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EVALUATION OF THE ACCURACY
OF DIMENSIONAL-
STRENGTHENING HEAT-
OXIDATION TREATMENT OF
CARBIDE PRODUCTS

The article investigates the accuracy of dimensional
strengthening thermo-oxidative treatment of hard-alloy products.
The study analyzes how temperature field nonuniformity in the
furnace and temperature fluctuations during processing influence
the dispersion of dimensions of tungsten—cobalt alloy parts. A
theoretical model describing the relationship between dimensional
deviations before and after thermo-oxidation is developed using
statistical methods and the theory of random processes.

The influence of constant temperature gradients and
random temperature fluctuations on the oxidation depth and
accuracy
functions of temperature variations in furnaces with different
control systems are determined, and their effect on the variance of
the removed material layer during thermo-oxidation is established.
Experimental studies on hard-alloy samples confirm the theoretical
dependences and demonstrate that even small temperature
differences in the furnace can lead to noticeable dimensional

is analytically evaluated. Correlation

The research also examines the effect of oxidation
conditions (air and oxygen atmosphere) on the dimensional
accuracy of hard-alloy elements used in high-pressure chambers.
Results show that thermo-oxidative treatment improves surface
microrelief and can slightly reduce the dispersion of dimensions. It
is established that increasing the oxidation time while decreasing
the oxidation rate and furnace temperature can significantly reduce
dimensional variance and improve processing accuracy.

The obtained
optimizing thermo-oxidative processing parameters and improving

results provide recommendations for

dimensional accuracy in the manufacturing of hard-alloy
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Problem formulation. Thermo-oxidative
treatment (TOT) is widely used in the technological
processing of hard-alloy products as a method of
dimensional strengthening and finishing. This
process is based on controlled high-temperature
oxidation of the material surface, followed by the
removal of the formed oxide layer. Due to this
mechanism, thermo-oxidative treatment allows the
formation of required geometrical parameters,
improvement of surface quality, and stabilization of
the structural and mechanical properties of hard
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fluctuations, oxidation kinetics, dimensional dispersion, temperature
field nonuniformity, oxidation depth, surface microrelief.

alloys. The method is particularly important in the
manufacturing of precision components made of
tungsten—cobalt alloys, which are widely applied in
high-pressure equipment, cutting tools, and wear-
resistant elements.

Despite its technological advantages,
ensuring high dimensional accuracy during thermo-
oxidative treatment remains a complex problem.
Unlike conventional mechanical processing
methods, the material removal during thermo-
oxidation depends not only on geometric
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parameters and tool positioning but also on
physicochemical processes occurring at elevated
temperatures. The oxidation rate is strongly
influenced by temperature, oxidation environment,
exposure time, and the microstructure of the
material. As a result, even small deviations in
technological parameters may lead to significant
variations in the thickness of the removed layer and,
consequently, in the final dimensions of the treated
parts.

One of the most important factors affecting
the stability of thermo-oxidative processing is the
temperature regime in the furnace. In practical
industrial and laboratory  conditions, the
temperature field in the working zone of a furnace
is rarely perfectly uniform. Spatial temperature
gradients arise due to design features of heating
elements, heat losses, gas circulation, and loading
conditions of the furnace chamber. Parts located in
different regions of the working zone may therefore
be exposed to slightly different temperatures during
processing. Since the oxidation rate depends
exponentially on temperature, even minor
temperature differences can significantly affect the
kinetics of oxidation and the resulting dimensional
changes.

Another source of dimensional inaccuracy
is the presence of time-dependent temperature
fluctuations during the processing cycle. These
fluctuations are caused by the limitations of
temperature control systems, the thermal inertia of
the furnace and thermocouples, variations in
electrical supply voltage, and environmental
conditions. As a result, the actual temperature
inside the furnace can be represented as a
stochastic process that continuously deviates from
the nominal setpoint. Such random variations
influence the oxidation rate over time and lead to
random deviations in the thickness of the oxidized
layer formed on the surface of the parts.

