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Abstract

An example of the experimental-theoretical model of the nitriding process of
steel is presented. The model makes it possible to simulate kinetics of the
nitrided layer growth and consequenttyoptimize the algorithm of the process
parameters change, btaining desimgtase composition and layer structure.
Attention has been paid to the analysisthe growth of the surface layer of iron
(carbon) nitrides (compound layer) on 4340 (AFN: 40HMN) alloy steel. The basis
of the experimental-theoretical model @stituted by the mathematical description of
the layer growth previously presented [24], in which experiential data from the
database later developed [25] were taken into account.

Introduction

In order to meet the growing demand for the extending scope of
applications of surface treatment procsesseith the concurrent lowering of
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their costs, it appears necessaryptissess intelligent tools to support these
processes. These tools should make ptessin optimal choice of the algorithm
of the parameters changes of singlecpsses or a suitable matching of different
complementary processes, which ensumyrgergic effect in the formation of
complex and diversified strength propes, resistance to frictional and
corrosion wear.

A vital support in the scope of the applications is constituted by the
experimental-theoretical models of surface treatment processes [1-5] that are
being intensively developed. In order poecisely design the structure of the
surface layer with the aid of a proces®del, it is necessary to include in
mathematical descriptions all possible mechanisms which influence the growth
of the layer in successive stages of the applied process.

In the case of the nitriding proceghe mathematical description of the
kinetics of the nitrided layer growtlis subject to a continuous evolution.
Commencing with attempts to describdested stages of this process [6-12],
attempts are made at present to matimally represent phenomena occurring in
a gas atmosphere, on the boundary gas-metal and in a nitrided material, together
with a description of mutual depgencies between these phenomena [13-20].

For the mathematical representation of the phenomena accompanying the
growth of the nitrided layer, Cranc-Niclson’s finite difference method [16] is
used, as well as the finite elementthmal [1], and intelligent computational
methods, i.e. neural networks (NNs)z#y logic (FL) and genetic algorithms
[21, 22, 23].

A mathematical description of theykr growth, useful for the process
simulation, can be appropriate if in the mathematical formulae suitable
experimental data (e.g. nitrogen centration on the layer boundaries) are taken
into account. For this aim, it is necessary to possess a database including data
sets concerning the relations betwdbr parameters of the process and its
results.

In the case of the nitriding process,igfhhas been used in the industry for
many years now, such data sets already exist. However, it is necessary to
conduct further complementary reseatahinclude both the issues from metal
physics and engineering materials, because some data can (and do) indicate new
mechanisms in the layer growth kineti€sar example, in the modelling of the
nitriding process, and in particular the predicting of the development of
hardness profiles, the influence ofethphase structure of the layer of
(carbo)nitrides on the diffusion layer growkinetics has not been taken into
account so far.

In this reasearch the experimental-thecaktinodel of the growth of the nitrided
layer as well as theesults of a simulation analysistbe layer growth conducted with
its aid have been presented. Attention has peierto the analysis of the growth of the
surface layer of iron (carbo)nitrides (compound layer) on 4340 (AISI, PN: 40HMN)
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alloy steel. The basis of the experimetitalretical model is constituted by the
mathematical description of the layer groygiiesented in previous research [24], in
which experiential data from the database later developed [25] were taken into account.

1. Mathematical descriptionof layer growth kinetics

The creation process of a nitrided layer comprises many stages, which
include the following:

« transport of ammonia in the gas phasd an adsorption of gas molecules at
the solid surface;

« chemical reactions at the surfa@@nmonia dissociation), which depend on
the pressures of the partial components of the atmosphere;

» desorption of reaction products,(NH,), which is influenced by the general
rate of the gas flow;

« transport of nitrogen atoms thrduthe surface and diffusion in the material;
and,

« creation of a multi-phase nitrided layer.

