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1

General Introduction

In technical applications, layer/substrate systems are of increasing importance since
they may result in positive properties, which cannot be achieved by (simple) bulk
materials. A layer/substrate system combines two components, the substrate material
and the layer on top of the substrate. The aim is to realise a material combination
which benefits from the positive properties of both the substrate such as e.g. ductility
and the positive properties of the layer such as e.g. hardness and corrosion resistance.
This materials combination may overcome negative properties such as e.g. the limited
hardness of the substrate and the brittleness of the layer. Such layer/substrate systems
can be generated by different processes, e.g. by thermochemical heat treatments due to
chemical reactions of a reactive gas atmosphere with the substrate material [1-3].
Gaseous nitriding, gaseous carburising and gaseous nitrocarburising are such
thermochemical heat treatments, which are of pronounced technical importance since
the beginning of the twentieth century. These processes lead, due to chemical reactions
of the reactive gas atmosphere with the substrate material, to a concerted change of the
chemical composition of the (usually) iron-based workpieces. This concerted change
of the chemical composition can lead to the formation of a diffusion zone within which
nitrogen and/or carbon are either dissolved in the octahedral sites of the iron bcc-
lattice or are bound to alloying elements. The diffusion zone, which can extend several
hundreds of micrometers, is responsible for a considerable enhancement of the fatigue
endurance of the iron-based workpiece [4]. Furthermore, under certain circumstances
(high activities of nitrogen and/or carbon in the gas atmosphere), the change of the
chemical composition of the iron-based workpiece can lead to the generation of hard,

wear and corrosion resistant surface compound layers with thicknesses up to several
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tenths of micrometers [5]. Gaseous nitriding and gaseous nitrocarburising are
performed at temperatures in the range of 773 K — 843 K, i.e. below the binary/ternary
eutectoid temperatures (ferritic regime) of the Fe—N/Fe—N—C solid solution [2]. Upon
gaseous nitriding and/or gaseous nitrocarburising, nitrogen and/or carbon are
diffusionally incorporated into the surface region of an iron-based workpiece. In
contrast, upon carburising, carbon is incorporated into the surface region of an iron-
based workpiece at usually much higher treatment temperatures in the range of 1173 —
1273 K. Due to these higher treatment temperatures, which are located in the
austenitic regime, considerable changes of the dimensions of the iron-based workpiece
result, which is in contrast to gaseous nitriding/nitrocarburising.

In the present work, thermochemical heat treatments were performed in a vertical
quartz tube furnace. At the top part of the quartz-tube furnace, the gas inlet was
located, where ammonia, hydrogen, carbon monoxide and nitrogen were inserted into
the furnace. The specimen was positioned by a sample stage and a quartz fibre in the
middle of the quartz-tube furnace where the process temperatures, controlled within
+ 1 K, prevailed. The quartz-tube furnace was, at its bottom part, equipped with a
water container for quenching the specimens to room temperature. After the desired
treatment time, the quartz fibre was mechanically destroyed and the specimen dropped
into the quenching facility to retain microstructural states which were produced at the

treatment temperature.
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Fig. 1.1: (a) Schematic representation and (b) real image of the nitriding/nitrocarburising/carburising
facility. The arrows indicate the gas inlet, the direction of the gas flow and the gas outlet. At the
bottom part of the nitriding/nitrocarburising/carburising facility, the quenching facility was located,

which consists of a water container (flushed with nitrogen).

After the thermochemical heat treatment (in the present work gaseous
nitriding/nitrocarburising), a diffusion zone develops within which o’’-Fe;sN, [6-10]
or y’-FeyN., precipitates can be formed. On top of this diffusion zone a compound
layer develops which can, depending on the process parameters (treatment
temperature, treatment pressure, treatment time, composition of the gas atmosphere)
consist of different phases [11,12]. Usually the compound layer consists of y’-FesN,.,
and/or &-Fe3(N,C)+, [13] but, also cementite can form within the compound layer

[14,15] (cf. chapter 2) coexisting with y’-Fe4N ., and e-Fe;(N,C) .
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Fig. 1.2: Schematic illustration, which indicates that the surface region of an iron-based workpiece can
be subdivided into a diffusion zone and a compound layer after gaseous nitriding/nitrocarburising.
These contain, depending on the process parameters, different phases. Nitrogen and/or carbon are
provided by the ammonia- and/or carbon monoxide-containing gas atmosphere. Ammonia and/or
carbon monoxide dissociation occurs at the surface of the specimen. Due to a gradient of the chemical
potential of nitrogen and/or carbon from the surface to the substrate, nitrogen and/or carbon are

diffusionally incorporated into the surface region of the iron-based workpiece.

The formation of massive cementite compound layers upon gaseous carburising is
usually accompanied by severe sooting and cementite disintegration, so-called metal
dusting [16]. Therefore, the generation of massive cementite compound layers is not
trivial. In the literature it is reported that due to the addition of H,S to the carburising
gas atmosphere, sooting and metal dusting can be suppressed [17-20]. Moreover, there
are hints that the addition of ammonia to the carburising gas atmosphere may delay or
even suppress sooting and metal dusting [21].

Although gaseous nitrocarburising is widely applied in industrial processes, many
open questions remain. The aim of this work is to generate massive cementite
compound layers on ferrite substrates. Furthermore, the present work shall answer

some open questions concerning cementite in the Fe-N—-C system.
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1.1 Cementite formation; a literature overview

The formation of cementite is of great industrial importance but also of great scientific
interest. Cementite is, besides ferrite, the most important phase present in the majority
of steels. In the following, a literature overview will be given, introducing several
techniques to produce bulk cementite or cementite layers. Cementite, as found in
cementite-containing low- and mildly-alloyed steels, will not be discussed.

In Ref. [22] it is reported that cementite can be obtained in a wear-resistant case
hardened layer (thickness up to 0.5 mm) on cast iron. For that, the surface area of an
iron-based workpiece will be heated and finally molten by a high-power energy source
(e.g. laser, electron beam) under argon atmosphere. Due to heat transfer into the bulk
material the surface area of the workpiece is cooled by itself after the heating process.
By this heating process, graphite particles, which are present in the cast iron, have
been transformed into a high-energy state which let them react to cementite. The
addition of magnesium to the cast iron hinders graphite to react with oxygen (present
although the process is performed under argon atmosphere), which would result in the
formation of carbon monoxide gas bubbles which would negatively influence the
mechanical properties of the cast iron.

Umemoto et al. [23] reported that it is possible to produce bulk cementite blocs
by mechanical alloying and afterwards spark plasma sintering. Elemental iron powder
and elemental graphite powder were mixed in stoichiometric ratio and mechanical
alloying was performed by ball milling under argon atmosphere. The alloyed powder
has been sintered by a spark-plasma under vacuum and under pressure in order to
produce compacts of cementite.

Another method to produce cementite was introduced by Carpene and Schaaf
[24]. Cementite emerges from pure iron substrates which have been irradiated by a
pulsed excimer-laser under methane atmosphere. The reaction chamber has to be
evacuated before filling it with methane in order to remove oxygen. Cementite-layer
thicknesses of about 1 pm can be obtained by this process.

Further, it was reported by Mizubayashi et al. [25] that cementite can be
deposited on silicon substrates by the so-called “electron-shower-assisted physical

vapour deposition” (ES-PVD).
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Cementite can also be formed by gaseous carburising of iron powders or iron
foils. Thereby, cementite is formed upon a reaction of e.g. the iron foils with a reactive
carburising gas atmosphere (CO/H,/H,0, CH,4/H,) [16,20]. The addition of H,S to the
gas atmosphere suppresses sooting and cementite disintegration, so-called metal
dusting which usually accompany the cementite forming reaction [16,20].

Besides the mentioned techniques for the formation of cementite, Naumann and
Langenscheid [26] reported that there are hints that an addition of ammonia to the
carburising gas atmosphere should also make the formation of cementite possible. In
Ref. [21] it is further reported that there are indications that nitrogen-delivering species
in the gas atmosphere can suppress carbon deposition on an iron-based surface.
Furthermore, Naumann and Langenscheid assumed that the addition of nitrogen-
providing media, such as ammonia, should increase carbon uptake into the iron
substrate [26]. However, experiments performed by these authors indicate that
cementite can only coexist with other phases within the compound layer. Pure,
massive cementite layers were not produced in that work [26].

In chapter 2 of this work a new method will be presented by which massive
cementite layers on ferrite substrates can be generated. The cementite-layer
thicknesses which can be achieved are in the range of several micrometers allowing

investigation by different instrumental techniques.

1.2 Thermodynamic considerations

1.2.1 Gaseous nitriding

The term gaseous nitriding describes a thermochemical heat treatment upon which
nitrogen 1s incorporated into the surface region of an iron-based workpiece [2]. Since
the chemical potential of nitrogen in N, is extremely low, it is not possible to
incorporate a considerable amount of nitrogen (neither as iron nitrides nor as solid
solution in iron) into the surface region of an iron-based workpiece; N, can be
considered as inert gas (cf. phase diagram [3], Fig. 1.3). In order to achieve such
nitriding by N,, an equilibrium N,-pressure up to several thousand atmospheres [27]

would be necessary.
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Fig. 1.3: Part of the metastable Fe—N phase diagram which has been redrawn according to Ref. [3].

Since the chemical potential of nitrogen in ammonia is relatively high, ammonia
is well suited as nitrogen-providing medium. Upon nitriding the following chemical

equilibrium has to be considered

NH, =[N]+3H,, (1.1)
where [N] represents nitrogen which is dissolved in the surface region of the iron-
based workpiece. For the analysis of the thermodynamics of gaseous nitriding, two

chemical reactions have to be considered, which hypothetically take place. The

hypothetical dissociation of ammonia can be expressed by

NH, =N, +H, (1.2)

The nitrogen which was (hypothetically) produced by this chemical reaction can be

incorporated into the surface region of the iron-based workpiece according to

N, =[N]. (1.3)

=
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In order that Eq. (1.1) can be considered as chemical equilibrium, it is necessary that
the occurrence of ammonia dissociation according to Eq. (1.2) within the gas
atmosphere can be neglected. This can be realised by applying a relatively high flow
rate of 13.5 mm s™' (calculated for the gas volume at room temperature) through the
quartz retort (diameter 28 mm). Furthermore, it has to be ensured that no nitrogen
recombination according to Eq. (1.3) takes place. If these two premises are fulfilled,
Eq. (1.1) can be considered as chemical equilibrium, i.e. local equilibrium between the
gas atmosphere and the specimen surface holds.

Under the assumption that the components of the gas atmosphere can be treated

surface

as ideal gases, the chemical potential £ in the solid at the surface of the specimen

(assumed to be in equilibrium with the gas atmosphere), which is the partial Gibbs free

energy obeys

[S1Es

v = Ly + RTInay™ = pgy —3 g +RT1n(rN (p") ) (1.4)

N

where s, a4y, and gy are the chemical potentials of nitrogen, ammonia and

surface

hydrogen in the gaseous reference state (pressure p° = 1 atm) and @™ is the activity

of nitrogen dissolved in the solid at the surface. The expression " = % denotes the

so-called nitriding potential, where pyy, and py, are the partial pressures of ammonia

and hydrogen in the gas atmosphere, which quantifies the chemical potential of

nitrogen [27]. The activity of nitrogen dissolved in the solid at the surface (assumed to

surface

be in equilibrium with the gas atmosphere), ay — , equals

1,0 3,0
surface 24N, YoM,

_RH3 1/2
ay :eXP(—Tﬂ)(PO) . (1.5)

The chemical potential of nitrogen as well as the activity of nitrogen in the solid
at the surface are governed by the nitriding potential. Therefore, a desired value of the

chemical potential/activity of nitrogen in the solid at the surface can be adjusted by
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controlling the partial pressures of ammonia and hydrogen by mass-flow controllers.
At a certain nitriding potential and treatment temperature, the gas atmosphere is then
either in equilibrium with an iron-nitride phase or a Fe—N solid solution [28-31] which
i1s displayed by the Lehrer diagram [32]. The extended Lehrer diagram given by
Fig. 1.4 contains isoconcentration lines, which indicate the expected nitrogen content

in the respective phase under the applied gaseous nitriding conditions [33].

800\ 5I | ﬁl :?l ilfl? 22\|21\3 IZilI 22|') |2|(:i| | 2‘? 2£|¥ 2|9 |3?| flit.l%l
! . A \
700 Q\Q&Q H l \\ \\\\\\ N\ \\ \ \ \\ \
- \N{jjif =R AR AR
s 600 \%S%S \/T RN \\ \ \\ : AN
E N IR AN
S 500 \Q\Q/. I \ \\ \\ \ 1\
g SN ISR
- 400 * N \-9 ! \\\\
N \\\
00,01 0.1 1 10

Nitriding potential [atm-/2]

Fig. 1.4: The so-called extended Lehrer diagram (redrawn according to [33]). The diagram displays
which phase is in equilibrium with the gas atmosphere under an applied nitriding potential, which
quantifies the chemical potential/activity of nitrogen in the solid at the surface of the specimen. The
isoconcentration lines indicate the expected nitrogen content in the respective phase under the applied

gaseous nitriding conditions [33].

1.2.2 Gaseous carburising
Gaseous carburising in contrast describes a thermochemical heat treatment where
carbon is incorporated into the surface region of an iron-based workpiece. Different

chemical compounds could be used as carbon supply, the following considerations are
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based on carbon monoxide as carbon supply as performed in the present work. Carbon
transfer from carbon monoxide into the surface region of the iron-based workpieces
proceeds via the water-gas reaction (if hydrogen is additionally present in the gas

atmosphere)

CO+H, =[C]+H,0, (1.6)

or via the Boudouard reaction

2C0 = [C]+CO,, (1.7)

where [C] denotes carbon dissolved in iron either as Fe—C solid solution or in a
carbide. It has been shown experimentally that the heterogeneous water-gas reaction
given by Eq. (1.6) is faster than the Boudouard reaction given by Eq. 1.7 [34].
Therefore, the water-gas reaction is assumed to control carburising.

Under the assumption that the components of the gas atmosphere can be treated

as ideal gases, the chemical potentials of carbon in the solid at the surface (assumed to

surface

be in equilibrium with the gas atmosphere) according to Eqs. (1.6) and (1.7), ¢ e

surface

and 4 5 ,equal

surface surface -1
,uc,(fl.s) = p¢ +RT Inad™ = Heo +,ng2 _:ulizo +RT1H(’”C,(1.6) (po) ), (1.8)
and
.
He, (f1.7) = ﬂg +RTIn acrf = 2/“80 _ﬂgoz +RT ln(rc,(”) (PO) ) , (1.9)

where 4. is the chemical potential of graphite in the reference state (pressure p° =

1 atm), s, , 4y, Heo and g, are the chemical potentials of hydrogen, water,

carbon monoxide and carbon dioxide in the gaseous reference state and a2 is the
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PcoPu,

activity of carbon dissolved in the solid at the surface. The expressions ’c (.6 =

Pu,0

and 7c a7 = ,f—ooz denote the so-called carburising potentials according to Egs. (1.6)

and (1.7), which quantify the chemical potential/activity of carbon in the solid at the

surface, where py , Puo, Pco and peo, are the partial pressures of hydrogen, water,

carbon monoxide and carbon dioxide in the gas atmosphere. The activities of nitrogen

dissolved in the solid at the surface (assumed to be in equilibrium with the gas

surface surface

atmosphere) according to Egs. (1.6) and (1.7), ac 6 and ac 7 , equal

0, 0 0 0 -1
surface __ He + Hyyo ~Hco — M, 0
Acie) = exp(— RT )(p ) Te6) (1.10)
and
0,0 50 -1
surface __ He+Heo, =2 Heo 0
ac,(li) —CXp(— RT )(p ) Vc,(m). (1.11)

For each of the chemical equilibria given by Eqgs. (1.6) and (1.7) a separate chemical
potential/carbon activity in the solid at the surface can be calculated. The chemical
potentials of carbon as well as the activities of carbon in the solid at the surface
according to Egs. (1.8), (1.9) and (1.10), (1.11), respectively, are governed by the
carburising potentials. Therefore, desired values of the chemical potential/activity of
carbon in the solid at the surface can be adjusted by controlling the partial pressures of
hydrogen, water, carbon monoxide and carbon dioxide. Real local equilibrium
between the gas atmosphere and the specimen surface might be created by choosing
the partial pressures of the components of the gas atmosphere such that the chemical
potential/activities of carbon in the solid at the surface calculated according to

Egs. (1.8), (1.9) and (1.10), (1.11), respectively, exhibit the same value.
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1.2.3 Gaseous nitrocarburising

Gaseous nitrocarburising describes a thermochemical heat treatment where both
nitrogen and carbon are diffusionally incorporated into the surface region of an iron-
based workpiece [2]. Therefore, gaseous nitrocarburising represents in principle a
combination of gaseous nitriding and gaseous carburising, but, however (usually)
performed in the ferritic regime (cf. gaseous nitriding). Gaseous nitrocarburising is
more complex'' since interactions between the gas atmosphere of gaseous nitriding
and gaseous nitrocarburising occur. Therefore, e.g. the following chemical equilibria

have additionally to be considered

CO+H,0 = H,+CO, (1.12)
CO+3H, = CH,+H,0 (1.13)
CH, = [C]+2H, . (1.14)

In case of desired thermodynamic control of gaseous nitrocarburising, i.e. unequivocal
determination of the nitrogen and carbon activity in the solid at the surface of the
specimen, simultaneous equilibrium for all possible reactions in the gas atmosphere
has to be fulfilled. This, however, requires the simultaneous control of the partial
pressures of NHs3, H,, CO, CO,, CH; and H,O in the gas mixture with mass-flow
controllers.

Since thermodynamic control of gaseous nitrocarburising is not trivial and
requires a complex nitrocarburising facility, a simple solution was used in the course
of the present study. Gaseous nitrocarburising was performed using dedicated
NH3/H,/CO/N,-containing gas mixtures. Whereas an unequivocal determination of the

activity of nitrogen in the solid at the surface of the specimen can be realised, the

"I The complexity of gaseous nitrocarburising originates from the presence of hydrogen in the nitrocarburising
gas atmosphere. The presence of hydrogen is inevitable since it is necessary to control nitriding. Furthermore,

hydrogen can also be formed at the surface of the specimen due to ammonia dissociation at this location.
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carbon activity in the solid at the surface yields for the present gas atmosphere
according to Eqgs. (1.10) and (1.11) infinity, since neither H,O (cf. Eq. (1.6)) nor CO,

(cf. Eq. (1.7)) were initially present in the nitrocarburising gas atmosphere

(Pu,0 = Pco, = 0). Nevertheless, it is concluded that a finite carbon activity rules in the

solid at the surface of the specimen [35] (cf. chapter 3). The stationary presence of a
certain amount of water, which is produced according to the chemical equilibrium
given by Eq. (1.13) lowers the activity of carbon in the solid at the surface of the
specimen according to Eq. (1.10) from an infinite to a finite, “effective” value [35]
(cf. chapter 3). Furthermore, it can be assumed that the higher the fraction of carbon
monoxide in the gas atmosphere is, the higher the finite, “effective” carbon activity in

the solid at the surface is.