The combined effect of spatial temperature
nonuniformity and temporal temperature
fluctuations results in a dispersion of dimensions
within a batch of processed products. Even when
the initial dimensions of the parts are identical or
very close, differences in thermal conditions during
treatment may cause uneven oxidation depths.
Consequently, the final geometrical parameters of
the products may vary beyond acceptable tolerance
limits. This issue becomes particularly critical in the
production of precision components, where
dimensional deviations of only a few micrometers
may significantly affect the performance of the final
product.

In addition to thermal factors, the
dimensional accuracy after thermo-oxidative
treatment is influenced by the characteristics of the
initial surface and the microrelief of the material.
Hard-alloy products obtained after sintering often
possess surface irregularities, adhered patrticles,
and inclusions of large carbide grains. These
microstructural features can affect the local
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oxidation rate and introduce additional variability in
the thickness of the removed material layer. During
thermo-oxidation, protruding micro-irregularities
tend to oxidize more intensively, which may partially
smooth the surface but also influence dimensional
measurements.

Another important technological factor is
the oxidation environment. The process may be
performed in air, oxygen, or other oxidizing
atmospheres. Each environment is characterized
by different oxidation kinetics, which directly affects
the rate of oxide layer formation and the overall
depth of material removal. Therefore, the selection
of oxidation medium and processing parameters
must be carefully optimized to achieve both the
required material removal and acceptable
dimensional accuracy.

The technological regime of thermo-
oxidative treatment, including processing time and
furnace temperature, also plays a critical role in
determining the dispersion of dimensions. For a

given required oxidation depth, different
combinations of temperature and time can be
applied. For example, a higher temperature

combined with shorter exposure time or a lower
temperature combined with longer exposure time
may produce the same nominal oxidation depth.
However, these regimes may lead to different levels
of dimensional dispersion due to the sensitivity of
the oxidation rate to temperature variations.

From a technological standpoint, it is
therefore necessary to develop methods for
evaluating and predicting the influence of
temperature instability and other process
parameters on the accuracy of dimensional
processing during thermo-oxidation. Such an
analysis requires the application of statistical
approaches and the theory of random processes,
which make it possible to describe temperature
fluctuations and their influence on oxidation kinetics
in a quantitative manner.

Despite the practical importance of thermo-
oxidative treatment in the manufacturing of hard-
alloy components, the relationship between
temperature fluctuations, oxidation kinetics, and
dimensional accuracy has not been sufficiently
studied. In particular, there is a need for a
comprehensive theoretical and experimental
analysis that would allow the determination of the
main factors influencing dimensional dispersion
and the development of recommendations for
improving the accuracy of thermo-oxidative
processing.

Therefore, the main problem addressed in
this study is the investigation of the influence of
temperature field nonuniformity, random
temperature fluctuations, oxidation environment,
and technological parameters of thermo-oxidative
treatment on the dimensional accuracy of hard-alloy
products. The research aims to develop a
theoretical model describing the formation of
dimensional deviations during thermo-oxidation, to
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verify the model experimentally, and to identify
technological conditions that ensure minimal
dimensional dispersion of processed parts.

The results of such research are important
for improving technological processes used in the
production of precision hard-alloy components,
increasing the reliability of thermo-oxidative
dimensional processing, and ensuring stable
quality of manufactured products.

Analysis of recent research and
publications. Hard alloys based on tungsten
carbide with cobalt binder (WC—Co) are among the
most widely used engineering materials due to their
high hardness, wear resistance, and thermal
stability. They are extensively applied in cutting tools,
mining equipment, and components operating under
extreme conditions. Modern research in this field
focuses on the physicochemical processes that
occur during high-temperature treatment of these
materials, including oxidation Kkinetics, phase
transformations, and the influence of technological
parameters on structural and dimensional stability.

A significant number of studies are devoted
to the oxidation behavior of WC-based hard alloys at
elevated temperatures. Researchers have shown
that the oxidation process in WC—Co alloys occurs
through complex chemical reactions involving
tungsten carbide and the cobalt binder, resulting in
the formation of oxide compounds such as WOs3;,
Co0O, Co30,, and complex oxides like CoWO,. The
oxidation resistance of such alloys depends strongly
on their phase composition, microstructure, and the
protective properties of the oxide layer formed during
heating.

