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Saturation of the Cr-V ledeburitic steel with nitrogen
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Abstract

The P/M Vanadis 6 ledeburitic cold work tool steel was heat-treated and plasma nitrided.
On processed material, microstructure, hardness and microhardness, nitrogen and carbon con-
centration depth profiles and phase constitution were investigated. The initial microstructure
consists of a martensitic matrix and particles of carbides MC and M7Cs. After plasma ni-
triding surface hardness and microhardness were increased due to the nitrogen diffused in the
near surface region. Firstly, martensite is saturated with nitrogen. After the solid solubility
limit is exceeded, also the MC- and M»Cs-phases contribute to the total nitrogen uptake of
the material. Finally, nitrides like the Fe4N- and FesN- and CrN-phase, as well as nitride net-
work and continuous compound layer are formed. The possible contribution of each structural
constituent to the total nitrogen uptake of the steel is discussed.

Key words: Cr-V ledeburitic steel, heat treatment, nitriding, microstructure, phase con-

stitution

1. Introduction

Nitriding is besides carburizing the most widely
used thermo-chemical heat treatment of iron-based
materials. The industrial importance of the nitriding
became great over the past four decades because it was
found out that a properly done processing could im-
prove tribological properties, fatigue properties and in
the case of tool steels also the adhesion of thin ceramic
layers made by PVD-processes [1-4].

There are various nitriding methods, e.g. gas ni-
triding, low-pressure nitriding, salt bath nitriding and
plasma nitriding. But for high alloyed tool steels,
mainly the ledeburitic steels, only plasma nitriding
gives results, which are of a great interest, e.g. the sur-
face hardness, hardness depth profiles, nitrogen satur-
ation level, etc. are well reproducible. The reason is
that the alloying elements, and chromium in particu-
lar, form stable oxides on the surfaces that hinder the
nitrogen transfer into the material in the gas nitrid-
ing. In plasma nitriding, however, the oxides can be
sputtered by the ion bombardment, making the sur-
face well activated and the nitrogen can penetrate into
the steel more easily.

The formation of nitrided region on pure iron in

gas nitriding was described even several years ago pre-
cisely by Somers and Mittemeijer [5]. After exceeding
the solid solubility limit of nitrogen in iron at a given
temperature, the +'-phase begins to nucleate on the
surface. The incubation period for nucleation depends
on the flux of nitrogen atoms arriving at the surface
(controlled by the level of ammonia dissociation in gas
nitriding) on the one side and on the flux of the nitro-
gen atoms due to diffusion into the bulk on the other
side. Nuclei of compounds then grow longitudinally to
the surface and after that their thickening begins. Fur-
ther growth of either € or 4" sub-layers is controlled by
the solid-state diffusion through these phases, e.g. by
the slowest process attending the nitriding procedure.

The formation of nitrided areas in the pure binary
Fe-Cr system was analysed in [6, 7]. Vives Dias and
Schacherl in these papers found out that up to 8 wt.%
of Cr-content the nitrided layers consist of two types
of original grains. The first ones look bright and are
placed mostly far away from the surface. The grains
of the second type are dark and are mostly adjacent
to the surface. If the material contained more than
8 wt.% Cr, up to 20 wt.%, then whole nitrided re-
gion consisted of the dark grains only. An explanation
of these structural features is as follows: During the

* Tel.: 4+ 420 224 357 275; fax: +420 224 357 519; e-mail address: p.jurci@seznam.cz




218 P. Juréi / Kovove Mater. 48 2010 217-226

first stage of nitriding CrN precipitates were formed.
They were of sub-microscopical size and were coher-
ent with the matrix. As a consequence, the compress-
ive stresses were formed parallel to the surface and
hardness increased. After some period the precipit-
ates underwent a coarsening or they were replaced —
in both cases a lamellar microstructure, consisting of
the alpha-phase and CrN-lamellae, was formed. Con-
tinuous or discontinuous coarsening was accompanied
with a decrease of hardness and relaxation of internal
compressive stresses. For higher chromium containing
material the formation of nitrided region began dir-
ectly with the formation of lamellar structure with
incoherent phases. This is connected with very mod-
erate compressive stresses in the nitrided zone.