1.3 Outline of the work

1.3.1 Formation of massive cementite compound layers and its growth
kinetics
There is a dearth of fundamental knowledge on cementite and the growth kinetics of
cementite layers. This is mainly due to the fact that the formation of massive cementite
compound layers with strongly carburising gas atmosphere, which exhibit high carbon
activities, is always accompanied by simultaneous graphite deposition (sooting) on top
of the initially formed cementite layer and cementite disintegration, so-called metal
dusting [16]. Since sooting and metal dusting are undesired processes, at least in the
view of technical processes, fundamental research was undertaken to elucidate
whether these processes can be suppressed. The addition of H,S to the gas atmosphere
suppresses these processes by blocking the adsorption sites for carbon monoxide [20],
but, due to the reduction of the number of adsorption sites for carbon monoxide, only
limited cementite-layer thicknesses can be achieved.

In chapter 2 and 3 of the present work, dissenting from the addition of H,S to the
gas atmosphere, a different approach for the suppression of sooting/metal dusting will
be applied. To a carburising gas atmosphere, which is composed of carbon monoxide

and hydrogen, a specific amount of nitrogen will be added. Since nitrogen can in the
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course of these experimental conditions be considered as inert gas, an initially formed
cementite layer will decompose into its components iron and graphite, i.e. sooting and
metal dusting will take place as in the course of usual gaseous carburising in the
absence of N, (cf. Fig. 1.5). If a specific amount of the nitrogen is exchanged by
ammonia, the initially formed cementite layer will remain stable and will not

decompose into iron and graphite, i.e. sooting/metal dusting will be suppressed.

+ CO, H,

Fig. 1.5: Difference between the addition of a specific amount of nitrogen (inert gas) in contrast to a
specific amount of ammonia to a carburising gas atmosphere, which is composed of carbon monoxide
and hydrogen. Whereas by the addition of nitrogen severe sooting and cementite disintegration (metal
dusting) occur, these processes will be suppressed by the addition of a specific amount of ammonia to

the gas atmosphere.

Furthermore, in chapter 2 of the present work it will be demonstrated that the
cementite-layer thickness increases with increasing ammonia content. A probable
explanation for the accelerating effect of ammonia on the cementite-layer growth will
be given.

In the literature, the growth of iron-nitride layers is reported to be of parabolic
fashion [28,30,36-39]. Very little is known about the growth kinetics of cementite
layers, the studies existing in the literature [16,39,40] describe cementite-layer growth
also in terms of parabolic layer growth. In chapter 2 and 3 of the present study, the
cementite-layer growth kinetics will be investigated. A modified parabolic-growth law
holds for the whole temperature range within which cementite-layer growth succeeds.
Cementite growth proceeds via a two stage mechanism. In the early stage, an

incompletely closed cementite layer occurs. Carbon diffusion is relatively slow in
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cementite as compared to ferrite [20]. Therefore, carbon diffusion takes place
preferably through ferrite, bypassing the cementite (cf. Fig. 1.6a). Shortly after a
closed cementite layer will have formed, short-circuit diffusion of carbon through thin
and defect-rich parts of the cementite layer, which exhibit a high grain-boundary
density, will occur. Both the bypass and the short-circuit mechanism will be faster as
compared to later stages, where carbon volume diffusion through cementite will take

place (cf. Fig. 1.6b), which can be expressed by parabolic cementite-layer growth.

() Fe,C
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Fig. 1.6: Two-stage process of cementite-layer growth. (a) In the early stage of cementite formation
only a few cementite crystallites will have formed on ferrite. Carbon diffusion through ferrite,
bypassing cementite occurs since carbon diffusion through ferrite will be faster than carbon diffusion
through cementite. This early stage will be followed by a stage where carbon will diffuse through thin
and defect-rich parts of the now completely closed cementite layer (short-circuit diffusion). (b) In the
later stage, carbon volume diffusion through cementite will occur which will lead to parabolic

cementite-layer growth.

Due to the Arrhenius-type temperature dependence of the obtained parabolic growth
constants, an “apparent” activation energy for cementite-layer growth will be
determined and the different influence factors on this “apparent” activation energy will

be analysed and discussed in detail (cf. chapter 3).
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1.3.2 Orientation relationships of cementite and ferrite and the

consequences

In the literature, several works are dealing with the orientation relationship of
cementite and ferrite [41-48]. Different orientation relationships, mostly found in
pearlite, were proposed to pertain for cementite and ferrite [49-54]. Until now, there
are no works reported in the literature dealing with the orientation relationship
between the cementite grains of a compound layer and the ferrite grains of the
underlying substrate and orientation relationship between neighboured cementite
grains of a compound layer.

In chapter 4 of this work, a detailed study of the cementite/ferrite orientation
relationships will be performed by means of electron backscatter diffraction (EBSD)
and it will be found that the Bagaryatsky orientation relationship [50] holds between
the cementite grains of the compound layer and the ferrite grains of the substrate.
Furthermore, preference of specific variants of this orientation relationship will be
indicated by the experimental data. This will be ascribed to low misfit-strain energy
for favoured orientation variants as compared to high misfit-strain energy for
unfavoured orientation variants. According to the Bagaryatsky orientation relationship
[50] it will be shown that low-energy grain boundaries will be expected between
adjacent cementite grains on the same ferrite-substrate grain. In contrast, high-energy
grain boundaries will occur between neighboured cementite grains on adjacent ferrite-
substrate grains. These high-energy cementite grain boundaries will promote carbon
grain boundary diffusion through the cementite. This will experimentally be evidenced
by larger cementite-layer thicknesses at the location of ferrite-grain boundaries

intersecting the substrate surface.

1.3.3 Diffusivity of nitrogen and activation energy of nitrogen diffusion in
cementite

Up to now there aren’t any works in the literature which report either on the diffusivity
of nitrogen or the activation energy of nitrogen diffusion in cementite. In order to

make this information available, in chapter 5 of this work hardness-depth profile
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measurements will be performed in the ferrite substrate with a growing cementite layer
of time-dependent thickness on top at different treatment temperatures. Nitrogen will
diffuse through the cementite and the underlying ferrite substrate will get enriched
with interstitial nitrogen. Upon embedding the specimens, which can be regarded as
heat treatment, a’’-Fe ¢N, precipitates will be formed in the ferrite [6-10], which will
be responsible for a considerable hardness increase of the ferrite substrate. The
hardness increase is a measure for the nitrogen content in the ferrite. On the basis of
additional measurements by chemical analysis, a calibration line will be constructed
with which such hardness-depth profiles will be transformed into nitrogen
concentration-depth profiles. By the help of a developed model using the implicit
finite-difference method, simulated nitrogen concentration-depth profiles will be
obtained. These simulated profiles will be accommodated to the experimentally
determined nitrogen concentration-depth profiles by minimising the sum of the
squared differences between simulated and experimental values. The simulation will
yield, for the first time, information about the diffusivity of nitrogen through cementite
and the activation energy of nitrogen diffusion in cementite. The activation energy for
nitrogen diffusion in cementite will be relatively low, which will be explained on the

basis of nitrogen grain-boundary diffusion through cementite.

1.3.4 New information on the Fe—N-C system

In the past, several studies were carried out which have dealt with the constitution of
the ternary phase diagram Fe—N—C [26,55-62], either directly based on experiments or
on the basis of evaluations of experimental data adopting thermodynamic models.
To date, in these literature works, the existence of the two-phase region
a-Fe + &-Fe;(N,C)y+, itself and the temperature range at which it occurs were
discussed controversially. According to the works which favour occurrence of this
two-phase region, it opens after passing the invariant transition reaction
v’-FesN + Fe;C — a-Fe[N,C] + e-Fe;(N,C);+, at a single temperature. In some works

[63-70], also &-Fe3(N,C);., was obtained in direct contact with ferrite. However,
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the corresponding authors did not state the presence of a two-phase region
a-Fe + e-Fe3(N,C) 4., they only quoted kinetic reasons.

In chapter 6 of the present work it will be shown experimentally by
nitrocarburising reactions and systematic secondary annealing experiments that the
two-phase region a-Fe + &-Fe3(N,C)., exists. Furthermore, the temperature of the
invariant transition reaction mentioned above will be investigated experimentally. It
will be demonstrated that the EBSD method is a powerful tool for the investigation of
the constitution of compound-layer microstructures. The results which will be
presented in chapter 6 will give new insight into the constitution of the ternary phase

diagram Fe-N—C and will also have pronounced technical importance.

1.3.5 Elastic constants of cementite
Although cementite-containing steels are common in technical and industrial
applications, there is a lack of fundamental knowledge on the mechanical properties of
cementite. Due to difficulties in preparing single-phase polycrystalline cementite
specimens, the experimental (single-crystal) elastic constants of cementite are yet
unknown. Therefore, it is not possible to analyse the elastic response of e.g. cementite
containing steels to mechanical deformation. Very recently the full set of nine
independent elastic constants of orthorhombic cementite, provided by first-principles
calculations, was reported in the literature [71].

In chapter 7 of the present work, the results of first-principles calculations
yielding the full set of nine independent elastic constants of cementite as a function of
pressure will be presented. The results of these calculations will indicate extreme

elastic anisotropy of cementite with a very small c,, as compared to ¢, and ¢, . This

extreme elastic anisotropy of cementite will be evidenced experimentally by
synchrotron X-ray diffraction stress measurements on cementite layers on ferrite

substrates, produced as will be reported in chapter 2.
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2
Formation of massive cementite layers on iron by ferritic

carburising in the additional presence of ammonia

T. Grefimann, M. Nikolussi, A. Leineweber, E.J. Mittemeijer

Abstract
Massive Fe;C compound layers were grown on a-Fe substrates at 823 K
by a gas carburising process in the additional presence of NH;. Whereas
pure carburising employing a CO/H,/N, gas mixture leads, besides Fe;C
formation, to severe graphite formation, the latter can be suppressed by a
partial substitution of N, in the gas mixture by NH;. The growth kinetics
of the obtained massive Fe;C layers can be described by a two-stage

process.
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2.1 Introduction

Improvement of the mechanical and chemical properties of iron and iron-based
workpieces is often realised by the application of surface layers. Such layers can for
example be produced by gaseous nitriding/nitrocarburising [1]. These thermochemical
surface treatments are widely applied in order to improve the corrosion and wear
resistance as well as the fatigue endurance [2]. Thereby, nitrocarburising is the most
versatile surface treatment for ferritic steels.

Upon conventional gaseous nitrocarburising (e.g. by annealing in ammonia and
carbonmonoxide containing gas mixtures at temperatures below 853 K) nitrogen and
carbon are provided simultaneously to an iron-based surface by atmospheres
possessing nitrogen and carbon chemical potentials sufficiently high to form
compound layers composed of iron-(carbo-)nitrides. These compound layers are
usually composed of an outer e-Fe;(N,C);., sublayer adjacent to the surface and an
inner y'-Fe,N sublayer adjacent to the layer/substrate interface. The presence of a
carbon delivering species in the gas mixture promotes the formation of the & phase
which can dissolve considerable amounts of carbon [3,4], which is not the case for the
v phase.

Until now, only a few systematic investigations on the dependence of the
constitution of the compound layer on the gas composition have been performed for
high chemical potentials of carbon (as provided by e.g. relatively high CO contents in
the gas atmosphere) and for the concurrent presence of ammonia [1,4-6]. It has been
reported that in nitrocarburising atmospheres, with high chemical potentials of carbon,
besides (carbo-)nitrides also cementite can form, leading to complex compound-layer
microstructures [1,6]. The nitrocarburising process can even be accompanied by
sooting of the surface, if very high CO contents in the gas mixture are applied [4,5].
Graphite formation is also associated with ‘metal dusting’, i.e. disintegration of the
surface of iron-based work pieces in carburising atmospheres due to the decomposition

of cementite into iron and graphite [7].
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The present work demonstrates for the first time that it is possible to grow
massive cementite surface layers on a-Fe by carburising (with CO) in the presence of
ammonia in the gas atmosphere. Ammonia has been found to be decisive for the
suppression of sooting and metal dusting which occur in the absence of ammonia. The
influence of the ammonia content in the atmosphere has been systematically examined.
For a selected atmospheric composition the growth kinetics of the cementite surface
layer has been evaluated. Such massive cementite layers may be used for applications
where corrosion resistant and very hard (Fe;C ~ 1000 HV [8]) surface layers are

needed and the properties of the bulk have to be retained.

2.2 Experimental procedure

2.2.1 Specimen preparation and thermochemical treatment

An iron (Alfa Aesar, 99.98 wt.%) cast rod was cold rolled to a plate of about 1 mm
thickness and cut into rectangular pieces (20 mm x 25 mm). Before (nitro-)carburising
these specimens were recrystallised for 2 h at 973 K under hydrogen, mechanically
polished (final stage 1 um diamond) and cleaned ultrasonically in ethanol.

The (nitro-)carburising treatment was performed in a vertical quartz tube furnace
equipped with a water container for quenching. The process temperature of 823 K was
controlled within + 1K at the position of the sample. The (nitro-)carburising
atmosphere was composed of carbon monoxide (99.97 vol.%) as carbon supply,
hydrogen (99.999 vol.%), ammonia (99.999 vol.%) as nitrogen supply and nitrogen
(99.999 vol.%) as inert gas™'. The flow rate of each gas was controlled with mass flow
controllers. The overall flow rate of the gas mixture through the quartz retort (diameter
28 mm) was with 13.5 mm s™ (for the gas volume at room temperature) sufficiently
high to minimise the effect of reactions changing the composition of the gas phase,
e.g. ammonia decomposition. For all experiments, the CO and H, contents in the gas
mixture were kept constant at 20.0 vol.% and 58.0 vol.%, respectively, whereas the

content of ammonia and inert nitrogen gas as well as the process time were variable.

>1' At atmospheric pressure and at the process temperature N, does not dissociate and hence does not react with

solid iron.
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After the thermochemical heat treatment the specimens were quenched in water at

room temperature flushed with N,.

Table 2.1: Composition of the gas mixtures applied for experiment series 4, with constant volume

fractions of 20.0 vol.% CO and 58.0 vol.% Hy; the nitriding potential ry = py, /Py’ : the phases

observed and the optical appearance of the surface after the treatments at 823 K for 4 h and 24 h, see

also Fig. 2.3.

NH; N, N Phases observed by Appearance of
[vol.%] [vol.%] [atm™?] XRD the surface

22.0° 0 0.5 e, v, FesC matt grey
17.6 4.4 0.4 Fe;C shiny
13.2 8.8 0.3 Fe;C shiny
6.6 154 0.15 Fe;C, graphite partially sooted
3.3" 18.7 0.075 Fe;C, graphite partially sooted
1.7° 20.3 0.0375  Fe;C, graphite black
0 22.0 0 Fe;C, graphite black

*treatment only for 4 h

Two series of experiments were performed: for series 4 treatment times of 4 h
and 24 h and variable ammonia and nitrogen gas contents (22.0-n vol.% NHj,
n vol.% N,) were applied (Table 2.1, where also corresponding values of the nitriding

potential®?, r, = Pan, /i [9], have been gathered), whereas for series B constant

volume fractions for NH; and N, were applied (13.2 vol.% and 8.8 vol.%,

respectively) with treatment times varying from 5 min to 48 h.

2.2.2 Analysis of the (nitro-)carburised specimens
The thermochemically treated specimens were cut into two pieces, which were used

for optical microscopy and X-ray diffraction (XRD), respectively. The piece used for

2 The nitriding potential 7y is commonly used to quantify the chemical potential of nitrogen in NHs/H, gas

mixtures, which is considerable higher than that of molecular N, [9].
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light microscopical investigation was covered with an electrodeposited protective
nickel layer by using a Watts bath [10] (at 333 K) in order to avoid curvature and
damaging close to the surface of the specimen during subsequent metallographic
handling. Next, the piece was embedded (Polyfast, Buehler GmbH) and ground and
polished (final step: 1 um diamond paste). After etching in 1 vol.% Nital containing
0.1 vol.% HCI [1,6,11] some cross sections were stained either with a Murakami
solution (1 g NaOH, 1 g KOH and 4 g KMnO, per 100 ml distilled water) at 333 K or
with an alkaline sodium picrate solution (25 g NaOH and 2 g picric acid per 75 ml
distilled water) at room temperature. The staining occurred selectively on the carbon
containing phases, i.e. here e-Fe3(N,C);., and Fe;C [12,13]. Light optical microscopy
was performed with a Leica DMRM microscope. For each specimen several cross-
sectional micrographs were taken close to both faces of the specimen. The cementite
surface-layer thickness was determined from these micrographs: the measured area of
the layer was divided by the measured lateral length of the layer, yielding the layer
thickness. The values of several micrographs were arithmetically averaged.

For phase identification X-ray diffraction analysis was applied by recording
diffractograms from the surface of the second piece of the original specimen, using a
PANalytical X’Pert MP diffractometer (CoKa radiation), equipped with a graphite
monochromator in the diffracted beam and employing Bragg-Brentano geometry.
During the measurements the specimen pieces were rotated around the surface normal
to achieve better crystallite statistics. For lattice-parameter determination Si standard
powder suspended in isopropanol was deposited as a thin layer on the surface of the
specimen in order to calibrate the diffraction angle.

Quantitative Electron Probe Micro Analysis (EPMA) was performed employing
a Cameca SX100 instrument to determine the carbon and nitrogen contents in the
compound layer. To this end the intensities of the N-Ko, C-Ka and Fe-Ka radiations,
excited by an incident 10 keV electron beam, were measured simultaneously. Before
the measurement started, oxygen was blown at each location onto the cross section for
40 s while the electron beam was switched on in order to remove carbon
contamination, which would otherwise obscure the C-Ka intensity stemming from the

carbon present in the material probed [14]. The Ka intensities of nitrogen, carbon and
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iron were compared with the corresponding intensities of y'-Fe,N, Fe;C and pure iron
standards. Concentration values were calculated from the intensity ratios applying the

®(pz) approach [15].