Experimental investigations of  high-
temperature oxidation in cemented carbides indicate
that oxidation kinetics strongly depend on
temperature and environmental conditions. Studies
show that the oxidation rate increases significantly
with temperature in the range of approximately 400—
800 °C and may vary depending on the atmosphere
(for example, dry air or water vapor). The oxide layer
formed during the process may contain pores,
cracks, and volatile oxide phases, which influence
the stability and mechanical properties of the treated
material.

Another important direction of research
concerns the kinetics of oxidation processes in
tungsten-based materials. It has been established
that oxidation kinetics can demonstrate complex
behavior, including changes in activation energy and
deviations from classical parabolic oxidation laws
within certain temperature ranges. For example,
studies of WC-based carbides have revealed
anomalous behavior in the oxidation rate between
approximately 528 °C and 630 °C, where the rate
may decrease with increasing temperature due to
changes in reaction mechanisms and oxide scale
formation.

In recent years, considerable attention has
also been paid to the influence of alloy composition
and binder phases on oxidation resistance.

75

ma mexHorsoeisix
2026

Research indicates that modifications of the binder
composition, including the introduction of additional
alloying elements or high-entropy binders, can
significantly improve oxidation resistance and modify
the mechanism of oxide layer formation. Such
approaches are used to enhance the performance of
hard alloys in high-temperature environments.

Along with chemical composition, the
technological parameters of thermal treatment play a
crucial role in determining the oxidation behavior of
hard alloys. These parameters include the
temperature regime, processing time, and oxidation
atmosphere. Variations in these factors influence the
rate of oxide formation, diffusion processes in the
material, and the thickness and structure of the oxide
layer. Therefore, optimization of thermal processing
regimes remains an important task in the
development of advanced technologies for hard-
alloy components.

Another important research direction is the
study of the influence of microstructure and surface
condition on oxidation processes. The morphology of
the surface, grain size distribution, and the presence
of defects or inclusions can significantly affect
diffusion processes and chemical reactions
occurring during oxidation. Consequently, the initial
state of the material and its surface preparation may
influence the uniformity of oxidation and the resulting
dimensional changes in processed parts.

Despite the considerable amount of
research devoted to oxidation processes in tungsten-
based alloys, most studies focus primarily on
chemical mechanisms, phase transformations, and
oxidation resistance of materials. Much less attention
has been paid to the technological aspects of
thermo-oxidative treatment as a dimensional
processing method, particularly to the influence of
temperature instability and furnace operating
conditions on the dimensional accuracy of hard-alloy
products.

Therefore, further research is required to
investigate the relationship between temperature
fluctuations, oxidation kinetics, and dimensional
deviations during thermo-oxidative treatment. A
comprehensive theoretical and experimental
analysis of these factors would contribute to
improving the technological reliability of thermo-
oxidative  processing and ensuring higher
dimensional accuracy of hard-alloy components.

The purpose of the article. The purpose
of this article is to investigate the influence of
temperature field nonuniformity and temperature
fluctuations during thermo-oxidative treatment on
the dimensional accuracy of hard-alloy products, as
well as to determine the technological conditions
that minimize dimensional dispersion during
processing.

Results of the researches. In the
experimental study of the kinetics of high-
temperature oxidation (HTO) of tungsten-cobalt
alloys, it was found that the heterogeneity of the
temperature field in the working zone of the furnace
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and the nature of temperature fluctuations
throughout the entire processing cycle directly affect
the dispersion of the sizes of oxidized samples. If we
denote by Ah, and Ah the random deviations of the
sizes of parts before and after TO, and by Ah, the
random deviations of the size of the removed layer
during TO, then the following relation occurs:

Ah = Ah, + Ahyo. (1)

We assume that the deviations Ah, and
Ahy are not correlated. Based on the theorem on
the dispersion of the sum of random variables, the
dispersion of the sizes (standard deviation) of the
parts after maintenance will be equal to:

0%, = 02, + 0%. (2)
where o, is the standard deviation of the
dimensions of the parts before processing;

O, is the standard deviation of the
dimensions of the parts caused by maintenance.