The nitrogen uptake by the iron-2 wt.% of vana-
dium system was examined by Hosmani et al. [8] and
Vives Dias et al. [9]. They divided the total nitro-
gen uptake into several parts as: equilibrium soluble
nitrogen in alpha-iron, nitrogen incorporated in the
vanadium nitrides VN, nitrogen dissolved due to the
strain field induced by the misfit of lattices of VN
and that of alpha-iron and finally to the nitrogen con-
nected to the dislocations. In addition they repor-
ted that after the solid solubility limit of the nitro-
gen in alpha-iron was exceeded the VN-particles were
formed. They were coherent with the matrix and in-
duced strain fields around, responsible for high hard-
ness of nitrided areas. The VN-nitrides were formed as
very tiny, approximately 3—4 atom monolayer in thick-
ness and several nm in length, platelets. Their small
size remained also after long time processing and made
their identification and evaluation very difficult.

Ledeburitic tool steels are mostly composed as
poly-component materials, containing at least three
or four main elements. Besides the iron they contain
at least around 0.75 wt.% of carbon and not less than
4 wt.% of chromium. Most of them are alloyed also
with various portion of vanadium and, in addition,
the high speed steels also typically with tungsten and
molybdenum. High alloying elements content is the
principal source of serious obstacles in determining
what happens when these materials are nitrided. The
second difficulty in the assessment of the nitriding ef-
fect is the fact that also after usual heat processing,
e.g. austenitizing, quenching and tempering to a sec-
ondary hardness peak, the ledeburitic steels have a
poly-phase constitution. Carbon, together with alloy-
ing elements, forms various carbides. Some of them
are soluble in the austenite during the heat treatment
but other portion of carbides remains in the struc-
ture of heat-treated steels in the form of primary or
eutectic phases, together with tempered martensite.
The carbides are also capable to uptake some portion
of nitrogen, especially in the cases if they are formed as
so-called deficit. The total nitrogen uptake described
in [8, 9] had then to be extended by the contribution of

deficit carbides. Other portion of nitrogen is spent for
the formation of nitrides that are formed during the
processing. Nevertheless, not only disperse nitrides are
formed via precipitation of their particles in the mat-
rix but also continuous formations on the surface can
be expected in real technological processes. Finally,
also the carbon content in the tempered martensite,
as a possible source of redistribution of interstitials
during the nitriding, has to be taken into the consid-
eration. The problem with the nitriding of ledeburitic
steels is then much more complex than that of pure
iron or binary, but mono-phase systems, and no com-
plex experimental work has been devoted to assessing
the nitriding process of these materials yet.

2. Experimental procedure
2.1. Material

The material used for the experiments was the Va-
nadis 6 ledeburitic steel produced by the powder me-
tallurgy of rapidly solidified particles. The nominal
chemical composition of the steel was 2.1 % C, 7 %
Cr, 6 % V, Fe bal. This choice was done for several
reasons but mainly because

— the ledeburitic steel has a relatively simple chem-
istry;

— the use of rapid solidification technique for the
material manufacturing enables us to eliminate prob-
lems with macro-segregation, structural anisotropy
and related characteristics that can negatively influ-
ence the experimental results;

— the steels produced at Uddeholm AB are of a
high degree of purity so that the effect of non-metallic
inclusions like oxides, sulphides etc. on the mechanical
properties (this investigation is also included in a com-
plex experimental programme) can be disregarded.

2.2. Processing

The material was cut into cylindrical pieces of
18 mm in diameter and 4 mm in thickness. All the spe-
cimens were net-shape machined, polished and sub-
mitted to a heat treatment. The heat treatment con-
sisted of the vacuum heating up to the austenitizing
temperature of 1050°C, holding time of 30 min and
nitrogen gas quenching. The pressure of nitrogen gas
was 6 bar, i.e. as high as necessary to prevent the pre-
cipitation of pro-eutectoid carbides from the austen-
ite. Immediately after quenching, a double tempering
followed. The tempering temperature was 550°C and
the time was 1 hour for each tempering cycle. Achieved
hardness after such a heat treatment was 60 HRC (700
HV 10), i.e. recommended value for variety of indus-
trial cold work applications.

Plasma nitriding processes were carried out on the
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RUBIG Micropuls — Plasmatechnik device. Before ni-
triding the samples were sputtered in pure hydrogen
for 30 min. Standard nitrogen/hydrogen atmosphere
with the No : Hs ratio of 1 : 3 and a voltage of 460 V
was used for all nitriding procedures. The processing
temperatures were 470, 500 and 530 °C and processing
times 30, 60 and 120 min.

