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Abstract— Using the finite-element method, the problem of thermoelastic stress distribution in a high-speed
R2M19 steel coating on a 30KhGSA steel substrate has been solved. Stress distributions in the coating versus
distance from the surface have been obtained. It has been found that normal component G,, of the stress ten-
sor varies nonmonotonically along the rounding radius and monotonically along the central axis. It has also
been shown that the von Mises stress intensity rises toward the coating boundary, as a result of which a min-
imum appears in the dependence of the microhardness on distance to the coating boundary. Stability analysis
of carbide phase inclusions subjected to thermoelastic stresses has been carried out. It has turned out that
inclusions 10 wm or greater in size are unstable if their thickness is about 1 um or less.
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1. INTRODUCTION

Today, techniques for applying wear-resistant
high-speed steel coatings by means of highly concen-
trated energy fluxes are gaining ground. Coatings are
deposited using lasers [1], electron beams [2], plasmas
[3], etc. These methods provide small fusion penetra-
tion and a narrow zone of thermal effect in the sub-
strate. In the case of laser surfacing, however, the
probability of hot cracking rises significantly notwith-
standing micro- and nanostructuring and high crys-
tallization rate. Electron-beam surfacing requires high
vacuum, which limits its applicability to large parts,
although it is expected that vacuum-free technologies
being developed will remove this restriction.

The plasma method does not experience size and
shape limitations, but it results in cold cracking [5],
which can be avoided by applying additional thermal
treatment. Therefore, the search for conditions for
plasma surfacing of high-carbon high-speed steel lay-
ers that could prevent cracking and at the same time
ensure high mechanical and tribological properties
without additional thermal treatments is growing
more urgent [6]. To solve this problem, it is insuffi-
cient to know only the mechanisms of micro- and
nanostructuring during surfacing. It is also necessary
to have an idea of stress distribution in the coating and
at the coating—substrate interface at different instants
of time after the plasma action.

Stresses are usually calculated using methods from
the theory of elasticity of inhomogeneous media [7].
These methods are conditionally subdivided into three

groups: analytical methods, numerical methods, and
analytical—numerical ones. Analytical methods take
into consideration the relative thickness of coating.
This allows asymptotic expansions to be applied [8, 9].
A disadvantage of such an approach is that there arises
the necessity for solving integral equations. In this
case, the resulting distributions of stress normal and
tangential components are most frequently of a quali-
tative e character. In analytical approaches emphasis is
given to calculating the width and depth of the coun-
terface contact.

In [10, 11], a matrix algorithm approach was sug-
gested as an alternative. Its essence is that conditions at
the layer interfaces are coupled through transfer matri-
ces. After a transfer matrix is constructed, stresses and
displacements in the first later are calculated by the
coupling formula

11

Here, f] is the column vector of the first layer, f, is
the column vector of the nth layer, and G; is the
interlayer transfer matrix. The column vector of
each layer includes stresses and displacements in
the first layer [10].

However, if the number of layers is large, the
matrix becomes cumbersome. Notwithstanding this
disadvantage matrix algorithms are successfully
applied to solve problems of wave propagation in inho-
mogeneous layered media [11].
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Intensive development of information technologies
has given rise to program suites based on finite-ele-
ment methods [12, 13]. One must adapt these suites to
still outstanding problems and provide a deeper insight
into coating—substrate contact interaction to select an
appropriate grid for adequately splitting the system
into elements. Among the advantages of these meth-
ods are the feasibility of studying 3D problems, the
possibility of inelastic element introduction, and a
greater clarity compared with analytical methods.

Unlike the above two methods, analytical-numer-
ical methods when applied to inhomogeneous bodies
do not set any limitations on the relative thickness or
rigidity of the coating. Here, numerical procedures are
applied only at the final stage of solution. These pro-
cedures are based on Fourier or Hankel integral trans-
formations. The accuracy of transform numerical
inversion is a weak point of these methods [14]. Nev-
ertheless they are finding application, e.g., in simulat-
ing the accumulation of contact damage in a domain
between loosely coupled layers [15] and the evolution
of the wheel and rail profiles [16].