If, before the maintenance operation, a
batch of hard alloy products is divided into groups
with similar dimensions and for each group the
appropriate oxidation mode is determined, the size
spread of the entire batch will decrease and will be
equal to:

0%, = (0, / n)? + 0. 3)
where n is the number of size groups.

Exact equality will be in the case if the
random variables of sizes have a uniform density
distribution. It should be noted that the number n
should be chosen such that the condition is fulfilled

07
= < 0.

The influence of a constant temperature
difference on the dimensional variation during
simultaneous processing of a batch of carbide
products was analytically evaluated as follows.

Suppose it is necessary to oxidize a batch
of products of the same size to a depth h. We use
the equation that relates the depth of oxidation to
the oxidation rate k and the processing time t:

h =kt (@)
The coefficient k depends on the
temperature T exponentially:
Q
k = Aexp (— ﬁ) (5)
Differentiate equations (4) and (5):
dk Q\ Q Q
7= () g =g ©
dh dk . ;
. FrinieTs (7)
— < ; — |
dK = KRTZ dT i dK=dh-t (8)

Equating the right-hand sides of equations
(8) and proceeding to finite increments, we obtain:

dh = —dh dT = k—Q dT
=t T kgt
Ah = kot AT 9

Expression (9) relates Ah — the value by
which one part of a batch of parts will be oxidized
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more than the other, if the temperature difference
between them during the entire processing is equal
to AT.

On two batches of cylindrical carbide teeth
of the VK8 brand, having the same outer diameter
212 +0.008 / 0, an experimental check of the
dependence (9) was carried out. The first batch of
teeth underwent oxidation at T, 900°C, the
second — at T,, = 909°C. Oxidation time — 35 min.
Nominal oxidation depth h = 150 ym. Oxidizing
medium — air. Temperature control accuracy
1+0.5°C.

Measurement of the diameters of samples
from both batches after oxidation showed that the
difference in the average diameters between them
is approximately 15 microns, i.e. a constant
temperature difference of 1% from the set value
during the processing leads to a difference in size
values within the batch of approximately 10%.

In addition to the error introduced by the
inhomogeneity of the temperature field in the
furnace, the accuracy of temperature control also
affects the size spread during maintenance. From
the analysis of the nature and dynamics of
temperature fluctuations in the furnace caused by
the imperfection of the control system, it can be
noted that its deviations from the set value are
continuous and random.

The amplitude and frequency of oscillations
are affected by the inertia of the control system and
thermocouples, voltage fluctuations in the network,
ambient temperature, etc. Therefore, the
measurement of the reaction temperature during
maintenance can be represented as a random
function of time T(t).

Let wus highlight the mathematical
expectation of this random process:
To =M - [T(t)]

Usually, during TO, the T_0=const mode is
maintained. Let us expand function (5) in the vicinity
of T =T, into a Taylor series:
koQ

ok
k(T ~ ky + <ﬁ)r AT = ko + padT  (10)
where k, = Aexp (— %)
Substituting (5) into equation (4):
t t
Q
h= fo kdt = fo Aexp (—ﬁ)dr
we will get
h(t)ho(t) + Ah(t) (11)

where the mathematical expectation of the
value of the removed layer is

t
ho(t) = f kodT = kot
0

The centered random process Dh(t) is

related to the centered random process DT(t) by a
linear homogeneous transformation:

4h(t) = (ko Q/ (RT?) /o AT(m)d1  (12)

According to the theory of stationary

random functions, it is established: if the process-
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function Ah(t) is connected with the process-
argument AT(t) by a linear homogeneous
transformation, then to find the correlation function
of the process-function Kh(t,t") it is necessary to
apply this transformation twice to the correlation
function of the process-argument KT(t,t).
Therefore, based on (12), we have:

Kh(t,t) = (ko Q/ (R To))2lot ot KT(r,7') drdr’ (13)

First, we find the correlation function KT(t,t")
of the random process T(t).