2.3. Investigation methods

For microstructural examination the light micro-
scopy and the scanning electron microscope were ap-
plied. Samples for light microscopy were standardly
prepared, e.g. ground and polished with diamond
paste, the last step with the 1 pm diamond paste
and etched with Nital-reagent and Murakami-reagent,
to allow the separation of M7Cs- and MC-phases, re-
spectively. The specimens for the scanning electron
microscopy were prepared by two different methods.
The first one was the standard metallographical pre-
paration with a deep Nital-reagent etching, to enable
to reveal important detail in carbides distribution in
the material. The second type of the preparation was
the ion polishing of smooth surfaces. This type of spe-
cimens was prepared mainly to allow the EDS analysis
and identification of carbides. The micrographs as well
as the EDS-mapping were done using an acceleration
voltage of 15 kV. For the EDS mapping a surface cur-
rent of 22.5 nA was used.

The depth profiles of carbon and nitrogen were
established with the WDX — microprobe analyser
CAMEBAX-MICRO. Five measurements were made
on each specimen and the mean values and standard
deviations were calculated.

Hardness measurements using a Vickers method
were performed using a Zwick hardness tester, ap-
plying a load of 10kg for surface hardness and 50 g
for hardness depth profiles determination. The depth
profiles were measured on carefully prepared specimen
cross-sections at an inclination angle with respect to
the surface (bevelled specimens) of 12°, to improve
the depth resolution. For details regarding the speci-
men preparation, see [10]. The distance between the
adjacent indents was 20 pm, in order to avoid the in-
fluence of the plastically deformed zone surrounding
the nearest two indents.

The phase constitution was investigated also with
X-ray diffraction. Standard Bragg-Brentano configur-
ation was used. The two-theta diffraction angle was
scanned in the range 25-105°. Phase identification was
made by the comparison of measured diffraction peaks
with the data from Pearson’s [11].

3. Results

Light and SEM-micrographs in Fig. 1a,b show that

Fig. 1. Microstructure of the substrate material Vanadis 6
after heat treatment: (a) light micrograph, (b) SEM mi-
crograph.

the microstructure of the substrate material consists
of the matrix with fine, uniformly distributed carbide
particles of regular, spherical shape and with a size of
several microns. As shown in the micrograph, Fig. 1a,
the carbides are of two basic types. The first ones are
larger, white regular particles of the M7;Cs-phase. The
second type is the MC-phase, visible as smaller grey
spherical formations. The matrix consists of needle-
-like tempered martensite, Fig. 1b. No proeutectoid
phases were identified at the grain boundaries. It in-
dicates that the heat treatment before the plasma ni-
triding has been well performed. The detailed exam-
ination, reported in [12], revealed two basic types of
martensite: the dislocation type with a high density of
dislocations and the twinned martensite. The presence
of the abovementioned carbides was also confirmed in
[12].

Light micrographs in Figs. 2-5 show the nitrided
surface regions formed at various processing condi-
tions. They differ from the no-nitrided material mainly
in the darkness of appearance, which is connected by



220 P. Juréi / Kovove Mater. 48 2010 217-226

Fig. 2. Light micrograph showing the microstructure of the
nitrided region developed at 470°C for 30 min.

Fig. 3. Light micrograph showing the microstructure of the
nitrided region developed at 470°C for 120 min.

presence of fine precipitates. In the specimens pro-
cessed at 470°C, neither the compound layer nor the
nitride network was found, Figs. 2, 3. On the other
hand, these structural constituents are clearly visible
in the material processed at 500°C for 60 min and
530°C for 120 min, respectively, Figs. 4 and 5. On the
micrographs in Figs. 2—4, there is also the nitrogen dif-
fusion depth marked out by yellow band on the right
hand side. On the micrograph in Fig. 5, there is not
the diffusion region highlighted since it reaches deeper
than the effective scale of the micrograph.

The microstructure of nitrided region developed
at 500°C for 60 min is shown in SEM micrograph,
Fig. 6. The material consists of the matrix and two
basic types of secondary phases. One of the secondary
type particles is grey and significantly larger while the
others are much smaller and appear in a black colour.

Fig. 4. Light micrograph showing the microstructure of the
nitrided region developed at 500°C for 60 min.

