signal contained in diffracted beam applied in the X-ray
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texture tomography [2], following relation can be intro-
duced:

o =1-4)0cP+4 0", (1

where the factor A € (0,1) defines the proportion
(weight) between the stresses existed in the near surface
layer (1) and under near surface one separated from the
whole depth of examined volume (L). After transforma-
tion the Eq. (1), interesting values of the o*? stress can
be calculated by following equation:

ot = % (e -1 -4)- ) @)

The near surface layer acts as a sort of filter attenu-
ating the intensity of the beam passing through the part
of sample. This weakening expressed by the A parameter
in Eq. 1 can be described by means of Beer-Lambert’s
absorption law, which, after taking into consideration the
definition of the effective penetration depth in the applied
a non-symmetrical focusing geometry of measurement
can be expressed as follows [2]:

A=t (3)

where p is linear absorption coefficient of examined ma-
terial for applied radiation, and ¢ (here 6 < { < 10) is
scaling parameter represents the geometrical dependence
between the angles (4, w, y) defining the sample position
in the goniometer during the measurement of diffraction
effects from near-surface layer with a given thickness

[2]:

_ sin(6 - w)+sin@+w) 1
"~ sin(@ + w) - sin(@ — w)

(4a)

cCos ¥

All measurements presented in this work were made at
w = 0 geometrical condition so the above relation can
be simplified:

_ 2sind . 1
h cosy

(4b)

sin® @
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Fig. 5. Scheme of samples with deposited mono- CrN and multilayer Cr-CrN coatings (left) and additionally examined oblique section

(right) with marked localization of measurement areas of residual stresses



Subsequent values of the o? component of the
stresses depth profile were calculated by Eq. (2) based
on the o'® and o ones obtained in individual mea-
surements with controlling depth by means of y-tilting
of sample (y # 0). Resulted depth-profiles for the Cr,
CrN and Cr-CrN coatings are presented in Figs. 6 and
7, respectively. Additionally, in the case of the CrN and
Cr-CIN coatings traditional stress analysis by the sin?y
method was performed on a special oblique section as it
is shown in Fig. 5. In this way a comparison of traditional
and the suggested manners of revealing the detph-profile
of stresses has been gotten.

4. Results and its discussion

Averaged level of residual stresses revealed in the ex-
amined coatings and substrate materials by convention-
al sin?y method (at y = 0) are given in Tab. 3. All
identified values indicate a compressive character of the
stresses.
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In the case of the Cr coatings the results are re-
lated to the border circumference lying in a plane of
cross-section of the rods, marked in Fig. 1 as oy com-
ponent of the stress field. Obtained results reflect an av-
erage level of residual stresses in outer zone of the Cr
coatings (ca. 6.2 um thick) and the substrate steel (whole
matrensitic layer visible eg. in Fig. 1). Relatively higher
level of the stresses is noticed for Cr3 and essentially
lower ones for Cr2 and Crl samples.

Among the CrN and Cr-CrN coatings the second one
manifests essentially higher averaged level of residual
stress. Substrates of the both layers are stressed similarly
at level of —750 MPa. As it was examined, the coatings
and it substrates exhibit similar level of residual stress-
es measured in two mutually perpendicular planes, i.e.
o #F 0.

Depth-profiles of the o3, component of stresses
were obtained by means of non-standard measurement
geometry described above (at y # 0) and calculation by
the sin®y method regarding Eq. (2). Depth-profile of the
same stress component reveals its local level to some
depth form surface to the coating-substrate interface.