The kinetics of the course of the process depends on the rate of the above-
mentioned partial stages, and the kinetic equation which describes its slowest stage
is, at the same time, the basic equationrd®sg the kinetics of the whole process.
The rate of particular stages of the caatnd growth of the nitrided layer changes
with the duration of the process. Thevebst stage in the initial stadium of the
formation of the layer is the ammonisssticiation on the surface of the nitrided
material. After the formation of the layerthe conditions of a quasi-equilibrium of
the diffusion, the transport of nitrogen timee material becomes the slowest. This
makes the kinetics of the whole process a complex function of time.

Starting from attempts to describe exbd stages of the process, efforts
have been made to mathematically combine the phenomena occurring at
particular stages. Due to a variety giffenomena accompanying the growth of
the layer this task is difficult. However, through an appropriate selection of
parameters (i.e. high temperaturepraper nitriding atmosphere composition,
relatively high flow rate of the gases), a situation can be achieved where, in the
whole process, the main role is playby the transport of nitrogen in the
material [20]. Experimental data colledt in such cases and concerning the
growth of particular monophase zones in the nitride layer [25], as well as
concerning the growth of such zonesather diffusion systems, e. g. metal-
metal [26], point to the parabolic law of the phase growth:

Ax, =k \/I 1)

where Ax; is the thickness oi-th phase inn-phase layer after time of the
process (for the nitridedyar, the maximum value i$= 3), and; is the kinetic
growth parameter of-th phase, the so-called parabolic growth constant.
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Equation (1), with empiridly determined constantk, describes the growth
kinetics of phases in the given temperature.

From a practical point of view, this sufficient in most cases because khe
value at different temperatures for tile phases of the diffusion systems allows
the determination of the change of the given phase thicklessas a time
function in accordance with Eq. (1).

However, this is a simplified description of kinetics, which makes it
impossible to determine, e. g. in the casthefnitrided layer, the coefficients of
nitrogen diffusion in individual phases e layer or nitrogen concentrations on
phase boundaries. Also, one cannot foreseethe basis of this equation, the
influence of the growth speed of a givphase of the remaining phases creating
the layer. Hence, it has become necgssa develop general mathematical
dependencies between the growth paramdteand the diffusive parameters,
which would enable one to designffdsion coefficients in the mono-phase
zones of the layer, as well as to prédlee growth of the layers in the time
function of the process.

While generalising the above mentioned function forrtpdase layer case
and at the same time assuming that the growth speed of a given phase is also
influenced by the remaining phases 8ri$ in this system, the following is
obtained:

k? =g(D,.....D, .Ac,, Ac,,....Ac,,T) )

It is only the knowledge of the explicit form of the above mentioned
expression which enables a full description of the kinetics of the phase growth
in a multiphase binary system. As arfing point, a quality analysis of the
growth of thei-th phase in an-phase metal-metal system was considered [26].

A change of the thickness of a given phase in this system results from
(analogous to the case of the growthaadiven layer in a three-phase nitrided
layer) both the processes of an internéfudion in this phase and an interaction
between the phases (“phase-jostling”). Consequently, in paper [24] the
following system of equans has been obtained:

Zn: B ikik; = (D), Ac ©)
j=1

This is a system of non-linear equations, which can be solved with the
use of e.g. the method of successaproximations (iterations). For this
purpose, Eq. (3) can formally Ipeesented in the following form:
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Ac
k =——— i=123 1-¢,2-)'.3-a 4)

In the method of successive approximations, for example for gotie
following is obtained:

k(l) _ k(z) — Z(Df )ef ACE

c 3 y e s Ry

— .. (5)
> Bk > Bk
j=1

The equations obtained combine the kinetic growth parameter of a given
phasek; with the difference of concentrations on the phase boundaries and an
effective diffusion coefficient in the phaddoreover, they bind the growth rate
of a given phase with the kinetic parameters of the remaining phases in the
system in question. From the systeneqgfiations obtained it is evident above all
that the greater growth parametesse, the greater the difference of
concentrations on the boundaries of phadesis, in accordance with the
diagram of the phase equilibrium, as wadlthe greater the diffusion coefficient

in a given phase (Dic )ef is.