Fig. 5. Light micrograph showing the microstructure of the
nitrided region developed at 530°C for 120 min.

In the matrix there are the original austenite grains
visible since the nitride network decorates them. After
the ion polishing, the regime COMPO revealed that
the larger grey particles were not homogeneous with
respect to their chemical composition. Some of them,
mainly those closer to the surface look much darker
while the carbides located in larger distance from the
surface show an apparent darker ring and brighter
central part.

EDS mapping shows that the grey and larger
particles are rich in chromium and iron and contain
also a significant portion of nitrogen, Fig. 7. On the
other hand their carbon content is considerably lower.
Moreover, they also contain some portion of the vana-
dium. These symptoms confirm that it concerns the
originally chromium rich M7Cjs carbides. After the ni-
triding they became the M7(C,N)3 carbo-nitrides. De-
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Fig. 6. SEM micrograph showing the microstructure of the
nitrided region developed at 500°C for 60 min.

tailed EDS-analysis fixed the following content of main
elements in this phase (in wt.%): 2.49 % C, 10 % N,
10.7 % V, 33.34 % Cr, 40.45 % Fe. In some cases, these
particles are not completely through-nitrided and in
their central region, the nitrogen-free area is evident.
The smaller black formations are rich in vanadium and
carbon. They contain also small portion of chromium
and nitrogen but only very limited amount of iron.
This indicates that these formations are the MC-type
carbides enriched by nitrogen.

The surface nitrogen content increases with in-
creased processing temperature and/or processing
time, see Table 1. Even a low temperature process
carried out for short time induced nitrogen saturation
up to 2wt.%. The maximal concentration reaches up
to 7.5 wt.% when the steel has been processed at the
temperature of 530°C for 120 min. The depth profile
shows a “plateau”, with a constant concentration of
nitrogen ranging around the value of 7.5 wt.%, which
takes into a relatively considerable depth. This may
indicate that the value of 7.5 wt.% of nitrogen is a
standard nitrogen uptake corresponding to the given
nitriding conditions, mainly the nitrogen potential of a
low-pressure atmosphere, negative substrate bias, etc.

Also the depth of nitrogen diffusion increases up
to the maximal thickness of 56 um for the material
processed at 530°C for 120 min.

The carbon surface content did not change practic-
ally for the material processed at the temperature of
470°C for 30 min. On the other side, dramatic changes
in the carbon content were determined for other spe-
cimens. Generally, the surface content of carbon was
lower than the nominal steel content and it increased
inwards to the core to a maximal value that exceeded
the actual steel content clearly. Beyond the concen-
tration peak, the C-content decreased slightly to the
nominal alloy composition. For each specimen, the po-
sition of the maximum peak corresponds relatively
well with the maximal nitrogen diffusion depth.

Diffractograms, Fig. 8a—c, recorded after plasma
nitriding at various regimes revealed that the nitrided
regions are composed of a-solid solution, M(C,N)-
-carbo-nitrides and iron-based nitrides. The nature
of nitrides and their quantity were indentified to be
different for the material processed at different tem-
perature/time combinations. The CrN-nitrides as well
as the M;Cs-phase did not give a diffraction signal.
The explanation can be based on the expected penet-
ration depth of the Co-radiation, which is about 1.5
um. For the specimens with the presence of the com-
pound layer on the surface, Fig. 8b,c, the diffraction is
then given mainly from the constituents forming this
layer, e.g. Fe4N- and FesN-phase, respectively, and the
major phase that is the a-solid solution. Moreover,
it should be taken into consideration that the M;Cs-
-carbide undergoes the dissolution in austenite much
more than the MC. Therefore, the probability to re-
cord a diffraction signal from M;Cj3 is low. For the
specimen processed at 470 °C for 30 min, no compound
layer was identified, and this is the principal explan-
ation why the diffraction peaks from the nitrides are
very slight, Fig. 8a.