2.3 Results and discussion

2.3.1 Influence of the ammonia content in the atmosphere on the layer
constitution

At the highest NH; content in the gas atmosphere (22.0 vol.%), the outer, visual
appearance of the specimen of experiment series 4 (Table 2.1) is similar to that of
conventionally nitrided surfaces: matt grey. The microstructure of the developed
compound layer is rather complex (Fig. 2.1a) as compared to the microstructure of the
compound layer developed by pure nitriding of iron [16]. Comparing the results of
XRD and light microscopical investigation after Murakami staining, it appears that the
outer part of the layer consists predominantly of e-Fe3(N,C),;, and cementite (both
stained), the latter phase exhibiting sometimes a needle-like morphology. The
unstained part of the compound layers - adjacent to the substrate - is identified as
v'-Fe4N. The thickness of the overall compound layer is quite irregular. At regions
where more cementite is present the total compound-layer thickness is smaller than at
regions consisting predominantly of y'-FesN (Fig. 2.1a). This suggests that cementite
hinders the diffusion of nitrogen and carbon as compared to &-Fe;(N,C)../y -FesN
layers.

For lower ammonia contents in the gas atmosphere (17.6 and 13.2 vol.% NHj3)
the sample surface remains metallically shiny (Fig. 2.2b) as prior to nitrocarburising
(Fig. 2.2a). Optical microscopy on the cross sections and XRD analysis revealed that
the microstructure of the compound layers changes upon decreasing the ammonia
content in the gas mixture from multiphase to monophase layers consisting only of
cementite (Fig. 2.1b). These compound layers are of much more homogeneous
thickness and are also thinner than in the above discussed case where iron (carbo-)
nitrides are also present. EPMA demonstrated that the carbon content in these layers is

25 at.%, corresponding to the formula Fe;C. Nitrogen could not be detected, which is
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in agreement with previously reported values for the maximum, marginal solubility of
nitrogen in FesC [17]. This is, in any case, much lower than the nitrogen detection
limit of the EPMA technique. X-ray diffraction analysis was used to determine the
lattice parameters of the cementite phase in these layers. The observed lattice
parameters of orthorhombic cementite, a = 5.0936 + 0.0006 A, b = 6.7685 £ 0.0008 A,
c=4.5310 + 0.0008 A (Pnma setting), are larger than those reported in literature [18].
One has to recognise that these values were determined with the diffraction vector
perpendicular to the surface. Therefore, the too large values for the lattice parameters
can be explained as the consequence of the presence of compressive stresses parallel to
the surface within the compound layers, as confirmed by additional X-ray stress
measurements.

(a)
N1

Fe,C * e-Fe,(N,C),7, *

.a-Fe Fe&;C ® 10 um

Fig. 2.1: Optical micrographs (bright field) showing cross sections of compound layers obtained on
a-Fe specimens by (nitro-)carburising at 823 K for 4 h after Nital etching; Applied gas mixture
consisting of 20.0 vol.% CO, 58.0 vol.% H, and (a) 22.0 vol.% NHj; (after additional Murakami
staining; showing a complex microstructure, consisting of &-Fe;(N,C);+, and cementite (both stained)
near the surface and y’-Fe4N adjacent to the substrate), (b) 13.2 vol.% NHj, 8.8 vol.% N, (after
additional staining with picrate; showing a single Fe;C layer) and (c) 22.0 vol.% N, (Fe;C layer
slightly stained with picrate; the Fe;C/graphite interface is roughened due to metal dusting).
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Fig. 2.2: Photographs of the a-Fe samples (a) before (nitro-)carburising, (b) after (nitro-)carburising in
a 13.2 vol.% NH;3, 58.0 vol.% H,, 20.0 vol.% CO, 8.8 vol.% N, gas mixture exhibiting a cementite
layer and (c) after carburising in a 58.0 vol.% H,, 20 vol.% CO, 22.0 vol.% N, gas mixture (severely

sooted).

Further reduction of the ammonia content in the gas atmosphere (down to
values < 6.6 vol.% NH3;) leads to the formation of soot (graphite) on the surface of the
samples, which is easily recognised visually since the surface becomes black
(Fig. 2.2c). The degree of sooting increases with decreasing NH; content in the gas
atmosphere. In the extreme case of no ammonia in the atmosphere, the surface is
severely sooted. The cross-sectional micrograph (Fig. 2.1c) reveals that the outer
surface adjacent part of the specimen is composed of graphite. A relatively thin
cementite layer remains adjacent to the substrate. The presence of both cementite and
graphite is confirmed by XRD. During the (nitro-)carburising process the former
surface of the sample, which is now the interface between Fe;C and graphite, has
become quite rough as a result of disintegration of Fe;C on the iron surface caused by
metal dusting (Fig. 2.1c).

The addition of different amounts of ammonia to the carburising gas
atmosphere does not only affect the microstructure/constitution of the compound layer,
but also the cementite-layer thickness. The higher the ammonia content, the thicker the
cementite layer becomes. The relation between the ammonia content in the gas
mixture and the corresponding cementite-layer thickness for treatment times of 4 h and
24h as well as the approximate ammonia-content range where pure, massive

cementite layers can be generated are shown in Fig. 2.3.
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Indications that nitrogen delivering species in the gas atmosphere can suppress
carbon deposition on an iron-based surface have also been made in the case of an
‘ion-softnitriding’ study on steels in CH4/H,/N, gas mixtures™’ [19], however, without
giving details. Furthermore, some observations in Ref. [20], where deformed Fe—Cr—Ti
alloys were exposed to strongly carburising gas mixtures composed of CsHg, C4Hyq
and NHj at 853 K, can also be interpreted such that ammonia suppresses the formation
of graphite on the surface of the specimen.

In order to explain the possible role of ammonia in preventing sooting, one
could think of substitution of some carbon in the cementite by nitrogen, which might
reduce the chemical potential of carbon in Fe;C so that it may become less unstable
with respect to decomposition in Fe and graphite. However, the solubility of nitrogen
in cementite is extremely low (EPMA results reported above and see Ref. [17]).
A possible, more likely explanation could be that nitrogen at the gas/solid interface
kinetically suppresses the formation of graphite there. Here it should be mentioned that
the presence of gaseous H,S in strongly carburising gas mixtures also suppresses metal
dusting: H,S is adsorbed at the surface and hence reduces the number of adsorption
sites for CO at the iron surface [21]. However, H,S in particular hinders carbon to
enter the solid and to form cementite, whereas ammonia only prevents sooting, but still
allows carbon to enter the substrate, according to the results of the present study.

The presence of ammonia even appears to accelerate the carbon absorption, as
evidenced by the observed layer-growth rate (increasing layer-growth rate with
increasing ammonia content in the atmosphere; see Fig. 2.3). A faster absorption of
carbon in the presence of a nitrogen providing media has been observed also in the

case of the austenitic carbonitriding processes [22].

3 In the ion-nitriding process N, is activated and thus can be used for nitriding reactions, whereas this is not

possible in the conventional gaseous nitriding/nitrocarburising process (see footnote 2.1).
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Fig. 2.3: Dependence of the cementite layer-thickness on the ammonia content for 4 h and 24 h
treatments at 823 K in gas mixtures consisting of 20.0 vol.% CO, 58.0 vol.% H,, 22.0 — n vol.% NH;
and n vol.% N,. The approximate ranges for the formation of pure cementite layers, cementite layers
accompanied by sooting and the region where layers consisting of cementite and iron (carbo-) nitrides

are formed have been indicated.

The following consideration may explain how ammonia enhances the cementite
layer-growth rate by an accelerated carbon uptake. The heterogeneous carbon uptake

reactions are [7]**:

2CO0 =[C] +CO, , (2.1)

dissolved in Fe

CO+H, =[C] +H,0. (2.2)

dissolved in Fe

These are total reactions, which can be subdivided in steps. The CO dissociation can

be written as

CO =[C]

dissolved in Fe + Oadsorbed (23)

24 The initial gas mixtures composed of CO/H,/NH;3/N,, as applied in this work, are not in equilibrium at the
nitrocarburising temperature, since several homogeneous and heterogeneous reactions involving e.g. CO,, H,O,

CH, can occur. The chemical potential of carbon, uc, is initially hypothetically infinite with respect to reactions

(2.1) and (2.2), because initially Pco, =Puo = 0.
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and may thus be conceived as the first step of reactions (2.1) and (2.2). The removal of
the adsorbed oxygen due to reaction (2.3) can occur for total reaction (2.1) according

to:

CO + Oadsorbed ﬁ COZ (24)

and for total reaction (2.2) according to
H2 + Oadsorbed \ﬁ HZO (25)

Since reaction (2.5) is considerable faster than reaction (2.4) [7], reaction (2.2) may
provide the dominant pathway for the carbon uptake. The hydrogen needed for
removal of the oxygen according to reaction (2.5) can be provided by the hydrogen in

the gas atmosphere but also by the decomposition of ammonia:
NH3 \:\ Nadsorbed+ 3Hadsorbed (26)
leading to the total reaction:

CO+ 2NH, =[C +H,0+ 1N, (2.7)

]dissolved in Fe

Reaction (2.7) may play a crucial role to realise the growth of massive cementite
layers, additionally to reaction (2.2), because, it provides an extra possibility for
carbon transfer from the atmosphere to the solid. However, the nitriding potential
(i.e. the chemical potential of nitrogen uy) must be sufficiently low in order to prevent

the formation of iron (carbo-) nitrides.

2.3.2 Cementite layer-growths Kinetics
To analyse the cementite layer-growth kinetics, the specimens of experiment series B

were treated with a constant NH; content of 13.2 vol.% (= 0.3 atm™?

) in order to
achieve massive cementite layers without sooting or the formation of iron-nitrides (cf.
Fig. 2.3). Results of series B are shown in Fig. 2.4 where the squared cementite-layer

thickness S has been plotted versus the treatment time 7.
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Fig. 2.4: The squared cementite-layer thickness versus the (nitro-) carburising time at 823 K for
treatment in a gas mixture composed of 20.0 vol.% CO, 58.0 vol.% H,, 13.2 vol.% NH;, and 8.8 vol.%
N, (ry = 0.3 atm™?). The straight line shown for stage II (> 1 h) has been obtained by least-squares
fitting of Eq. (2.8).

Occurrence of (carbon) volume-diffusion controlled growth would lead to a
straight line through the origin in that plot. Clearly, for treatment times larger than 1 h
parabolic, volume-diffusion controlled growth occurs, whereas for the shorter
treatment times a faster growth rate occurs.

The initial, fast layer growth (stage 1) may be caused by two effects. At the very
beginning of the carburising treatment an incomplete, only fractionally closed
cementite layer may be present and carbon can diffuse through ferrite (bypassing the
cementite), which is much faster than the diffusion of carbon through the cementite
(a similar bypassing effect has been discussed for y'-Fe,;N-layer growth on iron [16]).
This ‘bypass’ growth mechanism can, in any case, contribute until, upon lateral
growth, the cementite crystallites coalesce and form a continuous layer. Already after
S min a complete cementite layer was observed. Thereafter, carbon diffusion may
preferentially occur through especially thin and defect-rich parts of the just completed

cementite layer with a high grain-boundary density (short-circuit diffusion).
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Thus carbon could be transported relatively fast through the layer, as compared to
volume diffusion.

Upon longer treatment times cementite crystallites may coarsen and/or defects
become annihilated, leading to a microstructure not allowing substantial short-circuit
diffusion, and thus the layer-growth rate decreases and becomes controlled by volume
diffusion. Analysing the layer-thickness data as a function of time for # > 1 h (stage II)

in terms of
S*(t)=kt+S;, (2.8)

with Sy as the hypothetical thickness at # = 0 and & as the parabolic growth constant
leads to values for Sy and k by (least-squares) fitting of a straight line through the data
in Fig. 2.4. Thus an ‘initial’ layer thickness of about 1.2 um (Sp, > 0, because of the
‘bypass/short-circuit’ mechanism) and a growth constant of 1.3 x 10® m?/s were
determined for the given carburising parameters. Comparison of the growth rate of the
cementite layer with that of a y’-FeyN layer at the same temperature [9] indicates that
the cementite layer grows much slower, leading to thinner compound layers at

comparable treatment times.

2.4 Conclusions

1. Pure and massive cementite layers can be grown onto ferritic iron by carburising in
gas atmospheres containing a certain amount of ammonia. The ammonia content in
the atmosphere (consisting of 20 vol.% CO, 58 vol.% H,, 22 — n vol.% NH; and
nvol.% N,) controls the phase composition of the compound layer: In a certain
range of ammonia content the growth of cementite layers can be easily controlled,
as required for practical applications. A too high amount of ammonia leads to the
formation of iron (carbo-) nitrides, whereas a too low amount of ammonia leads to
sooting at the surface.

2. Examination of the growth kinetics of the cementite layers revealed a two-stage
process. In the beginning stage of cementite formation (¢ <1 h at 823 K) relatively

fast layer growth occurs, which may be ascribed to e.g. (i) a fractionally complete
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cementite layer (‘bypassing’ diffusion of carbon through ferrite) and (ii) short-

circuit diffusion due to many defects such as cementite grain boundaries within the

initially very thin layer. After that beginning stage of layer growth, massive

cementite-layer growth obeys a parabolic, (likely carbon volume) diffusion-

controlled growth law.
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3
Growth of massive cementite layers;

thermodynamic parameters and kinetics

M. Nikolussi, A. Leineweber, E.J. Mittemeijer

Abstract
Massive, pure cementite layers were grown on ferrite substrates by
nitrocarburising in a dedicated NH;/H,/CO/N, containing gas atmosphere
at temperatures in the range of 783 K - 843 K. From the parabolic layer-
growth constants an ‘“apparent” activation energy for cementite-layer
growth of 109 £ 12 kJ/mol was obtained. This ‘“apparent” activation
energy can be subdivided into a positive contribution due to the activation
energy for (tracer-)diffusion of carbon in cementite and a negative
contribution due to the temperature dependence of the difference of the
carbon activity in cementite at the surface and the carbon activity in

cementite at the interface cementite/ferrite.
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3.1 Introduction

Cementite, Fe;C, is, besides ferrite, the major constituent of plain carbon and mildly
alloyed steels. Notwithstanding its great technological importance, little is known
about the intrinsic properties of cementite. This dearth of fundamental knowledge on
cementite is mainly due to the difficulty in preparing single-phase (single- or
polycrystalline) cementite specimens. In the past, several works dealt with the
production of bulk cementite specimens applying different methods [1-5]. Yet, only
recently, it was reported for the first time that massive cementite layers can be grown
on ferrite substrates by a dedicated gaseous nitrocarburising process [6] (cf. chapter 2).
The addition of ammonia to the carburising gas mixture was found to be decisive for
the suppression of both the formation of graphitic soot and the disintegration of
cementite once formed (metal dusting).

Gaseous nitrocarburising of iron or iron-based alloys is a thermochemical heat
treatment usually performed at temperatures between 773 K and 853 K below the
ternary eutectoid temperature of the Fe—N—C solid solution [7]. By this process, which
gathered great technical importance during the last decades [8,9], nitrogen and carbon
delivered by the gas phase are diffusionally incorporated into the surface-region of the
iron-based workpiece [7].

This results in (i) the formation of a compound layer (several 10 um thick)
containing, depending on the treatment temperature (and pressure) and the
composition of the gas atmosphere, different phases, typically y’-FesN;, and
e-Fe;(N,C)+, [10], but sometimes, under certain circumstances, also cementite [6,11]
(ctf. chapter 2), and (i1) the formation of a diffusion zone (several 100 pum thick),
enriched with interstitial nitrogen (and carbon). Whereas the compound layer is
responsible for a considerable enhancement of the corrosion and wear resistance, the
diffusion zone enhances the fatigue endurance [12].

The present work focuses on an analysis of cementite-layer growth kinetics.
Massive cementite layers were grown on ferrite substrates in the treatment-temperature

range of 783 K - 843 K, thus extending the preceding study [6] (cf. chapter 2) in
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which only experiments at 7= 823 K were conducted. The experimental values for the
(temperature dependence of the) parabolic growth constant were determined. These
results were evaluated in terms of an “apparent” activation energy for cementite-layer
growth and discussed with reference to previous work on the kinetics of cementite
(layer) growth [4,13-19]. The discrepancy between the results of the present work and
the literature data are discussed in terms of thermodynamic consequences of the

different gas atmospheres used.

3.2 Experimental

Pure iron foils (20 mm x 25 mm) were produced by cold rolling a ferrite cast rod (Alfa
Aesar, 99.98 wt.-% Fe) on both sides to a thickness of 1 mm. The specimens to be
nitrocarburised were cut from this cold-rolled plate, ground, polished (final stage 1 pum
diamond suspension) and cleaned ultrasonically in ethanol. Prior to the
nitrocarburising process, the specimens were recrystallised at 973 K for 2 h under a
hydrogen flow of 200 ml min™, polished (final stage 1 pm diamond suspension) and
cleaned ultrasonically in ethanol.

Gaseous nitrocarburising was carried out in a vertical quartz-tube furnace. To
retain solid states produced at the nitrocarburising temperature, the quartz-tube furnace
was equipped at its end with a water (flushed with N,) container for quenching the
specimens to room temperature. The iron foils were suspended on a quartz fibre and
positioned in the middle of the furnace where the process temperature prevailed,
controlled within £ 1 K. In order to quench the specimens to room temperature, the
quartz fibre was destroyed by a mechanical device and the specimen dropped into the
water container. The gas atmosphere was composed of 13 vol.-% ammonia (99.999
vol.-% purity) as a nitrogen-providing medium, 58 vol.-% hydrogen (99.999 vol.-%
purity), 20 vol.-% carbon monoxide (99.97 vol.-% purity) as a carbon-providing
medium and 9 vol.-% nitrogen (99.999 vol.-% purity) as inert gas; each gas flux was
controlled by a mass-flow controller. In order to ensure that ammonia dissociation,

which would change the composition of the gas atmosphere, can be neglected, an
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overall linear flow rate of 13.5 mm s (calculated for the gas volume at room
temperature) through the quartz retort (diameter 28 mm) was maintained.

Four sets of nitrocarburising experiments were performed at 7 = 783 K, 803 K,
823 K and 843 K (the data for 7= 823 K were already reported in a preceding study
[6]; cf. chapter 2) for different treatment times in the range of 5 min — 48 h.

After gaseous nitrocarburising and quenching, the specimens were cut into two
pieces, one used for optical microscopy and one used for X-ray diffraction (XRD).

In order to avoid mechanical damage at the surface of the specimen (parts) used
for metallographic analysis and to ensure a sufficient sharpness at the specimen
surface in the cross sections, the specimens were covered with a protective nickel layer
electrodeposited at 333 K using a Watts bath [10,20]. Thereafter, the specimens were
embedded (Polyfast, Buehler GmbH), ground, polished (final stage 1 pm diamond
suspension) and etched using 1 vol.% Nital containing 0.1 vol.% HCI [21]. To
improve the optical contrast between the massive cementite layer and the ferrite
substrate, the cross-sectional specimens were additionally stained using either an
alkaline potassium permanganate solution (1 g NaOH, 1 g KOH and 4 g KMnO, per
100 ml distilled water) at 328 K [6,22] (cf. chapter 2) of which the effect is similar to
that of a Murakami solution [10,22] or an alkaline sodium picrate solution (25 g NaOH
and 2 g picric acid per 75 ml distilled water) at room temperature [22]. By these
procedures, the massive cementite layer gets, due to its high carbon content, severely
stained and can therefore easily be distinguished upon light optical microscopy from
the ferrite substrate which remains unstained. Light optical microscopy was performed
using a Zeiss Axiophot microscope.