A review of various implementations of the
random process T(t) shows that over a long interval
during thermal oxidation, the probabilistic
characteristics of the process do not change with
any shift of the arguments along the t axis.
Therefore, the process T(t) is stationary.

To = M[T(t)] = const
KT(tt) = M/DT(t)DT(t)] = KT(t — t')

In addition, the process T(t) is considered

ergodic for physical reasons, which allows us to

Sinusoidal operator

=
—

—
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determine its
implementation.

The experiments were carried out on
laboratory installations. The deviation of the
temperature from the set point was recorded by a
control potentiometer PP-63 (class 0.05) every 30 s
for 150 min. The temperature in the furnaces in all
experiments was 900°C.

Table 2 shows the results of statistical data
processing. The course of the function KT(t) for the
first and third furnaces is shown in Fig. 1 (a, b).

Analysis of the experimentally found
correlation functions shows that they can be
described by the expression:

Kr(t—1t") = pe—a(z=7) cosB(t—1") (14)

Approximation of function (14) by the least
squares method gives a system of equations for
determining the parameters a and G.0.

random characteristics for one

Sinusoidal operator

s
T — —
—
i =
— s
>
" S
e
==
e ——
——_ X
R 1
L
s>
i
\*‘—‘
—
—
~d e ——
—
™ e —
.<\\
—— et
2
e —
i i
AR Y

Fig. 1. The course of the obtained empirical correlation function K.,(t,¢') for furnaces with
different thermal control systems: a — furnace No. 3, b — furnace No. 1 (Table 2.1

Table 1.
Characteristics of the installations used in the studies
No. Oven type Temperature control method Adjustment
accuracy
1 Laboratory muffle electric Two-position regulation with dilatometric +14 °C
furnace MP-2UM thermostat B
2 Electric resistance furnace for | Automatic regulation by three series-
mine laboratory SSHOL-1, connected thermocouples PR-30/6 and +10°C
1.6/12 millivoltmeter MR-1-02M
3 Electric resistance furnace Electronic automatic adjustment with
mine laboratory SSHOL-1, potentiometer PSR-1-02 +4.5°C
16/12
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Table 2.
Results of solving the system of equations (15)
Variables Oven No. 1 Oven No. 2
Standard deviation 16.9° 9.33°
Dispersion D 285 °2 87.2 °2
Damping rate a 0.00555 s 0.0134s™
Oscillation frequency B 0.0572 rad/s 0.0282 rad/s
Parameter ¢ 84.5° 64.6°

>

e e We find the correlation function K, (t,t) of
: (Ki —De™ cos fr; )e 'cos fr; =0 the random process Ah(t), which coincides with the
' (15) correlation function of the random process h(t).

(K; —De " cos fir; ) 7, " cos fir; =0 To do this, we substitute (14) into (13).

1

=2

M-

(K; —De " cos fir; ) 7, " sin fir, =0

i=1

tt
2]] e—a(r=) cos B(t — 1")drdt’ (16)
00

k 2
K, (¢t t) = (RO—TQZ) X D
0

In Figure 2, the OSCE rectangle indicates domain ODA. But in the domain ODA, as well as in
the integration region when t > t'. the domain ABCD, the integrand has the form:

Given the parity of the integrand with e—a(t-7") cos B(r — 1) (17)
respect to the difference (tt"), the integral over the
domain ODE is equal to the integral over the

Therefore, we replace equation (16) (at t = t") with:

koQ

2 tt tt
K, (t,t") = (W) X D|2 ff ) cos B(t —t')drdt’ + ff e~ (") cos B(t —t")dtdt’ (18)
0 00 00

After integrating and introducing the notation ¢ = arctg g, we arrive at the equation.