The saturation of original phases with nitrogen and
formation of nitrides increase the hardness, Fig. 9.
Measurements revealed relatively high near-surface
hardness even for the specimens treated at lower tem-
perature and/or short dwell time. For the specimens
processed at higher temperature and/or longer dwell
time, the near surface microhardness increased rap-
idly and its maximal values exceeded 1600 HV 0.05.
The main difference between specimens processed by
various nitriding conditions is that the hardness after
processing at lower temperature drops down at a short

Table 1. Surface content of interstitials, nitrogen diffusion depth and carbon redistribution vs. nitriding parameters

Nitriding Nitrogen surface Carbon surface Nitrogen diffusion Maximal carbon
content (wt.%) content (wt.%) depth (pum) concentration/depth (wt.% pum™")
470°C/30 min 1.84 £ 0.39 2.06 + 0.31 13 -
470°C/120 min 3.61 £ 0.24 1.13 £ 0.09 25 2.98/17
500°C/60 min 5.37 £ 0.7 1.13 £ 0.2 46 3.48/44
530°C/120 min 7.52 £+ 0.66 1.76 £ 0.13 56 2.54/36
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distance from the surface. On the other hand, only cessed at 470°C (832 HV 10) than for those nitrided
a slight hardness decrease was observed in the spe- at 530°C (1122 HV 10).

cimen processed at 530°C for 120 min. These res-

ults correspond well with the established nitrogen dif-

fusion depth, Table 1. Differences in microhardness 4. Discussion
depth profiles are also reflected in the surface hard-
ness, which is markedly lower for the specimens pro- The initial structure of the Vanadis 6 steel before

Fig. 7. EDS mapping of main elements from the Fig. 6.
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Fig. 8. X-ray patterns from the nitrided regions: (a) ni-
trided at 470°C for 30 min, (b) nitrided at 500°C for
60 min, (c) nitrided at 530°C for 120 min.

nitriding is formed in the process, which includes the
manufacturing of the steel and its heat treatment. The
steel manufacturing process included the powder pre-
paration via rapid solidification technique and sub-
sequent consolidation by hot isostatic pressing. There-
fore, the as-received microstructure of the material
consists of the pearlite and fine, uniformly distributed
M,;C3 and MC carbides.

In the Cr-C equilibrium diagram, the Cr;Cs-phase
contains around 9 wt.% of carbon. In ledeburitic steels
it appears mainly in the hexagonal structure [13].
Chromium can be substituted in the carbides by iron,
up to the Cr : Fe ratio of approx. 1 : 1, and also by
other elements but in a substantially smaller extent.
For example, vanadium can dissolve in the M7Cs-
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Fig. 9. Microhardness depth profiles for the specimens pro-
cessed with various nitriding parameters.

-phase up to approx. 10wt.% [14]. There are not,
however, relevant data about the stoichiometry of the
carbide in ledeburitic steels. Only for the Fe-2.1%C-
-20%Cr-7%V alloy it was reported that the as-cast
M,C3 carbides contained between 8 and 10 wt.% C
[15]. Therefore it seems that at least for this alloy the
phase is semi-stoichiometric. During the heating up
to the austenitizing temperature a part of the M;Cs-
-phase undergoes dissolution in the austenite. Second
part of the carbides remains not dissolved, whereas
some of them undergo slight coarsening [15]. Never-
theless, no experimental work has been focused to an
investigation of possible changes of chemical compos-
ition of the carbide up to now. The capability of the
M7;C3-carbide to uptake of some amount of nitrogen
without a need to release the carbon atoms is thus not
entirely clear yet. For the Vanadis 6 steel, however,
current EDS measurements gave doubtless informa-
tion — after some period from the beginning of the ni-
triding, the nitrogen substitutes partly the carbon in
the M;Cj3 carbide and the carbon atoms undergo a re-
distribution with a peak far away the surface, Table 1.
What is, however, not clear yet, is the contrast change
of the M7C3 (or M7(C,N)3) particles caused by the ni-
triding, Figs. 6, 7. One would expect that this was due
to the nitrogen input into the original carbide. But,
the atomic number of the nitrogen is higher than that
of carbon. Therefore also other changes in the chem-
ical composition of the carbides could be expected.
Anyway, the intensity of the changes in the chemical
composition of the M;Cs-phase during the nitriding
will require further investigations.