For the determination of the cementite-layer thickness several micrographs were
taken from each specimen. From these micrographs the area of the massive cementite
layer was measured and divided through its lateral length, yielding, after averaging the
experimental values obtained from several micrographs, the cementite-layer thickness.

Phase identification was carried out by X-ray diffraction to verify the presence
of a massive cementite layer on the ferrite substrate. A PANalytical X Pert Multi-
Purpose Diffractometer equipped with a graphite monochromator in the diffracted

beam, utilising CoKa radiation and Bragg-Brentano geometry, was used.
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To achieve better crystallite statistics the specimens were rotated during the

measurements around their surface normal.

3.3 Results and evaluation

All experiments performed led to the formation of massive cementite layers on the

ferrite substrates (cf. Fig. 3.1).

Ni
&-F e ' .
: S 20 um

Fig. 3.1: Light optical microscopic image of a metallographic cross—section after etching with
1 vol.-% Nital containing 1 vol.-% HCI and staining with an alkaline sodium picrate solution. The
massive cementite layer (stained) was grown on the ferrite substrate (unstained) by gaseous
nitrocarburising at 823 K for 48 h using a gas atmosphere containing 13 vol.-% NHj3, 58 vol.-% H,
(nitriding potential 7 = 0.3 atm™?), 20 vol.-% CO and 9 vol.-% Nj (as inert gas).
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Fig. 3.2: Squared cementite-layer thickness vs. treatment time at 783 K, 803 K, 823 K and 843 K,
using a gas atmosphere composed of 13 vol.-% NHs, 58 vol.-% H, (nitriding potential ry = 0.3 atm™?),
20 vol.-% CO and 9 vol.-% N,. The straight lines represent least-squares fitting of Eq. (3.1) for the
different treatment temperatures to the respective experimental data (r > 1 h) yielding the growth

constant k and the hypothetical initial cementite-layer thickness Sy (cf. Table 3.1).
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The squared value of the experimentally determined cementite-layer thickness
(cf. section 3.2) was plotted vs. the treatment time at the various temperatures (cf.
Fig. 3.2). Occurrence of parabolic layer growth from ¢ = 0 onwards is given by a
straight line through the origin of the plot of the squared layer thickness versus time
(cf. Fig. 3.2). Such a simple parabolic layer growth was assumed for treatment times
larger than 1 h. Evidently, as follows from the data in Fig. 3.2, for treatment times
t < 1 h cementite-layer growth occurred faster than indicated by such a parabolic
relation. This can be discussed as follows.

At the beginning of the cementite formation, an incompletely closed cementite
layer can occur. Hence, carbon can diffuse through ferrite to the (also bottom tip of
the) cementite grains growing from the surface (this diffusion through ferrite is much
faster than diffusion through cementite), thus bypassing the cementite. Further, shortly
after establishment of a closed cementite layer, short-circuit diffusion of carbon may
occur through thin and defect-rich parts of the cementite layer, exhibiting a relatively
high grain-boundary density. Both ‘bypass/short-circuit’ mechanisms for carbon lead
to relatively fast cementite growth as compared to later stages (cf. Ref. [6]; chapter 2).
The initial ‘bypass/short-circuit’ mechanism involves that the parabolic cementite-
layer growth law pertaining to later stages of cementite-layer growth has to be
modified by introducing a hypothetical initial cementite-layer thickness S, (> 0) at

¢t = 0. Hence, the time-dependence of the cementite-layer growth is given by

S*(1) =kt +S; (for t>1 h), (3.1

where S denotes the cementite-layer thickness, k& the growth constant and ¢ the

treatment time.

Least-squares fitting of Eq. (3.1) to the experimental data at the four treatment
temperatures for £ > 1 h (cf. Fig. 3.2) yielded the results for the growth constant and

the hypothetical initial cementite-layer thickness shown in Table 3.1.
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Table 3.1: Experimentally determined growth constants £ and hypothetical initial cementite-layer
thicknesses S, at four different treatment temperatures 7 = 783 K, 803 K, 823 K and 843 K. The
results were obtained by least-squares fitting of Eq. (3.1) to the respective experimental data (cf.

Fig. 3.2).

treatment temperature growth constant initial cementite-layer thickness
[K] [m’/s] [m]
783 (5.1£02)- 107" (0.79 £ 0.09) - 10°
803 (7.6 +£0.6) - 107 (120+0.14) - 10°
823 (1.3+0.7)- 107 (1.19+0.16) - 10°
843 (1.6+0.8)-107° (1.39+0.16) - 10°
-36.2?
-36.4
-36.6
wie -36.8"
5 .
-37.0 4
-37.2 4
-37.4 1
-37.6

1.118 ' 1.l20 ' 1.I22 1.24 1.26 1.28 1.30
/T 103 [1/K]

Fig. 3.3: Arrhenius plot: natural logarithm of the growth constant k& versus the inverse treatment
temperature 1/7. The ,,apparent™ activation energy of the cementite-layer growth can be calculated
from the slope of the straight line which was obtained by least-squares fitting of Eq. (3.2) to the

experimental data.
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An Arrhenius-type temperature dependence is adopted for the growth constant &

k =k exp(-22) (32)

where &, denotes a preexponential factor, O,,, 1s an ,,apparent® activation energy of
cementite-layer growth, R is the gas constant and 7 is the treatment temperature. Then,
a plot of the logarithm of the growth constant vs. the inverse treatment temperature
should yield a straight line. Such linear dependence is observed indeed (cf. Fig. 3.3),
validating the application of Eq. (3.2) (see also section 3.4.3). The slope of the plot,

m=-0, /R, yields an “apparent* activation energy equal to 109 £ 12 kJ/mol.

3.4 Discussion

3.4.1 Parabolic layer growth for interstitial compounds

In the literature the growth kinetics of pure iron nitride layers [23-26] but also of
cementite layers [4,15,16] was described by a parabolic growth law. A comparison of
the rates of cementite-layer growth and y’-Fe,;N.-layer growth indicates that, at the
same temperature, y’-FesNj-layer growth proceeds faster than cementite-layer
growth, which can be ascribed to nitrogen volume diffusion in y’-FesN ., being faster
than carbon volume diffusion in cementite.

Parabolic layer growth according to Eq. (3.1) with S, = 0 is expected in particular
for close-to-stoichiometric interstitial compounds like y’-Fe,;N and cementite if the
following general assumptions are valid [18,27]: (a) local equilibrium at the interface
gas atmosphere/specimen surface; (b) local equilibrium at the interface compound
layer/ferrite substrate; (c) a completely closed, massive compound layer; i.e.
nitrogen/carbon mass transport proceeds exclusively via nitrogen/carbon (volume)

diffusion through the massive compound layer.
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If these conditions hold, the parabolic growth constant is proportional to the

product of (i) the (tracer)diffusion coefficient of nitrogen/carbon™' in the compound

layer, D" - diffusion of the metal component (iron) can generally be neglected [29] -

and of (i1) a function f(A«) (taken as time-independent) which increases

monotonously with the difference of the activity of nitrogen/carbon in the solid at the

surface

surface, a , and the activity of nitrogen/carbon in the solid at the interface

interface 3.2,

layer/substrate, a

koo D' f(Aa) (3.3)
with
Aa — asurface _ ainterface . (34)

According to the assumption of local equilibrium at the surface (see above), the

surface

activity a is determined by the composition of the gas atmosphere, and is

controlled as described in section 3.4.2. According to the assumption of local

interface

equilibrium at the layer/substrate interface, the activity a is compatible with the

corresponding phase boundary in the ternary phase diagram Fe—N-C.

3.4.2 Thermodynamics of gaseous nitrocarburising
Upon exposing the ferrite substrates to the NH;/H,/CO/N,-containing gas atmosphere,
N and C are introduced into the solid, where NH; and CO act as the nitrogen and

carbon providing media’-.

31 It was shown that, due to cementite layer/ferrite substrate misfit-strain development, specific crystallographic
directions of cementite, [uvw]c with w large, occur parallel to the surface normal of the specimen [28]
(cf. chapter 4). The diffusion data for carbon presented in this work pertain to these directions.

surface interface

32 For details concerning the dependence of k on the activities a and a with respect to the operating
diffusion mechanism see Ref. [18].
33 At atmospheric pressure and at the applied treatment temperatures N, does not react with solid iron; it can be

regarded as an inert gas.
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Since thermal decomposition of NH; as well as decomposition of (metastable)
iron nitrides are slow, transfer of nitrogen from the gas atmosphere into the specimen

can be described by the following heterogeneous chemical equilibrium:
NH, =[N]+2H, (3.5)

where [N] denotes nitrogen either dissolved in the ferrite substrate (solid solution) or
surface surface

in iron nitride. The chemical potential g and the activity ay of nitrogen

dissolved in the solid at the surface (assumed to be in equilibrium with the gas

atmosphere) obey:
lU;urface :%,u](\)]z +RT1naIs\}1rface — //11(311_[3 _%ﬂgz +RT11'1(7"N (pO )2)’ (36)

where s, iy, and uy are the chemical potentials of nitrogen, ammonia and

. Pnu
hydrogen in the gaseous reference state (pressure p’ = 1 atm) and % = FE denotes the

so-called nitriding potential, where pyy, and py, are the partial pressures of ammonia

and hydrogen in the gas atmosphere. Hence, according to Eq. (3.6), the nitriding

potential>* of the gas atmosphere at the surface fixes the chemical potential and the

activity of nitrogen in the solid at the surface [31]. It follows that the activity ax™ of

nitrogen dissolved in the solid at the surface (assumed to be in equilibrium with the

gas atmosphere) obeys:

0 0 0
surface %:UNZ +%ﬂH2 ~HNH3 )(pO )1/2

ay = exp(— RT N . (3.7)

34 In the present experiments a nitriding potential of »y = 0.3 atm™? was applied (cf. section 3.2) which, in

absence of CO, would lead to the formation of a y’-Fe4N,., compound layer [30].
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Transfer of carbon from the gas atmosphere into the specimen is associated with
the presence of CO in the gas atmosphere and can proceed via the, in principle

potently carburising, heterogeneous Boudouard equilibrium:

20 =[C]+CO, (3.8)

and the so-called heterogeneous water-gas equilibrium

CO+H, = [C]+H,0, (3.9)

where [C] denotes carbon dissolved either in the ferrite substrate (solid solution) or in

cementite. The hydrogen necessary for the chemical equilibrium given by Eq. (3.9) is

surface

delivered by the H,-containing gas atmosphere. The chemical potentials i ;5 and

surface surface surface

U 59y and the activities dac g and ac ;e of carbon dissolved in the solid at the

surface (assumed to be in equilibrium with the gas atmosphere according to either

Eq. (3.8) or Eq. (3.9)) obey:

surface surface -1
/uc,(f348) = lug +RT1nacrf = 2#80 _lugoz +RT11’1(I’C, (.8) (po) ) , (3.10)
and
1
,uc,l(gg) = te +RT Inag e = Heo +,u1(-)12 _:ul(—)lzo +RTln(rc,(3.9) (po) ), (3.11)

where 4. is the chemical potential of graphite in the reference state (pressure p° =
1 atm) and p0o, #o,, My, and uy, are the chemical potentials of carbon monoxide,

carbon dioxide, hydrogen and water in the gaseous reference state (pressure p’ =

_ PcoPu,

and 7¢ 9 =, denote the so-called carburising potentials

Pu,0

2
pv
1 atm) and FC,(g_g) = p(o

Coy

according to the equilibria given by Eqgs. (3.8) and (3.9), where p.,, Pco,, Pu, and
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Pu,o are the partial pressures of carbon monoxide, carbon dioxide, hydrogen and water

in the gas atmosphere. The carburising potential fixes, similar to the nitriding potential

(see above), the chemical potential and the activity of carbon in the solid at the

surface

surface. It follows that the activity ac; of carbon in the solid at the surface (assumed

to be in equilibrium with the gas atmosphere) obeys for the equilibria given by

Egs. (3.8) and (3.9) (i =3.8, 3.9):

0 0 0
surface __ Hc+Heo, —2Hco 0\
ey = exp(— RT )(p ) e, (3.12)
and
0,0 0 0 1
surface __ Hc +Huyo —Heo —Hu, 0
Ac 3.9 —exp(— RT )(p ) ey, (3.13)

For each of the equilibria given by Egs. (3.8) and (3.9) a separate carbon activity in the
solid at the surface can be calculated. The heterogeneous water-gas equilibrium
(Eq. (3.9)) is much faster established than the Boudouard equilibrium (Eq. (3.8)) [32].
Therefore, the heterogeneous water-gas equilibrium (Eq. (3.9)) is considered to control
the carburising.

In general, in case of equilibrium with the nitrocarburising gas atmosphere, the
carbon activity in the solid at the surface complies with the occurrence of simultaneous
equilibrium for all possible reactions in the gas atmosphere. Thus, the equilibria given

by Egs. (3.14) — (3.16), have to be considered as well:

CO+H,0 = H,+CO, (3.14)
CO+3H, = CH,+H,0 (3.15)

CH, =[C]+2H, . (3.16)
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In the present experiments neither CO, (cf. Eq. (3.8)) nor H,O (cf. Eq. (3.9)) were

initially present in the nitrocarburising gas atmosphere ( Pco, = Pu,0 =0). Hence, the

carbon activity according to either Eq. (3.12) or Eq. (3.13) equals (hypothetically)
infinity.

No soot formation occurred in the present experiments. Further, as discussed in
section 3.4.1, local equilibrium (or at least a stationary state) at the interface gas
atmosphere/specimen surface is a prerequisite for parabolic (cementite) layer growth
as observed in this work. It is concluded that in the present experiments a finite carbon
activity appears to rule in the solid at the surface. Such a finite, “effective” carbon
activity can prevail if e.g. due to the chemical reaction according to Eq. (3.15), a
certain amount of water is produced. The stationary presence of this amount of water
induces a specific finite, “effective” carbon activity in the solid at the surface
according to the heterogeneous water-gas equilibrium (cf. Eq. (3.13)). The value of
this “effective” carbon activity at the surface can be estimated using literature data

(see what follows in section 3.4.3).

3.4.3 Interpretation of the “apparent” activation energy

Values reported for the activation energy of carbon volume diffusion in metal carbides
range from about 125 kJ/mol up to 230 kJ/mol [29]; for cementite activation energy
values of 154 kJ/mol [18] and 163-185 kJ/mol [13,14]>° have been reported. These
values differ considerably with the value of 109 £ 12 kJ/mol determined in the present
work for the “apparent” activation energy. This difference arises because in the
previous works, e.g. Refs. [13,14], the carbon activities in the solid at the surface and

at the interface with the substrate were known and accounted for in the determination

33 It should be noted that this data was not determined on the basis of growth-rate dependence on temperature.
The (tracer)diffusion coefficient of carbon in cementite, D:j , was determined for only a single temperature. The
activation energy for carbon volume diffusion in cementite was then calculated adopting the Arrhenius equation

for the diffusion coefficient of carbon in cementite, Dé , employing two different values for the preexponential

*

factor Do,c for general, interstitial diffusion within metals from the literature.
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of D, and its activation energy. In the present work the value of the carbon activity in
the solid at the surface is not known directly (cf. section 3.4.2), but can be derived
indirectly.

The “apparent” activation energy value equal to 109 £+ 12 kJ/mol was determined
by Arrhenius-type analysis (see Fig. 3.3 in section 3.3). The slope of the straight line
in the plot of the logarithm of the growth constant vs. the inverse treatment

temperature (cf. Fig. 3.3) depends on the temperature dependences of both D
(which is certainly of Arrhenius-type) and f(Aa.). f(Aa.) varies under the present

experimental conditions strongly as a function of the treatment temperature due to the

surface

treatment temperature-dependent “‘effective” a. = (recognising a practically

interface

temperature independent dc ; see below). Because an Arrhenius-type temperature
dependence has been observed for k (cf. Fig. 3.3), it is suggested that both D_ and

(also) fer obey an Arrhenius-type temperature dependence. Thus, it follows from

Eq. (3.3):

* 9 Oeqr * O+
koc Dy CXP(_ﬁ)fo,eff exp(— "7 ) =Dy for exp(_R—T/) ) (3.17)

with f.r = f(Aa.) and where D,. and fo. are preexponential factors for the
(tracer)diffusion coefficient of carbon in cementite and f.s, respectively and where QOp

is the activation energy for the (tracer)diffusion of carbon in cementite and ©,_ the

energy describing the temperature dependence of fir. The ,,apparent” activation
energy Q. for the cementite-layer growth is composed of the sum of the activation

energy for the (tracer)diffusion of carbon in cementite, Op and the energy
O, describing the temperature dependence of fu: Qapp =0, + Qfeff . The discrepancy

between the presently determined Q,,, = 109 + 12 kJ/mol and Op = 154 kJ/mol [18]
and Op = 163-185 kJ/mol [13,14], implies that O, must be negative.
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Adopting a monotonous increase of for with Aa. (cf. section 3.3), a negative
value for O, implies that the carbon activity difference Aa. decreases with

increasing temperature under the applied cementite-layer growth conditions. The
temperature dependence of Aa. is governed by the temperature dependence of the

“effective” carbon activity in the solid at the surface; the influence of the temperature

dependence of the carbon activity at the interface cementite layer/ferrite substrate is

interface

marginal (ac is practically constant’®). Therefore, a decreasing carbon activity

difference, Aa., with increasing temperature (see above), involves a decreasing

“effective” carbon activity in the solid at the surface with increasing temperature.

As compared to the present work, the available experiments reported in the
literature [13-15,19] were performed at lower treatment temperatures”’. Therefore, the
present experimental data (growth constants for four different temperatures) can only
be compared with these literature data (growth constants for various carbon activities
in the solid at the surface) by extrapolation of the present experimental data to these
lower temperatures. Therefore, in Fig. 3.4, the straight line obtained by least-squares
fitting of Eq. (3.2) to the experimental data obtained in this work was extrapolated to
lower temperatures (dashed line). In Refs. [13,14] and [15,19] carbon activities in the
solid at the surface were adjusted at various values at 723 K and 773 K, and the
corresponding k& (growth constant) values were determined. These A values,
corresponding to specific carbon activities as indicated in the figure, lie below the
extrapolated dashed line corresponding to the data of the current work (cf. Fig. 3.4). In
order to determine the (“effective”) carbon activity in the solid at the surface for the

presently applied gas atmosphere at 723 K and 773 K, the literature data pertaining to

3 The carbon activity in cementite at the interface cementite layer/ferrite substrate was calculated according to

interface

Ref. [33]. It was found that d varies as a function of temperature from 2.88 (at 783 K) to 2.13 (at 843 K).

interface .
Hence, A can be considered as (nearly) constant.