\
sl &7
E =T D C
/
7/
7/
o // = T
ag // +"-’ I
// & e
7/
P
0 =0 A B T

Fig. 2. Integration region fort > t’
2Dk§Q*? ,
(a? + ﬁZ)QR2T04 x {t'\Ja+ B2 cos g — e cos(2¢ + pt) — e~ eos[29 + Bt — ]} (19)

It is easy to verify that when t > t’ the correlation function is equal to the expression:

Kh(tl t,) =
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2Nn2
% x {ty/a? + B2 cos g — e cos(2¢ + pt') — e~ cos[2¢ + f(t — )]} (20)
0

Combining these two expressions, we can write: (21)
2Dk2Q? y
(a? + BHR2TY
{min(t, t')Ja? + BZ cos @ — e®™x(Et) x cos[2¢ + Brax (t, t Ve~ ) cos(2¢ + B(t — t’))]} (21)

Equating t = t'we find the dispersion of the removed layer for a duration of thermal oxidation equal

Kh(t! t’) =

Kh (t! t’) =

tot.
2D k20>
(az +ﬂ2)R2T04
22 20
(a? + B2RTY

D,(t) = K,(t,t') = X [tw/az + B2cos @ + e*(2¢ + Bt) — cos 24)]

X [t\/az + B2 cos@ + e *(2¢ + ft) — cos 2<p] . (22)

The influence of oxidation modes on the instrumental microscope. The measurement error

size dispersion was experimentally investigated on  is £1 ym. The number of parts in the measured
hard alloy elements for high-pressure chambers. batchesn = 100 Oxidation was carried out on 5
The dimensions of the well — diameter D and depth  parts on stands made of Kh18N9T alloy.
h — were measured before and after heat treatment The oxidation time was recorded with a
(HT). Since these parameters determine the stopwatch. The results of the experiments and the
working volume of the well, which is of the greatest  oxidation conditions are given in Table 3. Figure 3
importance during synthesis, the working surface of a, b presents histograms and plots the normal
the well is not subjected to any mechanical distribution curves of the deviations in the sizes
treatment in the existing technological process for  (diameter D and depth h) of the holes in the carbide
manufacturing high-pressure chambers. The size  matrices before and after thermal oxidation (in
measurements were carried out with an oxygen and in air).

Table 3
The influence of oxidation modes on the accuracy of dimensional processing
Oxidation modesT;,, = 900°C oven number 2 Diameter, mm Depth, mm
Before processing 19.65 + 0.203 5.46 + 0.085
Maintenance in air (t = 30) min 19.76 £ 0.192 5.39+0.108
TO in oxygen environment (t = 8) min 19.77 £ 0.183 5.39 £ 0.084

It is assumed that the dispersion of the h after maintenance became lower and flatter, i.e. a

measured batch sizes follows a normal decrease in the number of parts in the batch with
o L _xep=o)® sizes close to the average is clearly observed.

distribution:y = ——e 2 A satisfactory explanation may be the fact

The deviations in size were taken equal 30  that as a result of the treatment in air and oxygen,

where gis the standard deviation of the the surface microrelief significantly improved. The

batch size, average height of microroughnesses decreased
X.p- average size. from 3.4 pm to 0.60 pm.
Both in air (Fig. 3, curve 2a) and in oxygen As is known [3], the surface relief of the

(Fig. 3, curve 2b) slightly reduced the value of the ~ Product after sintering consists of adhered particles
mean square deviations of dimensions when Of backfill, inclusions of large grains of tungsten
removing the allowance by 0.11-0.12 mm. The best ~ carbide, depressions and other irregularities, which
although the histograms of the distribution of D and ~ ©f the product.
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Fig. 3. The influence of oxidation modes (alloy VK-6) on the accuracy of dimensional
processing: 1 — variance of the initial batch sizes; 2 — size dispersion after thermal oxidation in
air; 3 — size dispersion after thermal oxidation in an oxygen environment a — data obtained when
measuring the depth of the hole in high-pressure chambers;b — data obtained when measuring

the diameter of the hole.
During thermal oxidation, significant heat is

released, which contributes to more intensive
oxidation of microprotrusions.
Reducing the height of  micro-

unevennesses in combination with a relatively small
allowance (0.2 mm) obviously allows to
compensate for the negative impact of temperature
fluctuations on the size spread, especially since the
oxidation is carried out in a furnace with high
precision temperature control (furnace No. 3, Table
1) and in an isothermal field.