2. The experimental-theoretical model of kinetics of the nitrided layer growth.

The formation of the nitrided layer on iron and low-carbon steels always
occurs in the following order:

a- )y -E.

Therefore, the nitrided layer beginsfasm from the saturation of the alpha
iron lattice with nitrogen d) until its maximum surface concentration for a
given process temperature is obtained. Then the nitigéeN,,) begins to
form the nitrides (FeN.,). This process later conties after a suitable time. In
the nitrided layer created in this mannwhich is composed in the process
temperature of two mono-phase zonesafhdy ) forming the surface nitride
layer (compound layer) and of diffusion layer),(an equilibrium of nitrogen
concentrations is obtained.

A simulation analysis of the growth of such a layer on 1010 (AISI) steel
was made by directly applying the system of equations (3-5) for this purpose.
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The values of the nitrogen diffusion eficients in the phases and nitrogen
concentration values on their boundanesre assumed in accordance with the
values presented in previous research [19]. In order to verify the model, samples
of processes (i.e. time-dependent parameters of these processes and their
results) were selected from the database created [25] (Fig. 1).
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Fig. 1. The changes of process parameters taken from the database [25] (a) and results of the
simulation analysis and experiential data (b). Steel 1010

The results presented indicate thereotness of the model developed;
relatively small differences appear tleen the calculated values of the
thickness of the compound layer and those measured experimentally after the
process. The successful verification diinges the basis to accept the model as
a tool for the construction of the softwdoe the control systems of the nitriding
process, e.g. with respect to obtaingpgcific proportions of the thicknesses of
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the monophase zones in this compound layer within as short a duration of the
process as possible. The phase structure of the layer is decisive for the
anticorrosive properties of materials nigd In the case of other grades of steel
than low-carbon steels and Armco iron, thé no such explicit picture of the
formation of the layer nitrided as the one presented above. In previous research
[27], it was shown that the formation af nitride layer occurs in accordance
with two sequences:

0’—>y'—»£l

and
a’(@)—» £ =V~ &,

where:a — nitrogen solution in iron lattice-Fe(N, y— iron nitride (FeN1,), &
—iron nitride (F@Ny,), €, — iron (carbo)nitride (F£N,C)..).

It has been observed that the domination of one or the other sequence of the
layer formation depends on the chemical composition of the steel, mainly of the
carbon content and the nitrogen potentiahigiven temperature of the process.
Also, characteristic phase changes hagenbnoted which occur in the layer in
the function of the process time. rFexample, for 4340 steel, with the
temperature of 580°C arld, = 3.25, after three hours of the process, the whole
compound layer is dominated by thegphase. An example of the microstructure
of such layers formed in times of 810 h, together with the distribution of
the volume share of the phases in the layer, obtained on the basis of X-ray
examinations, was presented in Fig. 2d#&ionally (Fig. 3), in order to confirm
the identification of phases on the microstructures of the layers (the dark-grey
shade ' phase, light grey shade phase), diffraction images of the samples
were presented after successive removal through grinding of the successive
layer zones. During a longer process (over 3 hours), the shgrphafse begins
to increase in the layer by forming aachcteristic profile, in accordance with
which, the maximum content §f phase is located, not at the boundary with the
diffusive layer, but a certain distance from it.

Quite differently, in comparison with iron, the phenomena accompanying
the nitrided layer growth on steelsndaespecially its nucleation and phase
evolutions occurring during the processhe surface layer of (carbo)nitrides of
iron have a vital influence on the formation of the experimental-theoretical model
of the layer growth. For the purposeasuitable mapping of these phenomena
in a mathematical description, it is necegda have a rich set of experiential
data [25].
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Fig. 2. Depth distributions of andy phases in the compound layer on steel 4340 (a). Total
interstitial content (N+C) as a functiofidepth (b). Nitriding parameteis; = 3.25t=3 h and
10 h