37 The present authors also performed experiments at lower temperatures (773 K and 723 K) applying the same
gas atmosphere as for the other here-reported experiments. The analysis (XRD and optical microscopy) of the
resulting compound layers revealed the presence of surface-adjacent Hagg carbide and graphite, additionally to

cementite; thus the layers produced were not single-phase cementite.
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723 K and 773 K have been (linearly; & vs. a2™) extrapolated up to the dashed line

derived from the present experiments. This approach led to relatively high “effective”
carbon activities prevailing at the surface: a. = 65 (at 773 K) and a, = 260 (at 723 K).
Hence, for the presently applied constant gas atmosphere, the “effective” carbon

activity at the surface decreases with increasing treatment temperature. This result is

compatible with the negative value obtained for O, .

-36
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Fig. 3.4: Extrapolation of the Arrhenius plot shown in Fig. 3.3: (i) Experimental data of the present
work have been indicated by dots: experiments performed at 843 K, 823 K, 803 K and 783 K. (ii)
Literature data from Ref. [19] (triangles): experiments performed at 773 K at different carbon
activities. (iii) Literature data from Refs. [13] and [14] (stars): experiments performed at 723 K at
different carbon activities. The straight bold line was obtained by least-squares fitting of Eq. (3.2) to
the experimental data of the present work. The straight dashed line represents the extrapolation of the
experimental data of the present work to lower treatment temperatures where the experimental work

reported in Refs. [13,14,19] was performed.

This specific temperature dependence of the “effective” carbon activity in the
solid at the surface can be understood as follows: As discussed in section 3.4.2, the
presently applied NH3/H,/CO/N, containing gas atmosphere is not in thermodynamic
equilibrium. Several homogeneous and heterogeneous chemical reactions (equilibria)
can occur within the gas atmosphere at the surface of the solid (Egs. (3.5), (3.8), (3.9),
(3.14) — (3.16)). In general, chemical equilibria are established faster at elevated

temperatures.
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Hence, it may be expected that more H,O is formed (different stationary state) at
higher temperatures according to Eq. (3.15). This leads to an “effective” carbon

activity in the solid at the surface which is smaller at higher temperatures.

3.5 Conclusions

1. Massive, pure cementite layers can be grown on ferrite substrates in the range of
783 K - 843 K and 5 min - 48 h using a gas atmosphere containing 13 vol.-% NHs,
58 vol.-% H,, 20 vol.-% CO and 9 vol.-% N,. The addition of ammonia to the gas
atmosphere is essential to avoid both soot formation and “metal dusting”.

2. Cementite-layer growth in the range of 783 K — 843 K obeys a parabolic growth
law for ¢+ > 1 h. For ¢t < 1 h ‘bypass/short-circuit’ mechanisms occur leading to
relatively fast cementite growth as compared to later stages (¢ > 1 h).

3. The parabolic growth constant exhibits an Arrhenius-type temperature dependence.
It is proportional to the product of the (tracer)diffusion coefficient of carbon in the

compound layer and the function f(Aq.) containing the temperature-dependent

activity difference of carbon over the thickness of the compound layer. Both
factors separately comply with a temperature dependence according to the
Arrhenius formalism.

4. An “apparent® activation energy, QO,p,,, of 109 + 12 kJ/mol was obtained for
cementite-layer growth. This “apparent activation energy Q,,, 1s composed of a

positive contribution QOp due to the activation energy for (tracer-)diffusion of
carbon in cementite and a negative contribution O, due to a decreasing

“effective” carbon activity in the solid at the surface with increasing temperature.
The formation of a stationary amount of water in the gas atmosphere may induce

such a fixed, finite “effective” carbon activity in the solid at the surface.
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4
Microstructure and crystallography of massive

cementite layers on ferrite substrates

M. Nikolussi, A. Leineweber, E.J. Mittemeijer

Abstract
Upon gaseous nitrocarburising massive cementite layers were grown on
ferrite substrates. Applying Electron Backscatter Diffraction (EBSD) it
was shown that the Bagaryatsky orientation relationship holds between the
cementite grains of the compound layer and the ferrite grains of the
substrate. The experimental data exhibit preference of specific variants of
this orientation relationship: those variants corresponding with relatively
low cementite-ferrite misfit-strain energy are favoured. Furthermore, the
orientation relationship of neighbouring cementite grains grown on the
same ferrite grain allows the establishment of low-energy grain boundaries
between these cementite grains. In contrast, at ferrite-grain boundaries
intersecting the substrate surface, high-energy cementite-grain boundaries
occur between cementite grains on adjacent ferrite grains. The latter
cementite-grain boundaries promote carbon grain-boundary diffusion
through the cementite, which was experimentally supported by the
observation of relatively large cementite-layer thicknesses at these

locations.
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4.1 Introduction

Gaseous nitriding and gaseous nitrocarburising are thermochemical heat treatments for
iron-based ferritic materials, usually performed at temperatures between 773 K and
853 K (i.e. below the binary/ternary eutectoid temperature of the Fe—N/Fe—-N—C solid
solution), which are of great technological importance since the beginning of the
twentieth century [1]. Nitrogen or nitrogen and carbon delivered by gas atmospheres
containing NH3/H, or NH;/H,/CO are diffusionally incorporated into the surface
region of an iron-based workpiece [2]. As a result (i) a surface-adjacent compound
layer (up to several 10 um thick) can be formed, which is responsible for distinct
improvement of the corrosion and wear resistances of the workpiece, and (ii) a
diffusion zone (up to several 100 pum thick) develops underneath the surface
compound layer, which is responsible for a considerable enhancement of the fatigue
endurance of the workpiece [3].

Depending on the process parameters (treatment temperature (and pressure),
composition of the gas atmosphere and treatment time) the surface compound layer
can consist of different phases. Usually, the compound layer is composed of a surface-
adjacent e-Fe;(N,C),, layer and a substrate-adjacent y’-Fe4N ., layer [4]. Recently, it
has been shown for the first time that, employing a nitrocarburising gas atmosphere
and under certain circumstances, pure cementite compound layers can be formed on a
ferrite substrate [5] (cf. chapter 2).

The present work focuses on microstructural and crystallographic consequences
of the growth of such cementite compound layers, as revealed by optical microscopy
and Electron Backscatter Diffraction. The results obtained allow drawing conclusions
on the role of interstitial diffusion for cementite-layer growth on ferrite which is rather

distinct from that for y’-Fe4N,_-layer growth on ferrite.
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4.2 Experimental

4.2.1 Specimen preparation and gaseous nitrocarburising

A ferrite cast rod (Alfa Aesar, 99.98 wt.-%) was cold rolled on both sides to a
thickness of 1 mm. The resulting sheet was cut into pieces (20 mm x 25 mm), which
were ground, polished (final stage 1 pm diamond) and cleaned ultrasonically in
ethanol. The specimens were recrystallised at 973 K for 2 h under a hydrogen flow of
200 ml min" and, prior to the thermochemical heat treatment, polished and cleaned
ultrasonically in ethanol.

Gaseous nitriding and nitrocarburising was conducted in a vertical quartz-tube
furnace. The specimens were positioned by a quartz fibre in the middle of the furnace
where the process temperature, controlled by = 1 K, prevailed. After the desired
treatment time the quartz fibre was mechanically destroyed for quenching: the
specimens dropped into a water container (flushed with N,) to retain states produced at
the nitriding/nitrocarburising temperature. The nitriding gas atmosphere was
composed of hydrogen (99.999 vol.-%) and ammonia (99.999 vol.-%) as a nitrogen-
providing medium. The nitrocarburising gas atmosphere was composed of carbon
monoxide (99.97 vol.-%) as a carbon-providing medium, hydrogen (99.999 vol.-%),
ammonia (99.999 vol.-%) as a nitrogen-providing medium and nitrogen (99.999
vol.-%) as inert gas. Each gas flux was controlled by a mass-flow controller. An
overall linear flow rate of 13.5 mm s (calculated for the gas volume at room
temperature) through the quartz retort (diameter 28 mm) was applied to ensure that
ammonia dissociation, which would change the composition of the gas atmosphere,
can be neglected.

A cementite compound layer on a ferrite substrate was produced by gaseous
nitrocarburising as described above for 48 h at 823 K using a gas atmosphere
containing 13 vol.-% NHj, 58 vol.-% H; (nitriding potential‘“1 nw = 03 atm'l/z),
20 vol.-% CO and 9 vol.-% N, (as inert gas) [5] (cf. chapter 2).

*! The chemical potential of nitrogen in the gas atmosphere can be related with the nitriding potential [6]. In the
present work no carburising potential can be adjusted: the carburising potential for a gas atmosphere composed

of NH3/H,/CO/N, is infinite [5] (cf. chapter 2).
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Further, a y’-Fe4Ny, layer, identical to that investigated in another study [7], was
prepared by gaseous nitriding at 823 K for 5 h using a gas atmosphere containing

43 vol.-% NH; and 57 vol.-% H, (nitriding potential*' ry = 1 atm™?).

4.2.2 Microstructural and crystallographic analysis

The as-nitrided/as-nitrocarburised specimens were cut into three pieces used for
optical and scanning-electron microscopy, X-ray diffraction (XRD) and Electron
Backscatter Diffraction (EBSD), respectively.

For optical microscopy the specimens were covered with an electrodeposited
protective nickel layer using a Watts bath [4,8] at 333 K. Due to that layer, mechanical
damage at the surface of metallographic cross sections can be avoided and a sufficient
sharpness at the sample surface in the micrograph can be achieved. After embedding
(Polyfast, Buehler GmbH), grinding and polishing (final stage colloidal silica
suspension (0.04 um) OPS, Struers GmbH) the specimens were stained with Klemm II
colour etchant (2 g potassium bisulfite were dissolved in 300 ml Klemm stock solution
(1000 g sodium thiosulfate per 300 ml distilled water) at room temperature [9]). Upon
inserting the polished cross-sectional specimens into this solution, a dark blue staining
of ferrite occurred; the corresponding reaction was stopped after 20 — 30 s by putting
the specimens into distilled water. The thickness of the unstained cementite layer was
measured as a function of the lateral distance from grain boundaries of the ferrite
intersecting the cementite/ferrite interface (cf. Fig. 4.1). The variations in cementite-
layer thickness at locations of some distance to such ferrite-grain boundaries
(cf. Fig. 4.1) is largely due to variations in the cementite-layer thickness across the
whole compound layer.

After optical microscopy (Zeiss Axiophot microscope), the cross section was
again ground and polished (final stage 1 um diamond) and the ferrite substrate was
removed selectively by deep etching with V2A reagent (100 ml hydrochloric acid,
10 ml nitric acid, 0.3 ml Vogel’s special reagent and 100 ml distilled water) at
343 K [9].
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Subsequently, the specimen was put into a Scanning Electron Microscope (LEO 438
VP) and tilted so that the bottom side of the cementite layer could be inspected
(cf. Figs. 4.2a and 4.2b).

Fig. 4.1: Light optical micrograph of a metallographic cross section (a ferrite specimen was
nitrocarburised at 823 K for 48 h using a gas atmosphere containing 13 vol.-% NH3, 58 vol.-% H,,
20 vol.-% CO and 9 vol.-% N,) after staining the ferrite substrate with Klemm II colour etchant. The
cementite-layer thickness is largest at the location of ferrite-grain boundaries intersecting the substrate
surface. The bold, dotted lines indicate the locations of cementite-layer thickness measurements there
where ferrite-grain boundaries intersect the substrate surface and the normal, dotted lines indicate the
locations of cementite-layer thickness measurements in distances of 2 pm, 5 pm, 10 pm and 20 pm at

both sides of a ferrite-grain boundary intersecting the substrate surface (see also Fig. 4.3).

(@)
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(b) Fig. 4.2: Massive cementite compound layer generated on a ferrite
\ substrate by means of nitrocarburising at 823 K for 48 h. After

embedding grinding and polishing, the ferrite substrate was removed by

deep etching with V2A reagent. (a) Image showing the bottom side of

the cementite compound layer exhibiting lots of facets. The cementite-

Fe 3C
Fe,C

layer thickness is largest at places of former (before deep etching)

a

Fe ferrite grain boundaries (indicated by arrows). (b) Schematic illustration

of the sample geometry in the SEM analysis. The arrow indicates the

view on the bottom side on the cementite compound layer.

Phase identification was carried out by X-ray diffraction using a PANalytical
X’Pert Multi-Purpose Diffractometer utilising CoKa radiation and Bragg-Brentano
geometry. The diffractometer was equipped with a graphite monochromator in the
diffracted beam and the specimens were rotated during the measurements around their
surface normal in order to achieve better crystallite statistics.

EBSD measurements on cross sections were conducted in order to determine
the orientation of adjacent ferrite and cementite crystals, thereby establishing their
relative orientations and the crystal orientation of each crystal with respect to the
specimen surface. For EBSD measurements, cross sections polished as described
above were additionally polished using colloidal silica suspension (0.04 pm) OPS
(Struers GmbH) for several hours. Since mechanical deformation has a pronouncedly
negative effect on the quality of the recorded Kikuchi patterns, the quality of the cross-
sectional surface preparation is crucial for the obtained results. In general, it appeared
much more difficult to obtain sufficiently good Kikuchi patterns from cementite than
for ferrite or other iron (carbo)nitrides [10] (cf. chapter 6). For the EBSD
measurements a Zeiss scanning electron microscope (LEO 438 VP) equipped with an

EBSD system (TSL, EDAX, Inc.) and the software OIM 4.5 were used.
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4.3 Experimental results

4.3.1 Morphology of cementite compound layers

The cementite-layer thickness was determined as a function of the lateral distance
from ferrite grain boundaries intersecting the cementite layer/ferrite substrate interface
(cf. Fig. 4.1). Taking several optical micrographs for the evaluation, the obtained

results were arithmetically averaged per each location.

cementite-layer thickness [pum]
W

2 T T T T T T T T T T 1
0 5 10 15 20 25

lateral distance from ferrite grain boundaries [pm]

Fig. 4.3: The average cementite-layer thickness (for a ferrite specimen nitrocarburised at 823 K for
48 h using a gas atmosphere containing 13 vol.-% NH3, 58 vol.-% H,, 20 vol.-% CO and 9 vol.-% N,)
as a function of the lateral distance to the (average) ferrite-grain boundary intersecting the substrate
surface. The cementite-layer thickness is largest at the locations of the ferrite-grain boundary

intersecting the substrate surface.

Evidently, the cementite-layer thickness is largest at the location of the ferrite grain
boundaries (cf. Figs. 4.1 and 4.3); with increasing distance from a ferrite-grain

boundary the cementite-layer thickness decreases.
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4.3.2 Orientation relationship cementite-ferrite
EBSD analysis involves recording Kikuchi patterns generated by back-scattered
electrons from the surface region of a crystalline solid as function of the scanning,
incident electron beam’s lateral position, which leads to determination of'? (a) the
crystalline phase and determination of (b) the crystal-orientation in the specimen frame
of reference. In the present case, such EBSD analysis was applied to a cross section of
the cementite (C) compound layer/ferrite (F) substrate system.

The grain morphology revealed by EBSD (difficult or even impossible to be
visualised by optical microscopy) indicates that on a given ferrite-substrate grain

several, differently oriented cementite grains grow in a columnar manner (cf. Fig 4.4).

‘?&"—‘7}3 g S G e A -g&:‘. R ‘%W?‘i
me WRE RO

5 %

o-Fe

Fig. 4.4: Cross-sectional EBSD image of a ferrite specimen nitrocarburised at 823 K for 48 h using a
gas atmosphere containing 13 vol.-% NH;, 58 vol.-% H,, 20 vol.-% CO and 9 vol.-% N indicating
that on single ferrite-substrate grain several, differently oriented cementite grains grow in a columnar
manner (finely dotted areas indicate regions giving rise to insufficiently good Kikuchi patterns from

cementite; cf. section 4.2.2).

The observed orientations of the [100]¢, [010]c and [001]c crystallographic directions
of the different cementite crystals (here the Pnma setting for the cementite’s crystal
structure was adopted, i.e. ac = 0.50890 nm, bc = 0.67433 nm, c¢c = 0.45235 nm [11];
note that in several previous works the Pbnm setting was employed) growing on a
given ferrite grain are compatible — with some scatter — with the Bagaryatsky™”

orientation relationship [12] for cementite and ferrite:

*2 Provided that the crystal structure or at least the Bravais lattices of the possibly present phases are known.
*3 The Bagaryatsky orientation relationship was for the first time observed to occur in pearlite. In the literature
[13-17] also other orientation relationships were proposed for pearlite, e.g. the Isaichev [13] and the Pitsch-Petch

[14,17] orientation relationships.
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[100]c || <111> [010]c || <T 12> and [001]c | <1T0> (4.1)

A scatter of less than 3° was found for the orientation relationship. Similar scatter was
observed before for pearlite exhibiting the Bagaryatsky orientation relationship [18].
This scatter cannot be ascribed to the limited measuring accuracy of the EBSD

method.

4.3.3 Preference of orientation-relationship variants

Twelve orientation variants of the Bagaryastky orientation relationship [12] are in
principle possible for a ferrite crystal and an adjacent cementite crystal (cf. Eq. (4.1)).
These twelve orientation variants for a cementite grain growing on a given ferrite grain
need not be equivalent with respect to the substrate surface: e.g. misfit-strain
development may lead to preference of variants corresponding to low misfit-strain
energy (see discussion in section 4.4.2). It appears likely that, for a cementite crystal
growing on a ferrite crystal, those variants of the orientation relationship which can be

made identical by rotation around the substrate normal (being the e} basis vector of the
Cartesian specimen frame of reference, S, with the ¢/ and e} basis vectors parallel to

the substrate surface) are equivalent. Thus, for investigation of preference of certain
variants of the Bagaryatsky orientation relationship, it is sufficient to quantify the
cementite crystal orientation by the values of the angles made by two (instead of three)
specific crystallographic directions [uvw]c with respect to the substrate surface, e.g.
the angles of the directions [100]¢ and [010]¢ with respect to the substrate surface.

The largest fraction of the investigated ferrite grains are approximately oriented
with a <100>f direction (nearly) parallel to the surface normal (due to rolling texture;
cf. section 4.2.1). This is consistent with the observation of a (200) ferrite reflection of
relatively high intensity in the XRD pattern taken with the surface normal as
diffraction vector (i.e. Bragg-Brentano geometry). For such <100>g-oriented ferrite,
the majority of the twelve orientation variants is equivalent (in the above sense). As a

result, two classes of orientation variants, A and B, can be identified, which in
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principle should statistically occur with the frequencies 2/3 and 1/3, respectively.