The MC-phase is based mainly on the vanadium
in ledeburitic steels. Normally, the MC-carbide is sub-
-stoichiometric and the C/V ratio ranges between
0.73 and 0.88 [16]. Increased carbon content from the
C/V =0.73 to C/V = 0.88 induces an increase of the
lattice parameter from 0.4126 nm to 0.4166 nm [16,
17]. The MC-carbide can contain also other elements
but in a significantly smaller amount compared to the
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M7;Cgs-phase. For instance, chromium can be dissolved
in the MC-phase up to 11 wt.% and during the aus-
tenitizing, a part of chromium can be released into the
austenite [18-22]. Also for the MC-carbide, no invest-
igations have been devoted to establish what happens
with the carbide during the nitriding. It seems, how-
ever, that the MC-phase has some capability to absorb
the nitrogen without a need to release the carbon since
it is sub-stoichiometric as in soft-annealed state after
heat treatment of materials.

The matrix of the material before the nitriding con-
sists of the tempered martensite with a low carbon
content. The contribution of the matrix for the total
nitrogen uptake is limited by the solid solubility of the
nitrogen in the a-phase (approx. 0.1 wt.%).

During the nitriding of the ledeburitic steels, either
a nitride network along original austenite grains or
continuous compound layer on the surface can be
formed. The situation, however, is more difficult since
in most cases both 4’- and e-phase can be detected by
X-ray diffraction but the establishment of their por-
tion is practically impossible. Therefore some portion
of nitrogen is spent also for the formation of these
compounds, mainly when the material is nitrided at
higher temperature and/or longer processing time.

Previous TEM-investigations [12] confirmed the
formation of disperse Fe4N and CrN nitrides during
the nitriding of the Vanadis 6 steel. The formation of
VN-nitrides has also been expected but they were not
detected [12]. Vives Dias et al. [9] reported that in
pure Fe-V system, the VN-phase is formed as small
platelets, with a thickness of several atomic planes
and a length of few nanometers, coherent with the fer-
ritic matrix. Such small particles did not give diffrac-
tion and they were detected only after an additional
thermal treatment, when they underwent a signific-
ant growth. Moreover, the nitriding temperature was
580°C, e.g. much higher than that of discussed exper-
imental works, and the processing time was 10 h and
longer, e.g. again much longer than that of actual ex-
periments. Finally, nitrided F-V alloy consisted only
of one phase, ferrite, and it did not contain carbides or
other phases. On the other hand, the most part of va-
nadium is incorporated in MC-carbides in the case of
the Vanadis 6 steel. The MC-carbides remain stable
also after austenitizing and the release of the vana-
dium into the austenite is almost negligible. Therefore,
the potential for the formation of VN-phase is strongly
limited, which gives a second possible explanation why
it was not detected in [12]. The nitrogen is then prob-
ably spent only for the formation of Fe,N- and CrN-
-nitrides and to assess amount of incorporated nitro-
gen, the volume fraction of these nitrides should be
determined in the future. However, the no-existence of
vanadium nitrides in the investigated material should
be confirmed in the future, as by the extension of the
scale of the nitriding parameters for the processing of

samples so by the use of TEM on thin foils prepared
by precise technique of argon ion bombardment.

In [7, 9] it is reported that compressive strain fields
are formed around the nitrides of alloying elements,
e.g. chromium and vanadium. These stresses are due
to the misfit of the lattice of the nitrides and the mat-
rix. After the nitrides become larger and incoherent,
the compressive stresses tend to decrease. However,
as reported in abovementioned works the strain fields
located around the precipitates can absorb some por-
tion of nitrogen. So-called nitrogen excess then occurs
and it makes of about 10 % of the total nitrogen up-
take of the material. Also in [23] the presence of high
compressive macro-stresses was determined for the Va-
nadis 6 steel after the plasma nitriding at the temper-
atures in the range 470-530°C and processing times
from 30 to 240 min. The value of the stresses was more
than 1000 MPa for the material processed at 470°C for
30 min and it increased slightly to 1300 MPa for the
steel nitrided at 530°C. This indicates that also in ni-
trided Vanadis 6 steel, the strain fields exist around
the nitrides and some nitrogen excess can be expected
in a similar way to investigations in [7, 9].

The total nitrogen uptake of nitrided Cr-V ledebur-
itic steels can be thus given as

N = Na + NMC + NM7C3 + Nnitrides + Nnetwork +
+ Ncompound + Nstrain )

where N, is the nitrogen dissolved in the tempered
martensite, Ny is the nitrogen absorbed by the MC-
-phase, Nyi7c3 is the amount of nitrogen in M;Cs-
-phase, Nyitrides 1S the nitrogen incorporated in the ni-
trides of alloying elements (Cr, V) or iron, but without
the continuous network or compound layer on the sur-
face, Npetwork 1S the nitrogen content in the network
(if it is formed), Neompound is the part of the nitrogen
incorporated in the compound layer (if occurs) and
Nstrain is the nitrogen excess due to the strain fields
around the precipitates of nitrides.