In accordance with the above mentioned description of the phase evolution

occurring during the growth of the layef (carbo)nitrides of iron on 4340 steel

in the construction of the layer growth kinetics model, two stages were
distinguished: the first one to descritbe growth in the case when the layer’s
phase structure is dominated byphase, and the second stage from the moment
of the process time, in which in the middle area of the layer, a continuous zone
of y phase is formed. It separates two zones ofetiphase; the upper one —
composed of nitride; phase and the lower one — composed of (carbo)nigide
phase. For the experimental-theoretical model, experiential data was taken, i.e. the
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Fig. 3. Optical micrographs of the cross-sections of the compound layery(&@ppears dark
grey, € appears light grey. X-ray diffractograms (b) shown are for the entire compound
layer (1) and after removal of part of the compound layer (2 and 3) by polishing

concentrations of nitrogen and ban on the boundaries of the zones0énd

€, phases from the database previouslyettgped [25], and the coefficients of
nitrogen diffusion ine phase and’ phase from other previous research [19].
The computational results presented shimmaccordance with the experiential
data taken from the database, that the distinguished stages of the process are
characterized by different growth ratef the iron (carbo)nitrides: | stage —
quick growth compound layer which is dominated &yhase, and Il stage
—a distinctive slowdown of the layer ayvth (Fig. 4). This is due to the
formation of a compact zone @f phase, which is due to its characteristic
homogeneity (a relatively small difference of concentrations of nitrogen on the
boundaries of this phase), very slowlyaoges its thickness in the time of the
process and becomes an effective bafdethe nitrogen stream flowing to the
zone ofe, phase.
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Fig. 4. The changes of process parameters taken from the database (a) and results of the
simulation analysis of the compound layer growth with experiential data on 4340 steel

(b)
Conclusions

1. The previously developed databases [2B)wing aggregation of gathered
information constitutes the first andifdamental step to the building of
experimental-theoreticahodels of processes.

2. The model proposed in this paper is a simple and convenient tool, which
enables an execution of a comprehensive simulative analysis of the growth
kinetics of a layer in conditions of a diffusion quasi-equilibrium.

3. The model developed indicates, in a direct way, the role of the main

diffusion parametersAc’ and D/, , in forming the growth of particular layer

zones. It enables a determination of the change of the thickness of

monophase layer zones on the basis of nitrogen diffusion values in a given
phase and the knowledge of the difference of concentrations on zone

boundaries, — alternatively, on the basis of the model, the nitrogen diffusion

coefficient in a given phase can be determined on the basis of the constant
values of parabolic growth ki, deterreih with the use of e.g. metallographic
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methods, on the basis of measurements of the changes of phase thicknesses
in the function of the process.

4. The successful verification constitutes tasis to accept the model as a tool
for the construction of the softwarerfthe control systems of the nitriding
process, e.g. with respect to obtaingmecific proportions of the thicknesses
of the monophase zones in this compound layer within as short time of the
process as possible.
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Wybrane aspekty modelowania kinetyki wzrostu przypowierzchniowej
warstwy (weglo)azotkowzelaza

Stowa kluczowe

Proces azotowania, model pesti, symulacja wzrostu warstwy.

Streszczenie

Zaprezentowano przyktad eksperymémbateoretycznego modelu procesu
azotowania stali. Model unitiwia symulacje kinetyki wzrostu warstwy azoto-
wanej i w konsekwencji optymalizacjplgorytmu zmian parametrow procesu
zapewniajcego otrzymanie warstwy o zatmym skiadzie fazowym i budowie.
Skoncentrowano i na analizie wzrostu przypowierzchniowej warstwy
(weglo)azotkéwzelaza na przyktadzie staliogfowej 4340 (AISI, PN: 40HNM).
Podstaw modelu stanowi matematyczny opis wzrostu warstwy zaprezentowany
w pracy [24], w ktorym uwzgldniono dane eksperymentalne z opracowanej
bazy danych [25].
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