Analysis of the experimental data, however, shows that, in comparison with the

statistically predicted occurrences, variant A is much more favoured (cf. Table 4.1).

Table 4.1: The statistically predicted and experimentally observed frequencies of classes of

orientation variants for <100>g- and <111>g-oriented ferrite grains in the substrate surface which are

characterised by the values of cos®<t ([100]c, €3) and cos’< ([010]c, €}). The corresponding
3 3

calculated misfit-strain energies have been given too.

new cos? < cos < statist'ically experimentally r;isaf;lrtl_
orientation s s predicted observed
. ([100]c, e5)  ([010]c, €7) energy
variant frequency frequency 3
[J/m’]
<100>p-oriented ferrite
A 1/3 1/6 2/3 0.973 6.8 - 10’
B 1/3 2/3 1/3 0.027 1.3-10°
<111>p-oriented ferrite
A 1/9 2/9 1/2 0.917 6.2- 10’
B’ 1/9 8/9 1/4 0.083 1.1-10°
C 1 0 1/4 0 1.5-10°
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For the minor fraction of ferrite grains with a <111>f direction (nearly) parallel to
the surface normal, the twelve theoretically existing orientation variants degenerate to
three classes of orientation variants A’, B’ and C’, which should in principle
statistically occur with the frequencies 1/2, 1/4 and 1/4, respectively. Analysis of the
experimental data shows that, in comparison with the statistically predicted
occurrences, variant A’ is much more favoured (cf. Table 4.1).

The above results imply that favoured orientation variants are those which have
cementite [uvw]c directions of relatively large w value perpendicular to the surface,
e.g. [213]¢ for <100>g-oriented ferrite and [113]c for <111>p-oriented ferrite.
Unfavoured orientation variants are those with [uv0]c directions perpendicular to the

surface, e.g. [110]¢ for <100>g-oriented ferrite and [120]¢ for <111>g-oriented ferrite.

4.4 Discussion

4.4.1 The Bagaryatsky orientation relationship; cementite/ferrite misfit

The Bagaryatsky orientation relationship [12] applied to a cementite inclusion
surrounded by ferrite would in principle allow a three-dimensional coherency between
the cementite-crystal inclusion and the surrounding ferrite crystal, if the following

metrical relationship would hold, without specifying the orientation of the interface:

ac=3""ag
be=6" ag 4.2)
cc=2"ap

Eq. (4.2) is not exactly satisfied: a cementite inclusion in hypothetically rigid
(see what follows in section 4.4.2) ferrite has to be strained, in order to allow such
three-dimensional coherency, according to the misfit-strain tensor £“ (the superscript
C indicates that the tensor is formulated in the Cartesian coordinate system spanned by
unit vectors parallel to the lattice basis vectors of the strain-free cementite crystal, ac,

bc and cc),
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A
a. -3 a; 0 0
ac
a0 0 b —6%a
M= 0 &£° 0 |= 0 -~ 0 (4.3)
22 b
0 0 & ¢ p
0 0 c.—2"a;
Cc

where ar and ac, bc, cc are the lattice parameter of strain-free ferrite and strain-free

cementite, respectively.

Adopting experimental values for the strain-free lattice parameters of ferrite and

cementite [11,19,20] one obtains for ambient temperature:

"¢ (298 K) = 0.025
£ (298 K) = -0.040
Y298 K) = 0.104

and for the carburising temperature:

£ (823 K) = 0.021
£ (823 K) = -0.041
£Y¢(823 K) = 0.102.

These values indicate that the linear misfit values vary only marginally as a function of

temperature and that the largest misfit is observed for the c-direction of cementite.
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4.4.2 Surface misfit-strain energy of cementite grains; orientation
favouritism

Preference for a certain (class of) orientation variants could be due to the intrinsic
anisotropy of carbon volume diffusion in (orthorhombic) cementite. In that case, a
preferred orientation variant is expected to possess a high-diffusivity direction
perpendicular to the surface.

Inspection of the orthorhombic crystal structure [21-25] revealed that [uvw]c
directions with large w value in cementite, which pertains to the preferred classes of
orientation variants (cf. section 4.3.3), are not obvious fast diffusion directions. It is
concluded that intrinsic anisotropy of carbon volume diffusion through cementite is
not responsible for the observed preference of certain classes of orientation variants.

It may be suggested that minimisation of misfit-strain energy provides the driving
force for the emergence of a preference of a certain class of orientation variants. The
misfit-strain energy is conceived here as an energy density of a cementite crystal
strained elastically to accommodate the misfit with the rigid ferrite crystal substrate
underneath. In the following calculation of this energy, a flat cementite crystal is
considered that (i) satisfies the Bagaryatsky orientation relationship with the
underlying ferrite crystal and that (ii) has a cementite/ferrite interface** parallel to the

surface of the specimen.

The misfit-strain energy density W of the cementite crystal can be given by

W=3Cpéséu (4.4)

with C,,, as the components of the compliance tensor. The occurrence of those types

of cementite crystals (subject to the Bagaryatsky orientation relationship with the

underlying ferrite grain) would be preferred for which W is lowest.

4 Attempts to characterise for the present cementite compound layers the orientation of the cementite/ferrite

interfaces, which are facetted (cf. Fig. 4.2a), using TEM, did not lead to clear and statistically significant results.
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To determine W according to Eq. (4.4), the complete strain tensor € of the
cementite crystal has to be calculated. It appears convenient to do this in the specimen
frame of reference, S, for which the generalised Hooke's law (adopting Voigt's

notation) reads:

= S (4.5)

where, due to the assumedly biaxial, planar state of stress, it holds that

oy =0, =0,=0. The components &, &, and &, of the strain tensor &’ of the

M.,S

cementite crystal parallel to the surface, are taken equal to the components &~

ep’
and ¢%° of the cementite's crystal misfit-strain tensor £"° defined by Eq. (4.3)
(after transformation of the C frame of reference into the S frame of reference). For the
stiffnesses, C; , values of the elastic constants of cementite calculated by first-

principles methods were used (after transformation of the values as calculated for the
C frame of reference into those pertaining to the S frame of reference) [26]

(cf. chapter 7).

Calculations of misfit-strain energy density on the basis of Eq. (4.4) have been
performed for the cementite crystals on top of <100>g- and <111>g-oriented ferrite
grains, and subject to the Bagaryatsky orientation relationship. The results are shown
in Table 4.1. It follows that for both the <100>g-oriented as well as for the <111>g-
oriented ferrite grains the classes of preferred orientation variants correspond to clearly
smaller misfit-strain energy densities (cf. Table 4.1).

It should be noted that the intrinsic elastic anisotropy of cementite is not
primarily responsible for the observed preference of certain classes of orientation
variants (the same preferences were obtained by calculations performed in this work

adopting elastic isotropy of cementite). Hence, the anisotropy of the misfit strain is
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responsible for the preference of certain classes of orientation variants. The results can
be interpreted such that nature prevents that the c-direction of the cementite crystal,
exhibiting the largest misfit with the ferrite substrate, is (closely) parallel to the
surface/interface.

It should be recognised that the above calculation is subject to assumptions.
Firstly, the cementite/ferrite interface is not truly flat and parallel to the surface; it is
facetted (cf. Fig. 4.2a) and rough (larger cementite-layer thickness at ferrite-ferrite
grain boundaries; section 4.3.1; cf. Figs. 4.1 and 4.3). Secondly, ideal coherency of
cementite on ferrite is unlikely: the misfit strain can be very high, e.g. 10 % along the
c-axis, which is unlikely to be accommodated fully elastically. Yet, the success of the
above calculations, in explaining the obtained preference of certain classes of
orientation variants, strongly suggests that the misfit-strain energy is the dominant

factor for selection of the occurring orientation variant.

4.4.3 Orientation relationship of adjacent cementite grains; consequence for
the cementite-layer growth

As indicated in section 4.3.2 the Bagaryatsky orientation relationship includes twelve
orientation variants for a cementite grain grown on a given ferrite-substrate crystal. On
this basis, possible orientation relationships between two neighbouring cementite
grains on a single ferrite grain can be deduced theoretically by selecting one
orientation variant, which a cementite grain can adopt on the ferrite-substrate grain,
and compare the orientation of this cementite grain with the orientation of a cementite

grain that adopts one of the eleven remaining orientation variants.

Adopting the ideal lattice-parameter relationship of cementite and ferrite
(cf. Eq. (4.2)), it can be shown that any two different cementite crystallites on a
common ferrite grain, subject to the Bagaryatsky orientation relationship, are twin

related with their translation lattices giving rise to a coincidence lattice of low™”

*5 The smallest possible coincidence index of two congruent lattices (i.e. lattices with the same lattice

parameters) is 2= 1, which represents full coincidence of the two considered cementite lattices.
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coincidence index X'[27]. The smaller the coincidence index is, the more energetically
beneficial an interface between two crystals can be [28]*°. Hence, favourable low-
energy grain boundaries are possible between cementite grains on top of the same
ferrite grain. High-energy grain boundaries can be possible between adjacent

cementite grains grown on top of adjacent ferrite grains.

High-energy grain boundaries generally provide faster grain-boundary diffusion
than low-energy grain boundaries do [29]. Thus, carbon diffusion along (high-energy)
cementite-cementite grain boundaries between cementite grains grown on two adjacent
ferrite-substrate grains (i.e. at a ferrite-ferrite grain boundary) can be more pronounced
than carbon diffusion along (low-energy) cementite-cementite grain boundaries
between cementite grains grown on a single common ferrite-substrate grain. Hence, in
view of the above discussion, it can be expected that the cementite layer exhibits a
deeper penetration (larger thickness) at the location of ferrite-ferrite grain boundaries
intersecting the substrate surface, as is experimentally observed (section 4.3.1; cf.
Figs. 4.1 and 4.3).

The here observed distinctly larger cementite-layer thickness at ferrite grain
boundaries intersecting the substrate surface can thus be considered as experimental
evidence for high-energy cementite grain boundaries at these places. These boundaries
allow carbon grain-boundary diffusion which is pronouncedly faster than carbon
volume diffusion in cementite. This 1s an untypical result for interstitial compounds, to
which compound class cementite is usually considered to belong [30] (see further

section 4.4.3).

*¢ This is a crude statement: of course, the interface energy depends also on the type/orientation of the interface,

which effect is not considered.
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4.4.4 Comparison with y’-FesNy_,

Whereas a specific (Bagaryatsky) orientation relationship holds for cementite grains
grown on ferrite, no defined orientation relationship has been observed for y’-FesN.,
grains grown on ferrite*’. This has been shown by EBSD analysis of the y’-layer
grown on ferrite in the same way as for the cementite layer on ferrite (cf. sections 4.2.1
and 4.2.2).

In general, such y’-Fe4N,,, compound layers have a more homogeneous thickness
than cementite compound layers, suggesting that faceting at the layer/substrate
interface, as it was observed for cementite compound layers (cf. Fig. 4.2a), is less
pronounced or even absent in the case of the y’-FesN_,, compound layers.

Furthermore, in contrast to a growing cementite layer, penetration of y’-iron

nitride along ferrite grain boundaries intersecting the substrate surface has not been

observed (cf. Fig. 4.5).

i \;.,‘5;,’. T
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Fig. 4.5: Light optical micrograph of a massive y’-Fe;N;,, compound layer grown on a ferrite
substrate. In contrast with the cementite compound layer, the y’-Fe4N.,, compound layer exhibits a less
pronounced layer/substrate interface roughness and preferred layer penetration at ferrite-grain

boundaries intersecting the substrate surface does not occur.

This indicates, that in contrast to grain-boundary diffusion of carbon in cementite,
grain-boundary diffusion of nitrogen in y’-Fe;Ny., is not significantly faster than
volume diffusion, so that it does not affect the layer morphology. Grain-boundary

diffusion is often considered as of subordinate importance for the mass transport of

*7 However, y* precipitates developing in a nitrogen supersaturated ferrite matrix exhibit a specific orientation

relationship [31].
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interstitially dissolved elements, since a large number of vacancies on the interstitial
site sublattice facilitate volume diffusion of interstitials in typical interstitial
compounds. In general, both cementite and y’-Fe,;N;, are regarded as interstitial
compounds [30,32]. Definitely, y’-FesN ., is a classical interstitial compound, with an
fcc-type arrangement of the iron atoms with nitrogen occupying only 1/4 of the
octahedral interstitial sites (cf. Table 4.2) in an ordered fashion [33,34]. Interstitial
diffusion can readily occur via the octahedral sites, of which one exists per iron atom

(cf. Table 4.2).

Table 4.2: Number (per Fe atom) and (interstitial) occupied fraction of bicapped trigonal prisms and

octahedral interstitial sites in cementite and y’-FesN.,.

cementite FesNy,
number per  fraction  number per  fraction
iron atom  occupied  iron atom occupied
bicapped trigonal prisms 1/3 1 - -
octahedral sites 1/3 0 1 1/4

Cementite forms a more complex, orthorhombic iron arrangement with the largest
vacancies being bicapped trigonal prisms and octahedral sites, occurring one per three
iron atoms for both types of vacancies ([35]; cf. Table 4.2). The carbon atoms occupy
all the bicapped trigonal prisms whereas the octahedral sites remain empty
(cf. Table 4.2). Thus, carbon volume diffusion in cementite is likely to proceed also
via the octahedral sites. Compared to y’-FesN., less (empty) octahedral sites per iron
atom exist, therefore, carbon volume diffusion may be more difficult in cementite than
volume diffusion of nitrogen in y’-Fe;N;,. On this basis the relatively enhanced
diffusion of carbon along high-energy grain boundaries in cementite may be
understood leading to the larger cementite-layer thickness at the location of ferrite
grain boundaries intersecting the specimen surface, in contrast to a more homogeneous

y’-layer-thickness across the whole cross section (cf. Fig 4.5).
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4.5 Conclusions

1. The Bagaryatsky orientation relationship [12] holds for cementite grains grown on
ferrite-substrate grains.

2. As a consequence of the Bagaryatsky orientation relationship twelve different
orientation variants can be discerned for a cementite grain on a ferrite-substrate
grain. Depending on the orientation of the underlying ferrite grain, the twelve
orientation variants for the cementite grain can be subdivided into classes, where
the orientation variants contained in one class differ only with respect to a rotation
around the normal of the specimen surface. The experimental EBSD data indicate
that those orientation variants (classes) are preferred which are associated with the
development of low misfit-strain energy at the cementite/ferrite interface.

3. As a consequence of satisfying the Bagaryatsky orientation relationship, low-
energy grain boundaries are expected between adjacent cementite grains on the
same ferrite-substrate grain, whereas high-energy grain boundaries can occur
between cementite grains on adjacent ferrite-substrate grains. Such high-energy
cementite grain boundaries allow relatively fast (carbon) grain-boundary diffusion
through cementite, as compared to volume diffusion of carbon in cementite, which
is experimentally indicated by a larger cementite-layer thickness at the location of
ferrite-grain boundaries intersecting the substrate surface.

4. Enhanced diffusion of nitrogen through high-energy grain boundaries of y’-FesN,
which is a pendant of cementite in the Fe—N system, leading to penetration of
y’-iron nitride along ferrite-grain boundaries intersecting the substrate surface, does
not occur. This may be a consequence of interstitial diffusion of nitrogen in
7’-FesN, readily occurring via the octahedral interstitial sites, of which, compared

to cementite, more exist in y’-FesNy,.
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Nitrogen diffusion through cementite layers

M. Nikolussi, A. Leineweber, E.J. Mittemeijer

Abstract
Massive cementite layers with a time-dependent thickness were grown on
ferrite substrates by nitrocarburising in a dedicated NH;/H,/CO/N,
containing gas atmosphere at 783 K, 823 K and 843 K. Nitrogen diffusion
through the cementite layer into the ferrite substrate took place in
conjunction with growth of the cementite layer; a significant, i.e.
measurable solubility of nitrogen in cementite was not observed. The
nitrogen concentration-depth profiles in the substrate, underneath the
growing cementite layer, were quantitatively determined using a calibrated
microhardness-measurement technique. The nitrogen concentration-depth
profiles were simulated on the basis of a model using an implicit finite-
difference method. The simulation yielded values for the diffusivity of

nitrogen through cementite, including the activation energy.
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5.1 Introduction

The corrosion and wear resistances of iron-based workpieces as well as the fatigue
endurance can be improved pronouncedly by thermochemical heat treatments such as
nitriding and nitrocarburising which are of great technological importance [1,2].

Gaseous nitriding and gaseous nitrocarburising are usually performed at
temperatures between 773 K and 853 K. Thus, the process temperature is located
below the binary/ternary eutectoid temperature of the Fe—N/Fe-N—C solid solution
[3,4]. The nitriding/nitrocarburising gas atmosphere provides nitrogen or nitrogen and
carbon, which are taken up by the surface-region of the iron-based workpieces [5].

The incorporation of nitrogen or nitrogen and carbon results in (i) the formation
of a compound layer (several 10 um thick) and/or (ii) the formation of a diffusion zone
(several 100 um thick). The compound layer is responsible for a considerable
enhancement of the corrosion and wear resistance. Depending on the treatment
temperature, the pressure and the composition of the gas atmosphere, the compound
layer can consist of different phases. Typically y’-FesN;., and e-Fe;(N,C),y, are
constituents of the compound layer [6] but also cementite can occur in the compound
layer [7,8] (cf. chapter 2). The diffusion zone is responsible for a considerable
enhancement of the fatigue endurance [9]. Nitrogen or nitrogen and carbon are
dissolved (at the treatment temperature) as solid solution in the octahedral interstices
of the iron bcc-lattice.

It was shown recently that, under certain conditions, also pure, massive cementite
layers can form on the ferrite substrate [8] (cf. chapter 2). In that case the nitrogen
(and carbon) diffusion into the substrate is strongly decelerated; cementite acts as a
diffusion barrier for nitrogen (and carbon [10]). Nonetheless, although nitrogen
transport through cementite is decelerated, it is shown in this paper that a certain time-
dependent amount of nitrogen is transported through the cementite into the ferrite
substrate, leading to an increase of the nitrogen content in (and the hardness of) the

ferrite substrate.
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The solubility of nitrogen in the ferrite is much higher than for carbon at the
temperatures of interest (783 K — 843 K) [11-13], e.g. = 0.3 at.-% for nitrogen
vs. = 0.002 at.-% for carbon at 823 K. Furthermore, most of the carbon incorporated in
the solid is used to build up the cementite layer, whereas nitrogen passes through the
cementite layer to be dissolved in the ferrite.

The present work focuses on the diffusion of nitrogen through cementite.
Hardness-depth profile measurements in the ferrite substrate are used to determine the
nitrogen concentration-depth profiles. A model is proposed that enables the simulation
of such nitrogen concentration-depth profiles. On this basis, for the first time,
information about the diffusivity of nitrogen through cementite, including the

corresponding activation energy of nitrogen diffusion in cementite, is obtained.