Three main situations can be found in the case of
Cr-V ledeburitic tool steels:

a) Neither the compound layer nor the network
along the grain boundaries is formed. This is the case
of the material processed at 470°C for 30 min. Equa-
tion (1) is then reduced to the contributions of nitro-
gen dissolved in the martensite, nitrogen incorporated
in carbides and nitrides and nitrogen excess due to the
strain fields. As evident from Table 1, no significant
carbon redistribution was found in the processed ma-
terial. It indicates that also the contribution of Nyi7c3
to the total nitrogen uptake is minimal and the nitro-
gen is probably incorporated only in the MC-carbides.
The situation becomes more difficult for the steel pro-
cessed at 470°C for 120 min. Compared to the mater-
ial processed for shorter time, higher nitrogen content
in the nitrided region and considerable carbon redis-
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tribution were found, see Table 1. As a principal ex-
planation, the carbon replacement by nitrogen in the
M;Cs-phase can be considered.

b) In some cases, nitride network can be formed
along the grain boundaries, but without a continuous
compound layer on the surface. The contribution of
Nietwork into the total nitrogen uptake of the material
should be taken into consideration. However, based on
practical experiences it is very difficult to determine
the volume fraction of the network with an acceptable
accuracy.

c) If also the compound layer is formed on the sur-
face (the case of the material processed at 500 and
530°C), the contribution of Neompouna should be ad-
ded into Eq. (1). Nevertheless, the determination of
the Ncompouna Will cause obstacles since, as mentioned
above, both 7’- and e-nitrides are mostly present, see
Fig. 8.

Based on current analysis it seems that the devel-
opment of the phase constitution due to the nitrid-
ing begins with the saturation of the a-solid solution
and other original phases with nitrogen. Firstly, the
MC-phase is saturated. After that, the M;C3 absorbs
the nitrogen but the nitrogen uptake proceeds sim-
ultaneously with the carbon release and its diffusion
into bulk. After the solid solubility limit of nitrogen
in a-phase is exceeded, also fine nitride particles are
formed. Around these particles, the strain fields are
formed. This is connected with the macro-stresses that
exceed 1000 MPa, substantial hardness increase and
probably with some additional nitrogen uptake (nitro-
gen excess), as reported by Hosmani and Vives Dias
[8, 9]. Further prolonging the processing time or in-
creasing the temperature leads to the formation and
growth of the nitride network and continuous com-
pound layer on the surface. These structural constitu-
ents are composed mostly of both basic phases, e.g.
FeyN- and FezN-nitride.

5. Conclusions

After the standard heat treatment procedure and
before the nitriding, the microstructure of the Vanadis
6 ledeburitic steel consists of a matrix, composed of a
tempered martensite, and M7Cs- and MC-carbides.

The development of phases due to the nitriding
begins with the saturation of tempered martensite
with nitrogen. After the solid solubility of the nitro-
gen in tempered martensite is exceeded, firstly the
MC-carbides and afterwards the M;Cs-carbides un-
dergo the nitrogen saturation. Subsequently, the ni-
tride network and continuous compound layer appear
on the surface and also iron- and chromium-nitride
particles are formed. As a contribution of the total
nitrogen uptake by the material, also the nitrogen
“excess” due to the strain field around the iron- and

chromium-nitride particles can be expected since the
macro-stresses after the nitriding exceed 1000 MPa.

The nitrogen amount increases with an increase
of the processing temperature and/or the processing
time up to 7.5 wt.%. The input of nitrogen atoms into
the surface induces carbon redistribution with its re-
pulsion away from the surface. It seems that the main
sources for the carbon redistribution are the M;Cs-
-carbides, whereas the dominant part of carbon is sub-
stituted by nitrogen in this phase. Other, but minor
source for the formation of the carbon content peak far
away from the surface is the redistribution of carbon
from the martensite.

From the macroscopical point of view, the satur-
ation of the Vanadis 6 steel with nitrogen has a re-
sponse in considerable increased surface hardness. The
surface hardness increase ranges between 180 and 420
HV 10, depending on the nitriding conditions used for
the material processing.
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