TABLE 3
Averaged values of residual stresses identified in examined sections of the samples
Sample . . . . .
(coating) Orientation of identified component of stress field Level of stresses [MPa]
Plane Direction Coating Substrate
Crl Cross-section of rod Border circumference -516 + 205 508 + 43
Cr2 Cross-section of rod Border circumference —652 + 205 —
Cr3 Cross-section of rod Border circumference —1590 + 205 944 + 45
CrN Surface of coating Arbitrarily chosen —1254 + 53 -750 £ 45
Cr-CrN Surface of coating Arbitrarily chosen —-1807 + 60 -750 £ 45
Residual stresses [MP2]
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Fig. 6. Depth-profiles of residual stresses (o5, component) in examined monolayer Cr coatings (Crl, Cr2 and Cr3) related to the border

circumstance laying in a plane of cross-section of the rods
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Fig. 7. Depth-profiles of residual stresses (0 component) in examined CrN and multilayer Cr-CrN coatings related to arbitrarily chosen

plane perpendicular to outer surface of the sample (marked grey area indicate the level of stresses in substrate)
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Fig. 8. Distribution of value of the o5, stress component in the slanting section shown in Fig. 5 for the both Cr and Cr-CrN coatings (shaded

range consists the results charged by big errors due to the substrate artefacts in registered diffraction profiles, and should be omitted)

In the case of the Cr coatings (Fig. 6) the pro-
files reach to depth ca. 5.0 um characterizes significant
changes of values. It concerns especially to sample Crl
and Cr2 for which below 3.0 um the stresses change its
sign (“=" — “+”) from compressive becoming extensive.
Such a change has no noticed in coating Cr3.

In the case of CrN and Cr CrN coatings, suitable
gradients of stress are presented in Fig. 7. As it can be
noticed, the stresses change strongly with distance from
the sample surface. In the case of monolayer CrN, the
change of sign was identified even. It has consequences
in behaviour or the coating during exploitation. Com-
paring the two kinds of coatings, the Cr-CrN one is es-
sentially more durable when compared to the CrN. The
reason is in stress-extenuating influence of the Cr inter

layers which was identified in the presented depth-profile
(see Fig. 7).

Results of a stress topography of the o compo-
nent registered in the oblique section (see Fig. 5) for the
both Cr and Cr-CrN samples are given in Fig. 8. The
results shown that distribution of the stresses measured
at different depth of coatings after it sectioning have a
similar character and are definitely different when com-
pared to its depth-profile registered in non-destructive
manner. Moreover, based on the results presented in Fig.
8 interpretation of significant differences in exploitation
properties of the both kind of coatings becomes greatly
difficult.

It is worth noticing that yield stress (R,) of the Cr
or CrN coating depends essentially on its thickness and



can be vary in the broad limits. The limits in the case of
the CrN is a hundreds to a few thousands MPa, and for
that reason the identified maximum values of the stresses
seems to be reasonable high (see Fig. 8).

5. Summary

Stress in coatings is mainly the net sum of ten-
sile/compressive stresses due to incompatibility at the
grain boundaries and in the near-substrate area. Resul-
tant components leads to a stress gradient, like in the
examined coatings of Cr and Cr-CrN.

The values of stresses identified in two mutually
perpendicular planes denoted as ¢o;; and o, allow to
recognize an anizotropy of the field of residual stresses
existed in examined coatings.

Depth-profiles of the o3; component of stresses pre-
sented in Figs. 6 and 7 are much more informative when
compared to its averaged level obtained in conventional
sin’y method. At first the depth-profile reveals configu-
ration of the stress field versus surface or interface dis-
tance and indicates localization of potential destruction
area. It has an essential meaning in designing the mono-
and multilayer coatings and in analysis of deterioration
of material structure in exploitation conditions.

Obtained result show that the averaged level of
stresses do not express the stress state of such a struc-
ture like coatings and near-surface layers. As long as
the gradient of the stresses (at least one component of
it) is unknown, the “stress picture” of material is great-
ly insufficient. In the case of significant anisotropy of
the stress field, its interpretation based on one, averaged
value only can be — to some extent — even erroneous.
Presented in the work the non-destructive manner of re-
vealing the depth-profile is greatly effective in reference
to the metallic/ceramic coatings when compared to clas-
sical mode of stress analysis on sections.
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