5.2 Experimental

5.2.1 Specimen preparation and gaseous nitriding/nitrocarburising
Two differently produced types of specimens were investigated in this study: “Thick-
plate” specimens for nitrocarburising experiments were produced by cold-rolling a
ferrite cast rod (Alfa Aesar, 99.98 wt.-% Fe) on both sides to a thickness of 1 mm.
From the resulting cold-rolled sheet, rectangular pieces (20 mm x 25 mm) were cut,
ground, polished (final stage 1 um diamond suspension) and cleaned ultrasonically in
ethanol. “Thin-plate” specimens for nitriding experiments were produced by cutting
from a 10 cm x 10 cm iron sheet (Alfa Aesar, 99.98 wt.-% Fe) of 0.1 mm thickness
rectangular pieces of 20 mm x 25 mm which were ground, polished (final stage 1 pm
diamond suspension) and cleaned ultrasonically in ethanol. Both types of specimens
were, prior to gaseous nitriding/nitrocarburising, recrystallised at 973 K for 2 h under a
reductive hydrogen flow of 200 ml min”, polished (final stage 1 pm diamond
suspension) and cleaned ultrasonically in ethanol.

The nitriding/nitrocarburising facility had to ensure the desired gas environment
and the desired temperature during treatment. Moreover, it was necessary to quench
the specimens after treatment in order to retain the microstructure as at the treatment

temperature. Thus, the nitriding/nitrocarburising facility was composed of a vertical
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quartz-tube furnace which was at its end equipped with a water (flushed with N,)
container for quenching the specimens to room temperature. Using a quartz fibre,
which, to realise quenching, can mechanically be destroyed after the
nitriding/nitrocarburising treatment, the specimens prepared as described above were
positioned in the middle of the quartz-tube furnace where the process temperature
(controlled within £ 1 K) prevailed.

Two types of treatments were conducted in the present work: (1) Nitrocarburising
experiments to study nitrogen diffusion through growing cementite layers, and (ii)
nitriding experiments to prepare specimens of homogeneous nitrogen content and
without compound layer. For these experiments, ammonia (99.999 vol.-%) as nitrogen
supply, carbon monoxide (99.97 vol.-%) as carbon supply, hydrogen (99.999 vol.-%),
and nitrogen (99.999 vol.-%), as inert gas, were employed. Each gas flux was
controlled by a separate mass-flow controller. An overall linear flow rate of
13.5 mm s (calculated for the gas volume at room temperature) through the quartz
retort (diameter 28 mm) was maintained. Such a flow rate ensures that ammonia
dissociation, which would change the composition of the gas atmosphere, can be

neglected.

Ni

| s . pE ' » ;

of
o-Fe

v I

10 um

Fig. 5.1: Light optical micrograph (cross—sectional view; bright field) of a massive cementite layer
(stained) on iron (unstained). The massive cementite layer was generated on ferrite by gaseous
nitrocarburising at 823 K for 48 h. The metallographic cross-section was etched with 1 vol.-% Nital

containing 1 vol.-% HCI and stained with an alkaline sodium picrate solution (cf. section 5.2).
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For gaseous nitrocarburising the gas atmosphere was composed of 13 vol.-%
NH;, 58 vol.-% H, (nitriding potential5 T =03 atm™"’ 2), 20 vol.-% CO and 9 vol.-%
N (as inert gas). The experiments were performed at 7= 783 K, 823 K and 843 K, for
treatment times of 0.5 h, 2 h, 6 h, 14 h, 24 h and 48 h, leading always to massive
cementite layers on ferrite substrates [8,15] (cf. Fig. 5.1 and chapter 2 and 3). For
these experiments “thick-plate” specimens with a thickness of 1 mm, produced as
described above, were used.

Gaseous nitriding experiments were performed at 823 K using different NH;/H,-
containing gas atmospheres yielding different nitriding potentials™' (cf. Table 5.1).
The applied experimental conditions ensured the formation of compound-layer free
specimens in accordance with the Lehrer diagram [16]. Gaseous nitriding was
performed for 42 h in order that the ferrite substrates were saturated with interstitial
nitrogen with respect to the nitriding gas atmosphere. For these experiments “thin-

plate” specimens with a thickness of 0.1 mm, produced as described above, were used.

5.2.2 Microstrcutural and hardness analysis

The specimens after both the nitriding and the nitrocarburising experiments were cut
into four pieces, used for light optical microscopy, hardness measurements, chemical
analysis and X-ray diffraction (XRD), respectively.

For light-optical microscopy and hardness measurements the nitrocarburised
specimens were covered with an electrodeposited protective nickel layer using a Watts
bath [6,17] at 333 K. The protective nickel layer avoids mechanical damage at the
surface of the metallographic cross sections and guarantees the required sharpness at
the sample surface in the cross sections. All specimens (nitriding and nitrocarburising
experiments) were embedded using a Struers LaboPress 3. Embedding was performed

with 15 ml Polyfast (Buehler GmbH), a load of 15 kN, an annealing time of 5 min at

>! The chemical potential of nitrogen in the gas atmosphere can be related with the nitriding potential [14]. In the
present work no carburising potential can be adjusted: the carburising potential for a gas atmosphere composed
of NH;3/H,/CO/N, is (hypothetically) infinite [8] (cf. chapter 2) although an “effective” carburising potential acts
at the specimen surface [15] (cf. chapter 3).
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453 K and a cooling time of 3 min down to room temperature. After embedding, the
specimens were ground, polished (final stage 1 um diamond suspension) and etched
using 1 vol.-% Nital containing 0.1 vol.-% HCI [18]. In order to differentiate between
the massive cementite layer and the ferrite substrate, the cross-sectional specimens
were stained using either (i) an alkaline potassium permanganate solution (1 g NaOH,
1 g KOH and 4 g KMnO, per 100 ml distilled water) at 328 K [8,19] (cf. chapter 2) of
which the effect is similar to that of a Murakami solution [6,19] or (ii) an alkaline
sodium picrate solution (25 g NaOH and 2 g picric acid per 75 ml distilled water) at
room temperature [19]. In both cases the massive cementite layer gets, due to its high
carbon content, severely stained. The ferrite substrate remains unstained and can
therefore easily be distinguished from the cementite layer upon light optical
microscopy (Zeiss Axiophot microscope).

Hardness measurements (micro-Vickers) were performed with a Leica VMHT
MOT microhardness indenter using a load of 25 gf (= 0.245 N) for 10 s. Hardness-
depth profile measurements in the ferrite substrates were performed for all specimens
of the nitrocarburising experiments. Hardness indents were set at selected distances
from the interface cementite/ferrite until the middle of the specimen was reached

(cf. Fig. 5.2a).
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(b)

“o-Fe hardness indents

specimen holder

500 um

Fig. 5.2: Hardness indents in the ferrite substrate (light-optical micrograph; cross sectional view) for
the investigation of the dependence between nitrogen content in and hardness of the ferrite substrate.
(a) Specimen with a massive cementite layer of time-dependent thickness on ferrite (nitrocarburising
experiment). Several hardness indents were set, starting at the interface and ending until the middle of
the specimen was reached. (b) Hardness indents in ferrite of a compound-layer free specimen

(nitriding experiment).

The exact distance values of the hardness indents from the interface cementite/ferrite
were determined by light optical microscopy using the software “analySIS” (Soft
Imaging System GmbH). For each specific distance value from the interface
cementite/ferrite five hardness measurements were made; the average value was taken
as the local hardness and the standard deviation was taken as indication of the
experimental error. For all specimens of the nitriding experiments, which should have
— due to the small specimen thickness and due to the long treatment time -
a homogeneous nitrogen content, 10 hardness measurements were made across the
cross-sectional specimen (cf. Fig. 5.2b); their average value and their standard
deviation was calculated.

Chemical analysis was performed by carrier-gas hot extraction to determine the
nitrogen content in the ferrite substrates of all nitrided specimens, in order to relate the
determined nitrogen content to the hardness of the ferrite substrates (see section 5.3).
For the nitrided specimens, the reliability of the results of the chemical analysis was
verified by an additional nitrogen-content determination via weighing [20]: The ferrite
substrates were weighted before and after gaseous nitriding using a Mettler Toledo
UMX2 precision balance. Additionally, such chemical analysis was performed for
specimens which were nitrocarburised at 823 K with a treatment time of 6 h, 14 h,
24 h and 48 h, since these specimens do not exhibit a nitrogen concentration

(hardness) gradient across the ferrite substrate in the cross section (cf. Fig. 5.3b).
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Prior to chemical analysis, the massive cementite layer was removed by grinding so
that only the nitrogen-enriched substrate was analysed. After completion of the
grinding procedure, it was checked by X-ray diffraction whether the entire cementite
layer had been removed.

To verify the presence or absence of a (cementite) compound layer, phase
identification was carried out by X-ray diffractometry. A PANalytical X Pert Multi-
Purpose Diffractometer, which was equipped with a graphite monochromator in the
diffracted beam, was used. The diffractometer was operated with CoKo radiation in
Bragg-Brentano geometry. Each specimen was rotated around its surface normal

during the measurements to achieve better crystallite statistics.

5.3 Experimental results and evaluation: hardness measurements

and chemical analysis

Each nitrocarburising experiment performed at 783 K, 823 K and 843 K led to the
formation of a massive cementite layer on the ferrite substrates (cf. Fig. 5.1) [8,15]
(ct. chapter 2 and 3). The cementite layers exhibit a characteristic microstructure
(partially rough ferrite-cementite interface) and a specific orientation relationship with
the ferrite substrate [21] (cf. chapter 4). After cross-sectional metallographic
preparation, hardness-depth profile measurements were performed in the ferrite

substrate (cf. Figs. 5.2a and 5.3a — 5.3¢).
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In order to transform hardness-depth profiles into nitrogen concentration-depth
profiles (cf. Figs. 5.3a — 5.3c), the dependence of hardness on nitrogen content in
ferrite has to be known. Such a dependence was obtained on the basis of the results for
hardness and nitrogen content in homogeneously nitrided/nitrocarburised ferrite given

in Table 5.1 and shown in Fig. 5.4.
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Fig. 5.3: Experimentally determined hardness-depth profiles in the ferrite substrate with a massive
cementite layer of time-dependent thickness at the surface of the ferrite substrate (dots; cf. hardness
axes). Hardness-depth profiles were transformed into nitrogen concentration-depth profiles (dots;
cf. nitrogen-concentration axes) applying the calibrated hardness-nitrogen concentration relation
(cf. Fig. 5.4). The simulated nitrogen concentration-depth profiles are shown by the continuous curves.
The dashed curves indicate experimentally determined hardness/nitrogen concentration-depth profiles
(0.5 h and 2 h) which were not considered for the simulation. Experiments as well as simulations were

performed at (a) 783 K, (b) 823 K and (c) 843 K.
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Fig. 5.4: Calibration line: Nitrogen concentration (determined by chemical analysis/weighing; the
error is smaller than the size of the dots) vs. the hardness for homogeneous ferrite substrates
(determined by micro-Vickers hardness indentations). The straight line was determined by least-

squares fitting of Eq. (5.1) to the experimental data.
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Table 5.1: The experimentally determined (average) hardness values and (average) nitrogen contents
(chemical analysis) of all nitrided specimens. Composition (NH; and H, contents and corresponding
nitriding potential) of the nitriding gas atmosphere, yielding compound-layer free specimens, have
been indicated. The experiments were performed for 42 h at 823 K leading to a homogeneous solid
solution of interstitial nitrogen in the ferrite substrate. Nitrogen-content determination of nitrided
specimens via weighing showed similar results. The hardness of pure iron without any nitrogen
dissolved determined in this work equals 100 = 2 HV. Similar results obtained for some selected

(see text) nitrocarburising experiments at 823 K have been given as well.

nitriding experiments

NHj3 content [vol.-%)] 2 4 6 7 9 12 13
H; content [vol.-%] 98 96 94 93 91 88 87
nitriding potential, #y [atm™?] 0.02  0.04 0.06  0.08 0.1 0.14 0.16
hardness [HV] 1167 119+4 133+6 147+3 152+3 182+£9 2057
nitrogen concentration [at.-%] 0.034  0.075 0.108 0.144 0.184 0.297 0.367

nitrocarburising experiments

treatment time [h] 6 14 24 48
hardness {HV] 147+4 158+2 171+2 194+3
nitrogen concentration [at.-%] 0.136 0.176 0.228 0.307

It follows that a linear dependence exists between nitrogen content and hardness

of the ferrite substrate:

Co™ =mh+b (5.1)

where Cy™ denotes the nitrogen concentration in the ferrite substrate, and 4 its

hardness.
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Least-squares fitting of a straight line to the experimental data in Fig. 5.4 yielded the
following values for m (slope of the straight line in Fig. 5.4) and b (part cut from the

ordinate): m=(3.46£0.1)-10" %% and b = -0.354 + 0.02 at.-%. On this basis, the

experimentally determined hardness-depth profiles can be transformed into nitrogen
concentration-depth profiles (cf. Figs. 5.3a — 5.3c). This was done for all considered
treatment temperatures (783 K, 823 K and 843 K) and treatment times.

Such quantitative information on the nitrogen concentration in ferrite cannot be
obtained by other techniques. Whereas e.g. chemical analysis can only provide an
average nitrogen concentration across the whole specimen (instead of a location-
resolved nitrogen concentration), the sensitivity of electron probe microanalysis

(EPMA) is too low for the presently determined nitrogen concentrations.

5.4 Modelling nitrogen concentration-depth profile development

5.4.1 General assumptions

The experimentally determined nitrogen concentration-depth profiles will be simulated
to analyse, on the basis of comparison with the experimentally determined nitrogen
concentration-depth profiles, the diffusivity of nitrogen through cementite.

Consider a laterally infinitely extended iron plate of finite thickness. Nitrogen can
enter this plate from both sides; a symmetrical (with respect to the centre plane of the
plate) nitrogen concentration-depth profile is built up.

The process of gaseous nitrocarburising can be subdivided into four different
steps: (1) diffusion of ammonia from the gas phase to the surface of the specimen, (ii)
dissociation of ammonia at the surface, (iii) nitrogen diffusion through the growing
cementite layer of time-dependent thickness, (iv) nitrogen diffusion within ferrite
(after having diffused through the cementite layer) from the interface cementite/ferrite
to the core of the specimen. Ad (1): In the present experiments the gas-flow through the
quartz-tube furnace is large; the gas composition at the sample surface can be taken

constant for a constant treatment temperature [15] (cf. chapter 3).
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Ad (ii): Already after very short treatment time dissociation of ammonia at the surface
of the specimen is not rate determining for the nitrogen uptake; instead nitrogen
diffusion through the growing cementite layer is rate-determining (in contrast with the
case of nitriding pure ferrite [22]). The conditions indicated under ad (i) and ad (ii)
imply that local equilibrium prevails at the interface of the gas atmosphere and the
specimen. Furthermore, local equilibrium is assumed to hold at the interface
cementite/ferrite.

Nitrogen diffusion within ferrite is governed by Fick’s second law

ac{;xl—Fe . D(I-Fe aZCIr;xI—Fe
o0 ~— N ot (52)

where Dy is the diffusion coefficient of nitrogen in ferrite (taken as concentration

independent), Cy'° the nitrogen concentration at depth x (measured from the interface
cementite/ferrite’?) and ¢ the time of diffusion.

The flux of nitrogen through cementite at the interface cementite/ferrite,

I o » 1s equal to the flux of nitrogen into ferrite at this interface N o Which,
using Fick’s first law, can be expressed as follows

Fe,C a-Fe a-Fe oCy"e
JECl =g = e &4

N lr=0 N le=0 N | s (5.3)
where x = 0 denotes the location coordinate which represents the interface
cementite/ferrite.

>2 The cementite layer is thin compared to the ferrite substrate at all considered treatment times and the
cementite layer grows much slower than the extent of the nitrogen concentration-depth profile in the substrate.
Therefore, the consumption of a part of the ferrite upon formation of the cementite is neglected in the modelling

of the diffusion of nitrogen in ferrite.
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Nitrogen enters the ferrite substrate at both sides. Hence, a symmetrical nitrogen
concentration-depth profile results and no net flux of nitrogen through the middle of

the sample occurs, leading to the second boundary condition

oCgke ~0

o (5.4)

x=Z ?

where x = Z denotes the position of the centre plane.
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Fig. 5.5: Schematic drawing of a cementite layer on a ferrite substrate (cross-sectional view).
A gradient of the chemical potential of nitrogen in cementite provokes the flux of nitrogen through
cementite. Consequently, a nitrogen concentration-depth profile develops in the ferrite substrate,
which can be calculated for different time steps and grid points using the model described in section
5.4 applying the implicit finite-difference method. Local equilibrium at the gas-solid interface and at

the cementite/ferrite interface is assumed.
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Before nitrogen can pass the interface cementite/ferrite and can diffuse through
ferrite, it must be transported through the cementite layer’”. Nitrogen diffusion
through cementite is provoked by a gradient of the chemical potential of nitrogen

across the cementite layer (cf. Fig. 5.5)

F = _(6ﬂ§e3c )
), 5:5)

where F is the thermodynamic force, 4" the chemical potential of nitrogen in

cementite and x the location coordinate, 7 the treatment temperature and p the

pressure.

For the nitrogen flux through cementite, J5* , it holds that [24]

Fe;C _ _ Fe;C ~FesC Fe;C Fe;C
Jy =y O =M FC

Fe3C Fe3C
_ A FesC ~Fe,C [ Oy _ __ yFeC [ 9Cy
= —MFCCr, ( x ) —_p=C() | (5.6)
psT p,T

where vi* denotes the drift velocity of nitrogen in cementite, M is the mobility of

nitrogen in cementite, Dy*° represents the diffusion coefficient of nitrogen in

. Fe3C ., . . . . . .
cementite and Cy is the nitrogen concentration in cementite. The diffusion

coefficient of nitrogen in cementite can be expressed by

Fe,C Fe,C dln >
DNe3 =MNe3 RT(1+——
oy |,

(5.7)

Fe3C
Olny 3
N Fe,C

where (1 + ol CIC ) is the thermodynamic factor, with y* as the activity coefficient

of nitrogen in cementite.