The aim of this study was to elucidate the mechan-
ical stress field distributions in a high-speed steel coat-
ing at different instants of time after the end of plasma
surfacing.

2. PROBLEM DEFINITION
AND SOLUTION METHODS

Let us consider the stress and strain evolution in a
0.9-cm-thick R2M9 high-speed steel layer surfaced on
al.8-cm-thick 30KhGSA steel substrate. The domain
of computation is schematically shown in Fig. 1. The
temperature of the layer is taken to be equal to the steel
melting point, 1573 K, and that of the substrate is set
equal to 293 K. It is assumed that we are dealing with
plane-strain deformation.

The equation of dynamic thermoelasticity for the
coating and substrate is given by

2. n
0 u, _ ac,-j

812 axj ’ (1)

oT, 00
Cpnpn a_tn = V(knv 7—;1) + (37\% + 2Mn)(XTnT(')n atn .

Pn

Table 1. Boundary conditions (see Fig. 1)
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Coating (R2M9 steel),
T7,=373K
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Substrate (30KhGSA steel),

T,=373K

A F

Fig. 1. On the problem of stress calculation in the depos-
ited layer. Lines show the directions of stress distribution
calculation.

Here, i, is the displacement vector; G; are stress
tensor components,;c,, is the specific heat; p,, is the
density; 7, and T, are the current and initial tempera-
tures, respectively; A, and W, are the Lame V coeffi-
cients; Oy, is the linear thermal expansion coefficient;
0, is the volume strain; k,, is the thermal conductivity;
V is the nabla operator; and # is the number of layer.

Stress—strain coupling has the form

o; = A1,0,8, + 2W,€;

(2)
- (27\% + zun)aTn(T;t - 7—;10)9

. du,;
where 5,j is he Kronecker delta, e; =1 % + L is
2\ ox;  Ox;

the strain tensor, and 0 = ¢,, + €,,.

Boundary conditions for Egs. (1) and (2) are given
in Table 1.

The above set of equations was solved by the finite-
element method using the Comsol Multiphysics soft-
ware suite. A triangular grid with an element minimal
size of 0.2 pm was applied. The elastic—plastic transi-
tion was determined by the von Mises criterion

\/(Gxx -0,,) +41, <0, (3)

where G,, and o, are the normal components of the
stress tensor, T,, 1s the tangential component, and G, is
the yield strength.

Boundary T, q o,
AF —~V-G=0 i=0
AB, CCD'D, DE, EF V-g=aor (T3 ~T"), —V-G=xT ~T) -
CD - -

V is the normal vector, § is the heat flux density vector, ¢ is the mechanical stress, # is the displacement vector, K is the heat transfer
coefficient, a is the absorption factor, o is the Stefan—Boltzmann constant, 7 is the surface temperature, and T, is the external tem-

perature.
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Table 2. Physical parameters of the coating and substrate

NEVSKII et al.

Parameter Substrate (30 KhGSA steel) Coating (R2M9 steel)
Density p, kg/m? 7850 8800
Monynbs FOura F, I'Tla 215 181
Linear expansion coefficient o, x 1076 K~ 117 11
Specific heat c,, J/(kg K) 496 500
Thermal conductivity £, W/(m K) 38 27
Poisson’s ratio v 0.28 0.28
Initial temperature7;, K 293 1573

The physical properties of the coating and substrate
ate listed in Table 2. The temperature dependences of
the density, specific heat, thermal conductivity, linear
thermal expansion coefficient, and elasticity
(Young’s) modulus were obtained by approximating
relevant handbook data [17, 18] included in the Com-
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Fig. 2. Distribution of stress tensor normal component Gy,
in the deposited coating along (a) the central axis and
(b) rounding radius at different instants of time: (/) 0,
(2) 10, (3) 1000, (4) 2000, (5) 3000, (6) 4000, and (7) 4650 s.
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sol Multiphysics software. In Table 2 the values of
these parameters are presented for initial temperatures
of the coating and substrate.

3. RESULTS, DISCUSSION,
AND MODEL VERIFICATION

Figure 2 shows the distribution of stress tensor nor-
mal component 6, with distance x from the coating
surface. The distance was measured along the round-
ing radius and central axis at different instants of time.
Along the central axis, normal stresses initially rise
monotonically to 200 MPa at x = 0.9 cm. Then, tensile
stresses change to compressive ones, which is in agree-
ment with the generally accepted understanding of the
material behavior under cooling.