However, when simultaneously processing
products with a small height of micro-unevenness (
Ra = 0,32 — 0,16 mkm and lower) without prior
division into size groups, it is impossible to reduce
the size dispersion of the entire batch due to the
lack of active control of the thickness of the oxidized
layer on each product.

The study of the reliability of equation (22)
and the influence of the parameters included in this
equation on the size spread was carried out on
ground cylindrical carbide teeth.¢12;%*°X14 brand
VK8V when developing the technology for
obtaining a chamfer for pressing.

The total number of teeth (1000 pcs.) was
divided into groups of 20 pcs. with the same size.
Within each group, the deviations in height from the
average did not exceed 0.5 uym.

The oxidation modes, which obtained the
desired chamfer profile, were the same in all cases.
Processing time t = 30 min, furnace temperature T,
= 900°C, oxidizing medium — air. The difference
was that each group was oxidized in furnaces with
different temperature control systems.

After oxidation and short-term wet
treatment (to remove oxides), the size of the teeth
was measured and the root mean square deviations
of the height o0, were calculated. Theoretically
calculated according to equation (24) the values of
oy (Fig. 4, curve 2) are close to the experimental
ones (curve 1). At the same time, a slightly larger
actual value of o, is observed, which is explained
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by the presence of impurities in the alloy, their non-
uniform distribution in the teeth, the effect on the
oxidation rate, and also the practically unequal
holding time in the furnace. As can be seen from
Fig. 4, the shorter the oxidation time and the smaller
the depth of the oxidized layer, the smaller the size
spread.

Figure 5 shows the experimentally obtained
dependence of the root mean square deviation of
the dimensions 0a, On the process parameters of
the oxidation rate k, time t, and furnace temperature
T.. The oxidation conditions were chosen such that
the thickness of the oxidized layer was always the
same (0.15 mm). With an increase in time t and a
corresponding decrease in the oxidation rate k and
furnace temperature T,, the dispersion of the
dimensions oy, significantly decreases. Therefore,
one of the ways to achieve the required machining
accuracy can be to increase the oxidation time,
which can lead to an increase in machining
accuracy. High machining accuracy (2nd accuracy
class) can be achieved even in furnaces with an
imperfect temperature control system.

o, AMPa
0.08

Alloy VVSSK
T=900°C
T=35min

0.06 |
0.04
0.02 |

002 -=%"

20 24 32t m

Fig. 4. Theinfluence of oxidation time on
the standard deviation of the dimensions of
oxidized parts: 1 —theoretically obtained curve
according to equation (22); 2 — experimentally

obtained curve (furnace No. 3, Table 1).
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Conclusions. The study investigated the
influence of thermo-oxidative treatment conditions
on the dimensional accuracy of hard-alloy products.
It was established that the dispersion of dimensions
after treatment is significantly affected by the
nonuniformity of the temperature field in the furnace
and by random temperature fluctuations during the
oxidation process. Even small temperature
differences within the working zone can lead to
noticeable deviations in the thickness of the
removed oxide layer and, consequently, in the final
dimensions of the parts.

A theoretical model describing the relationship
between temperature fluctuations and the variance
of the removed layer during thermo-oxidative
treatment was developed. The obtained analytical
expressions make it possible to estimate the
influence of technological parameters on
dimensional deviations. Experimental studies
performed on tungsten—cobalt hard-alloy samples
confirmed the theoretical results and demonstrated
a satisfactory agreement between calculated and
measured values of dimensional dispersion.

The research also showed that the oxidation
environment  and processing parameters
significantly  influence dimensional accuracy.
Thermo-oxidation improves the surface microrelief
and can slightly reduce the dispersion of
dimensions due to the smoothing of micro-
irregularities on the surface. At the same time,
increasing the oxidation time while reducing the
oxidation rate and furnace temperature contributes
to a decrease in dimensional variance.