In the case of the stress distribution along the
rounding radius, the pattern is somewhat different
(Fig. 2b). While initially (up to x = 0.5 cm) compres-
sive stresses prevail, at further cooling tensile stresses
become dominating. The latter vary nonmonotoni-
cally: their maximum shifts from x = 0.19 cm to x =
0.21 cm.

Stress tensor component G, varies in a similar way
with the only difference that stresses vary nonmono-

tonically over the rounding radius of the coating
(Fig. 3).

Such a variation of mechanical stresses under cool-
ing is explained by the fact that surface layers cool
down faster than the rest of the coating volume [20].
Temperature field calculations showed that the ther-
mal front propagates from the coating toward the sub-
strate with cooling time (Fig. 4). As the front moves, it
heats up secondary phase inclusions encountered in
its path. They decompose because of temperature
instability arising due to a linear thermal expansion
coefficient mismatch between inclusions and the
matrix [21].
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Since the yield strength of the material grows under
cooling, it might be expected that the interior of the
coating is more ductile than its surface layers. To verify
the model, we examined the structure and mechanical
properties of the deposited layer using a KYKY-EM
6900 scanning electron microscope and an HVS-1000
hardness meter (an indentation load of 1 N). It was
found that microhardness HV of the deposited layer
(Fig. 5a) does drop from 75 to 60 GPa with distance
from the surface. The nonmonotonic variation of the
microhardness at depths within 4.5—6.0 mm results
from the presence of carbide phase inclusions Me,C,
MeC, and Me,C; (Me = Cr, Mo, V, W, Fe, Mn) and
a carbide network (Fig. 5b).

The von Mises stress intensity monotonically
grows with distance from the surface (Fig. 6), peaking
at the coating—substrate interface irrespective of
whether the stress distribution is taken along the
rounding radius or along the central axis. At the end of
cooling, its value in both directions roughly equals
900 MPa, which is higher than the yield strength of
R2MO steel (=630 MPa) by a factor of 1.4. The rise in
the Mises stress intensity may explain the decline of
the microhardness toward the coating boundary
(Fig. 5a). This supports the adequacy of the tempera-
ture model suggested.

It was noted above that temperature fields and
thermoelastic stresses influence carbide phase inclu-
sions, causing their decomposition. In [20, 21], insta-
bility criteria for a round inclusion subjected to a static
compressive load were derived using the method of
dynamic stability analysis of plates under the assump-
tion that the inclusion has the form of a hingedly sup-
ported plate:

D
P, =B, (4)
P, R’h

In the case of a clamped plate, the expression takes
the form

P = 02 )
R°h
_ _EK
Here, D = ————, where E and v are, respec-
120 —v)

tively, the elasticity modulus and Poisson’s ratio of the
inclusion; R and 4 are, respectively, the radius and

thickness of the inclusion; o, , = g(zm +4n+1) and

Bu,=m (2n +m+ i) are coefficients determined from

the COHditiOI'lS Jn+l(a‘n+l,m) = 0 and (Bn, m)Jn(Bn, m) -
(1 —v)J, +I(Bn, w0 = 0;J, (%) is the Bessel function; m is
a constant; and # is the order of the Bessel function.

Results of calculations by formulas (4) an (5) show
that for an # = 1 um-thick chromium carbide inclu-
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Fig. 3. Distribution of stress tensor normal component G,
in the deposited coating along the (a) central axis and
(b) rounding radius at different instants of time: (/) 0,
(2) 10, (3) 1000, (4) 2000, (5) 3000, (6) 4000, and (7) 4650 s.

sion (E=369 GPa,v=0.2, o.;= 10~ K~') with radius
R = 10 pm, the critical stress is p.,, = 1.84 GPa in the
case of a hingedly supported plate and 6.45 GPa in the
case of a clamped plate. For an iron carbide inclusion
(E=292 GPa, v=0.3, o.;= 107> K~!) with the same
geometrical parameters, p., = 1.46 GPa in the first
case and 5.10 GPa in the second case.

In [24], a formula for stress estimation around an
inclusion is presented:

G. = BB,(1 + V)T, (O = Opy)Vy = (Opy + Oyy)) (6)
° B(v, + 1)+ By(1-v,) ’

where B, = E,/(1 — v) (n =1 or 2 for inclusion and
matrix, respectively) and T, is the temperature of the
matrix.

From (5) it follows that for chromium carbide and
iron carbide at 473 K (the temperature of martensitic
transition in the matrix), 6, = —2.39 and —2.31 GPa,
respectively. This allows for the conclusion that inclu-
sions 10 um or more across and 1 wm or less thick are
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Fig. 4. Temperature fields in the coating and substrate at different instants of time: (a) 10, (b) 100, and (c) 1000 s.
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Fig. 5. (a) Microhardness distribution over the R2M9 steel coating thickness and (b) the electron microscopic image of the car-
bide phase: (/) carbide of the MeyCy type and (2) carbide network.
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Fig. 6. Distribution of Mises stress intensity Gy in the
deposited coating along the (a) central axis and (b) round-
ing radius at different instants of time: (/) 0, (2) 10,
(3) 1000, (4) 2000, (5) 3000, (6) 4000, and (7) 4500 s.

unstable and decompose, giving rise to the formation
of the carbide phase.

4. CONCLUSIONS

(i) The distributions of the stress tensor normal
components and von Mises stress intensity in a high-
speed R2M 19 steel coating on a 30KhGSA steel sub-
strate were obtained using the finite-element method.
They were taken in two directions, along the central
axis and along the rounding radius of the coating, at
different instants of time after the end of coating depo-
sition.

(ii) Along the central axis, normal component G,,
of the stress tensor varies monotonically toward the
boundary of the coating. Along the rounding radius,
o,, varies nonmonotonically and exhibits a maximum
within 0.5 cm from the surface. Stress tensor compo-
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nent 6,, and von Mises stress intensity rise monotoni-
cally along both the central axis and rounding radius.

(iii) Tensile stresses reach a maximum of 500 MPa
within 10 s after the end of deposition and drop to
100 MPa in 4500 s. With time, the maximum of tensile
stresses shifts into the coating.

(iv) The stability of carbide inclusions subjected to
thermoelastic stresses was studied by applying meth-
ods from the theory of plates and shells. It turned out
that for a chromium carbide round inclusion 10 pm in
radius and 1 wm thick, critical stress p. equals
1.84 GPa when the inclusion represents a hingedly
supported plate and 6.45 GPa in the case of a clamped
plate. For an iron carbide inclusion with the same geo-
metrical parameters, p,. = 1.46 GPa in the model of
hingedly supported plate and 5.10 GPa in the clamped
plate model.

(v) Thermoelastic stresses around chromium car-
bide and iron carbide inclusions about 10 um in size
equal 2.3—2.4 GPa, which points to the instability of
inclusions 10 v or greater in size.

ABBREVIATIONS AND NOTATION

o), normal component of the stress tensor

A column vector of the first layer

I column vector of the nth layer

G; interlayer transfer matrix

i, displacement vector

GZ- stress tensor components

Om Mises stress intensity

Con specific heat

Py density

T, and T, current and initial temperatures,
respectively

A, and W, Lame V coefficients

Oz, linear thermal expansion coefficient

0, volume strain

k, thermal conductivity

\Y nabla operator

n number of layer and the order of the
Bessel function

d; Kronecker delta

€ strain tensor

0=¢,tg,

Cyx> Oy normal components of the stress tensor

Tyy tangential component of the stress
tensor

o, yield strength
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X distance from the coating surface
microhardness of the coating

E v elasticity modulus and Poisson’s ratio
of the inclusion, respectively

R, h radius and thickness of the inclusion,
respectively

0, ,and B, , coefficients

J, T+ 1(x) Bessel function

m constant

Der critical stress

T, temperature of the matrix
Cp stress field around inclusion
v normal vector

q heat flux density vector

u displacement vector

K heat transfer coefficient

a absorption factor

OoT Stefan—Boltzmann constant
T surface temperature

Toy external temperature

p specific heat
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