Thus, optimization of the thermo-oxidative
treatment regime, improvement of temperature
control systems, and grouping of parts with similar
initial dimensions are effective ways to increase the
accuracy of dimensional processing of hard-alloy
products. The obtained results can be used for
improving technological processes in the
manufacturing of precision hard-alloy components.
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OLUIHKA TOYHOCTI TEXHONOIYHOI
OBPOBKW BUPOBIB 3 KAPBIAY METOIOM
TEPMIYHOIO OKCMAYBAHHA 3 METOIO
nAaoBULLEHHA MILHOCTI

Y cmammi  OocnidxeHo  MmO4YHiCmb
PO3MIipPO3MIUHIO8aIbHOT mepPMOOKUCHK8asIbHOI
06pobku meepoocrnagHux supobis.
lNpoaHanizosaHo, K HepigHOMIpHICMb
memriepamypHOe0 10/ 8 reyi ma memnepamypHi
KonueaHHsi i@ 4Yac 06pobKu ensuearomb Ha
po3citosaHHs po3mipie Oemasiel i3 80nbgpamo-
kobanbmoegoeo crinasy. Ha ocHosi cmamucmuyHUX
memodie i meopii eunadkosux  rnpouecie
p0o3p0obrieHo meopemuyHy Modesb, WO Onucye
38’A30K MK 6iOXurneHHsMU po3mipie 0o i nicrs

MepMOOKUCHEHHS.
AHanimu4yHo OuiHeHO er/ue cmarnux

memnepamypHux  epadieHmie i  eunadkoeux

memnepamypHuUx  rykmyauili  Ha  enubuHy

OKUCHEHHSI ma mou4Hicmb po3mipie. BusHauyeHo
KopenauitiHi - GpyHKUIT memnepamypHUX 3MIiH Yy
neyax i3 pisHUMU cucmemMamMu KepysaHHS ma
8cmaHo8/1IeHO iXHil ernnue Ha ducrepcito wapy
Mamepiarny, wo eudansembcs 0@  4ac
MepMOOKUCHK8aIbHOI 06pobKuU.
EkcnepumeHnmarnbHi OocriidxXeHHs Ha
meepdocrnnasHux  3paskax  nidmeepdxyoms
meopemuyHi 3anexHocmi ma [okKasyoms, Wo
Hagimb He3Ha4Hi memnepamypHi nepenadu & neuyi
MOXymb rpu3godumu Ao MOMImMHUX 8i0OXUneHb
poamipis.

Y pobomi makox po3aisiHymo ernue ymos
OKUCHEHHS1 (y rnosimpsiHOMy ma KUCHeg8oMy
cepedosuuj) Ha PO3MIPHY MmOoYHicmb
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meepdocrnagHux efiemMeHmis, wo
3acmocos8ylombCsi 8 Kamepax 6UCOKO20 MUCKY.
Pe3yrnbmamu roka3sasnu, o mepMOOKUCH8asbHa
0bpobka mnokpawye MiKpopernbegh nosepxHi ma
Moxe Oewo 3MeHWwysamu po3Cito8aHHSI po3mipie.
BcmaHoeneHo, wjo 36inbweHHsT mpuganocmi
OKUCHEHHS1 3@ 00HOYacHO20 3HUXEHHS weudkocmi
OKUCHEHHS1 ma memrepamypu rnedi dae 3moay
icmomHo 3mMeHwumu Qucriepcito  po3mipie i
nidsuwumu moy4Hicmes 06pobKu.

OmpumaHi pe3ynbmamu darome nidcmasu

cghopmynoeamu pekomeHdayii wodo onmumizauil

ma mexHorsoeisix
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rnapamempige mMepMOOKUCHIO8abHOI 06pobku ma
nidsuWeHHs  PO3MIpHOI  moYyHocmi i@  4ac
8U20MO08J/1eHHsT M8epOOCIagHUX KOMITOHEHMIB.

Knroyoei crnoea:. mepmooKuciogasbHa
06pobKka, meepdi cnnasu, 8os1bhpamo-
kobanbmoei  cnnasu,  MOYHICMb  PO3Mipis,
KonugeaHHsi memrepamypu, KiHemuka OKUCIIeHHS,
ducniepcisi poamipis, HeOOHOPIOHICMb
memMrepamypHo20 osnsd, eaubuHa OKUC/IEeHHS,
MiKpopesbegh NO8EPXHI.
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