>3 Since the solubility of nitrogen in cementite is negligible [23], all nitrogen entering cementite is passed

through cementite.
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The solubility of nitrogen in cementite is extremely small, e.g. for 1593 K a solubility
of about 0.064 at.-% was reported [23]. Due to this extremely limited solubility,

Henry’s law [25,26] is assumed for nitrogen in cementite. Consequently, the

thermodynamic factor equals one and D¢ reduces to

D;%C — MIE%CRT — D;,F%C ’ (58)

C

where D™ is the (tracer-)diffusion coefficient of nitrogen in cementite. Thus,

ox

FesC _  pyFesC [ 907
N =Dy ( o (5.6b)

A linear concentration profile of nitrogen across cementite is assumed. The
concentration difference of nitrogen across the cementite layer is given by the

difference of the nitrogen concentration in cementite at the interface gas

. Fe,C . . . .
atmosphere/cementite, C,;.., and the nitrogen concentration in cementite at the

interface cementite/ferrite, C;f;féace . Then Eq. (5.6b) can be given as

*Fe3C Fe3C Fe3C
J F €3 C DN ( Csurface ~ “interface
N =

SFe3C H (59)

where Sgc is the cementite-layer thickness.
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The nitrogen concentrations in cementite at the interface gas atmosphere/
cementite and at the interface cementite/ferrite will be expressed in terms of
“corresponding” (see what follows) nitrogen concentrations in ferrite. For both,
cementite and ferrite, Henry’s law can be adopted. Therefore, for cementite and ferrite

in (hypothetical) equilibrium with each other and, possibly additionally, with the same
outer gas atmosphere, the concentrations of nitrogen in cementite, Cy°, and in ferrite,

Ce™ | are related by™*

C = O (5.10)

where ¢ is the partition coefficient. Hence, the nitrogen concentration in ferrite at the

cementite/ferrite interface in (real, local) equilibrium with cementite at the same
interface corresponds t0 Ciiee = Criroe /o and thus CRS. =@C: . Diffusion of
nitrogen through the cementite will come to a halt if the nitrogen concentration in the

ferrite corresponds to the nitrogen concentration which would prevail in ferrite in
(hypothetical) equilibrium with the gas atmosphere, Cs.©. Hence, the concentration of
nitrogen in cementite at the surface in (real, local) equilibrium with the gas
atmosphere, Cioh.. , is given by Cioh. = (pCSCIFe.
The above consideration implies that Eq. (5.9) can be written as
Fe,C _ @Dy ™ (CE-Cints

interface
N Srec . (5.11)

. . . . o Fe,C 0 Fe;C _ Fe,C
>4 For the chemical potential of nitrogen in cementite it holds that /JN63 = Uyt RTIn ]/Ne3 )CN63 and for the

o-Fe __a-Fe

chemical potential of nitrogen in ferrite it holds that ,U;_Fe = ,uﬂ +RT In /N XN . Assuming for both,

cementite and ferrite, the same reference state and Henry’s law (constant activity coefficient of nitrogen), the

mole fractions of nitrogen in cementite and ferrite in equilibrium with each other are related by a partition
o-Fe

. . _ N . . . .
coefficient, ¢, according to @ = SR It will be assumed that for the minute range of nitrogen concentration in
N

cementite ¢ does not depend on nitrogen concentration.
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The cementite-layer thickness Sg.c has been determined experimentally for the

present samples. The layer thickness could be described for each temperature by

adopting a modified parabolic growth law [8,15] (cf. chapter 2 and 3)

Stesc (1) =k(T)1+55(T), (5.12)

where k£ denotes the parabolic growth constant andS, a (hypothetical) initial

cementite-layer thickness at # = 0 (see discussion in Ref. [8]; cf. chapter 2). Combining

JFeC _ oD (CoFe ~Cintinee)
Egs. (5.11) and (5.12) leads to YN — (a+52)

5.4.2 Simulation of nitrogen concentration-depth profiles; numerical
procedure

For the simulation of the nitrogen concentration-depth profiles, Fick’s first and second
law have to be solved subject to the boundary conditions given by Egs. (5.3) and (5.4).
This can be done numerically on the basis of the method after Crank and Nicolson
[22,27] using the implicit finite-difference method. For that purpose the nitrogen
concentration profile within ferrite was calculated for equidistant grid points in space
(distance Ax) (cf. Fig. 5.5) at different time steps (see what follows in section 5.5).

Details of the numerical procedure are described in the Appendix.

5.5 Results of the simulation

The simulation was performed with M = 100 grid points (up to the middle of the
specimen) and different time steps. The increment of time was increased by 0.5 %
after each generation of a nitrogen concentration profile [22], recognising the decrease

of the nitrogen-concentration gradients with time, in order to reduce calculation time.

D" At
Doing this, the condition ” = (NAx—)2 <1/2 has to be fulfilled [27], where At denotes

the increment of the time and Ax denotes the grid-point distance. The simulation was
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started at the respective treatment temperatures on the basis of the nitrogen
concentration-depth profile determined after 6 h, since for smaller treatment times the
diffusion geometry and mechanism is incompatible with the model (see section 5.6.2).
The following parameters were known: (1) the diffusion coefficient of nitrogen in
ferrite, which was calculated for the respective treatment temperature according to
Ref. [28] (cf. Table 5.2) and (ii) the cementite-layer thickness, which was determined

experimentally. Hence, the fitting parameters were: the equilibrium nitrogen

concentration in ferrite, Cs; (T'), and the product of the partition coefficient and the

Fes

(tracer-)diffusion coefficient of nitrogen in cementite, @Dg™°. Values for these
parameters were determined (for each considered treatment temperature) by
minimising the sum of the squared differences of simulated and experimental nitrogen
concentrations for all treatment times simultaneously (cf. Figs. 5.3a — 5.3c). The

results obtained for C;* and @Dy have been gathered in Fig. 5.6 and Table 5.2.

32,61
843 K
32.8-
823 K
Y, -33.04
=
*"QZ
> 2
= -33.24
3344 783 K
-33.6 v T T T T T T ]
1.17x10° 1.20x10° 1.23x107 1.26x10° 1.29x10°
1/T[1/K]

Fig. 5.6: Arrhenius plot: natural logarithm of the product of the partition coefficient and the

(tracer-)diffusion coefficient of nitrogen through cementite, (DD;’FQ‘C, versus the reciprocal

temperature 1/T.
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Table 5.2: Results of the simulation of nitrogen concentration-depth profiles. The equilibrium nitrogen
concentration in ferrite, and the product of the partition coefficient and the (tracer-)diffusion
coefficient of nitrogen through cementite were refined by matching of the simulated data and the
experimental data by least-squares fitting. Furthermore, the diffusion coefficient of nitrogen in ferrite

has been given according to Ref. [28].

treatment temperature, T 783 823 843
(K]
equilibrium nitrogen concentration in ferrite, Cg, © 0.599 0.613 0.700
[at.-%]

product of the partition coefficient and the
(tracer-)diffusion coefficient of nitrogen through 29-10" 48.10"% 59.10"

cementite, @Dy " [m?/s]

diffusion coefficient of nitrogen in ferrite, Dy 24.107 13.10M 1.8-10"

[m*/s]

Adopting an Arrhenius-type temperature dependence for the (tracer-)diffusion
coefficient of nitrogen in cementite and taken the partition coefficient ¢ as
temperature independent, a plot of the logarithm of ¢DS™ vs. 1/T should yield a
straight line. This is observed indeed; see Fig. 5.6. The slope of the straight line
obtained equals m=-Q/R, with Q as the activation energy of nitrogen diffusion in

cementite and R as the gas constant. It follows: O = 65 + 2 kJ/mol.
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5.6 Concluding discussion

5.6.1 Hardness/concentration-depth profiles

The hardness of the ferrite substrates increases linearly with the nitrogen
concentration. Upon embedding (cf. section 5.2), which has to be considered as a heat
treatment, the nitrogen in the ferrite forms (semi-)coherent a’’-Fe;¢N, precipitates
[29-33], which are responsible for the hardness increase as measured at room
temperature. In order to guarantee comparability of the hardness measurements, the
embedding has to be performed in a reproducible way. Therefore, a special standard
embedding procedure was developed, which has been described in section 5.2.

The calibration line shown in Fig. 5.4 was determined on the basis of experiments
performed at 823 K. This calibration line was also applied to the data obtained at
783 K and 843. The true relation between hardness and nitrogen content at 783 K and
843 K may differ slightly from that pertaining at 823 K. This may be the origin of the
slightly negative nitrogen-concentration values in the ferrite substrate for some data
points at very short treatment times (0.5 h and 2 h) at 783 K (cf. Fig. 5.3a).

The data obtained for the nitrogen concentration-depth profiles at the three
different considered treatment temperatures indicate pronounced nitrogen
concentration gradients in the ferrite matrix at short treatment times as 0.5 h and 2 h;
the concentration gradients level off with increasing treatment time. The development
of the nitrogen concentration-depth profile in the ferrite substrate is dominated by two
processes: (1) nitrogen transport through the cementite layer via diffusion. The
cementite-layer thickness increases as a function of the treatment time (according to a
modified parabolic growth law [8,15]; cf. chapter 2 and 3). Therefore, the nitrogen
flux trough cementite decreases with increasing treatment time. (ii) The inward-
diffusion of nitrogen into the ferrite substrate remains relatively fast. From (i) and (ii)
it is concluded that the initially large nitrogen concentration gradient in the ferrite

substrate decreases with time, as observed.
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5.6.2 Simulation of nitrogen concentration-depth profiles

In the present work, nitrogen concentration-depth profiles in the ferrite substrate with a
growing cementite layer at the surface were simulated. In the literature [22] such an
approach was already applied for the calculation of nitrogen concentration-depth
profiles of compound-layer free ferrite specimens. In that case local equilibrium
between gas atmosphere and the surface of the specimen was not immediately
established. Therefore, nitrogen absorption and/or ammonia dissociation and nitrogen
transfer through the surface contributed significantly to the process kinetics. In fact,
nitrogen transfer through the cementite layer in the present case and nitrogen transfer
through the surface in case of nitriding ferrite without compound layer at the surface

(Ref. [22]) can be conceived as analogues. However, different dependences on
(C;Fe —Cf,}:fface) occur in both cases: In Ref. [22]: J3" ~k(C5™ - Cinv,..) and here:

D;,héc ( C:AFC _CxFe )

interface

Fe,C . . .
I~ ——— =, l.e. in the present, last case an extra time dependence, through

S is introduced.

Treatment times of 0.5 h and 2 h were not considered in the simulation
procedure. In the early stage of cementite formation (¢ < 6 h), cementite-layer growth
proceeded faster than as predicted by the developed model. This can be explained as
follows: (1) in the early stage of cementite formation an incompletely closed cementite
layer is present [8,15] (cf. chapter 2 and 3). Nitrogen diffusion from the surface of the
specimen into ferrite proceeds directly, i.e. bypassing cementite’. (i) Further, just
after the formation of a closed cementite layer, short-circuit diffusion of nitrogen
through thin and defect-rich parts of the cementite layer occurs. In this stage of
cementite formation, cementite is expected to exhibit a relatively high grain-boundary
density; for data demonstrating grain-boundary diffusion in cementite, see Ref. [21]

(cf. chapter 4).

>3 Transport of nitrogen in ferrite is much faster than transport of nitrogen through cementite. See what follows

in section 5.6.2.
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Due to such a ‘bypass/short-circuit’ mechanism, nitrogen can be transported relatively
fast through the cementite layer in the early stage of cementite formation®°. Therefore,
treatment times < 6 h were not used in the data evaluation on the basis of the model
developed in section 5.4.1.

Literature data for the equilibrium nitrogen concentration in ferrite vary

considerably: e.g. the values reported in Ref. [34] are distinctly lower than the values
reported in Ref. [13]. The values of C,; ° obtained in the present work are generally

larger than those compatible with the data from Refs. [13] and [34]. These differences

can be understood recognising that the nitrogen concentration in the ferrite substrate,
C.."®, as determined in the present work, pertains to the (hypothetical) equilibrium of

ferrite with the present nitrocarburising gas atmosphere. In reality such an equilibrium
cannot occur: for such high nitrogen concentrations, solubility limits for nitrogen in
ferrite in equilibrium with iron (carbo-)nitrides are surpassed, and formation of
v’-FeyN below 833 K or of e-Fes(N,C);., above 843 K [35] (cf. chapter 6) occurs.
Indeed, in the present work, treatment times >> 48 h at 853 K occasionally led to the
formation of these (carbo-)nitride phases at the cementite/ferrite interface.

According to the knowledge of the present authors, diffusion data of nitrogen in
cementite have not been reported, before. The values obtained for the product of the
partition coefficient and the (tracer-)diffusion coefficient of nitrogen through
cementite are considerably lower than values for the diffusion coefficients of nitrogen
in ferrite [28,36] (cf. Table 5.2) and iron nitrides [37-41] at similar treatment
temperatures. The role of the cementite layer as diffusion barrier for nitrogen can be

illustrated by assuming that the cementite layer would instead consist of ferrite. In that

case, in Eq. (5.11) @D should be substituted by Dy . Hence, the nitrogen flux

through the (cementite) surface layer, Jy°C, would increase by a factor

D / (pD;’Fe}C , 1.e. a factor of about 2500 - 3000 (cf. Table 5.2).

>¢ A similar explanation was used for the observed enhanced initial growth rate during carbon-diffusion

controlled cementite-layer growth on ferrite [8,15] (cf. chapter 2 and 3).
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This clearly demonstrates the diffusion-barrier behaviour of the cementite layer for
nitrogen, which then could be due in particular to the very low solubility of nitrogen in

cementite, leading to very small values of ¢; further, the pre-exponential factors

contained in D¢™ and D™ may differ considerably.

The activation energy of nitrogen diffusion through cementite (here determined
as 65 £ 2 kJ/mol) is relatively low as compared to real or “apparent” activation
energies for carbon diffusion through cementite which are in the range of 110 —
185 kJ/mol [15,42-44] (cf. chapter 3), and for nitrogen diffusion in iron nitrides, which
are in the range of 92 — 144 kJ/mol [39,41,45]. The activation energy for nitrogen
diffusion in cementite appears to be as low as the activation energy for nitrogen
(or carbon) diffusion in ferrite, which is about 78 — 79 kJ/mol [28,36]. One possibility
1s that ¢, although very small, depends significantly on temperature and thus affects

the activation energy value determined. Another possibility is that the low activation

energy for Dy °° may hint at nitrogen transport favourably occurring via cementite

grain boundaries; preferred diffusion of carbon along grain boundaries in cementite

was reported very recently [21] (cf. chapter 4).

5.7 Conclusions

1. Hardness-depth profile measurements provide a powerful method to quantitatively
determine nitrogen-concentration depth profiles in ferrite (maximal nitrogen
content: ~ 0.4 at.-%) on the basis of a calibrated, found to be linear relation
between hardness and nitrogen content.

2. Massive cementite layers with a time-dependent thickness can be generated on
ferrite substrates by gaseous nitrocarburising at 783 K, 813 K and 843 K. The
nitrogen concentration-depth profile in the ferrite substrate underneath the growing
cementite layer can be simulated on the basis of a developed model using the
implicit finite-difference method, yielding values for the diffusivity of nitrogen
through cementite.

3. The effective activation energy of nitrogen diffusion through cementite is about as

large as the activation energy of nitrogen diffusion in ferrite. This may hint at



Nitrogen diffusion through cementite layers 111

nitrogen grain-boundary diffusion as dominant transport mechanism of nitrogen
through cementite. The cementite layer acts as a diffusion barrier for nitrogen in

particular because of the very low solubility of nitrogen in cementite.
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Appendix

Numerical procedure for nitrogen concentration-depth profile calculation

The finite-difference expressions of the derivatives 0C/dt and *C/ox” read [27]:

aCU. -Fe Cij+1 _Clj

oo At (5.13)
and

orcyre | 20+, L c/t -2/ v/

axr T2 (Ax)? (Ax)? , (5.14)

where j and i denote a time step and a grid point, respectively”’ and C/ indicates the
nitrogen concentration in ferrite for a time step j at a grid point i. The combination of

Egs. (5.2), (5.13) and (5.14) yields

-l =1 (M{(C] +C)=2C] + Y+ (¢ +Cf{+11)}- (5.15)

(Ax) i+l i+l

The nitrogen concentration at the interface can be expressed as the concentration
which prevails at grid point ‘1’; it can be calculated as the arithmetic mean of the

nitrogen concentration at grid point ‘1’ at the beginning and at the end of a time

interval At:

Cineree =3(C/ +C™) (5.16)

interface

>TEq. (5.14) represents the arithmetic mean of 62C§'Fe / Ox at the beginning and the end of a time interval Az.
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In order to express the derivative 0Cy °/dx| by a finite-difference expression a
p x=0 y p

“fictitious” concentration Cj at an external grid point ‘0’ has to be introduced:

ol
Ox

12

e e
220 T T2 [ (5.17)
x=0

Combining Egs. (5.6b) and (5.11) and inserting Eqgs. (5.16) and (5.17) leads to the
reformulated first boundary condition (cf. Eq. (5.3))

* FeaC : .
D,e3 CuFe—%(C1]+1j+1))

Dy (e - s EEESEE

4(Ax)

The terms C; and C;' in Eq. (5.18) are unknown, but they can be eliminated as

follows. First Eq. (5.18) is rewritten:

* Fe3C

R 7(‘2’[’11;5)”2 a(anfcat -4l +¢ ™) PR
C/+CJ" = T +(CG +C) (5.18b)

Then Eq. (5.18b) can be inserted into Eq. (5.15) for i = 1. This leads to

Cj+1 _ Cj — Dge-(Ar) (Cj + Cj+1) _(Cj + Cj+1) i pDC (Ax) 2Ca—Fe _(Cj + Cj+1
1 1 2 2 1 1 eq 1 1

(Ax)? DEFe (ke +82)!2

(5.19)
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In order to calculate the concentration C/*' at grid point ‘1’ and time step j+1, Eq.

(5.19) has to be transformed into

Dtx-Fe A . X X D*’FC3C A R .
N0 (] ref -cf Jr N (e - )
C/H = (A)(he+S7)! 4
- B * Fe3C
! N S CON LN L) . (5.19b)
(an?  (anksDH?
. i+1 . . . . .
The concentrations C/™ at the grid points i = 2 -...- (M-1) at the time step j+1

can be calculated by transforming the expression given by Eq. (5.15) into

B (4(C, + T =€l +5(CL +CID)+

Cj+1 (Ax) i+1 i+l
i =

1+ D& (Ar) ) (5.15b)
(Ax)?

The concentration Cj," at the half of the thickness of the sample, Z, at time step
j+1 can be calculated using the second boundary condition given by Eq. (5.4). The
second boundary condition is satisfied when it holds that C,, , = C,,,,. Thus, from

Eq. (5.15) for i = M (grid point at the half of the thickness Z of the sample; MAx=Z2")

it follows
D i \a )
Cj+1 (Ar)? (CM—I +Ciy1=Ciy >+CM
M = o-Fe
1+DI\(TAX)(2A’) ) (5.20)

From Egs. (5.19b) for i = 1, (5.20) for i = M, and (5.15b) for i =2 — (M-1) a
system of M equations results which has M unknowns (C/"', ..., C."). For each time
step these unknowns can be deduced iteratively. The known set of concentrations of

the previous time step (C7 , ..., Ci,) is taken as a first approximation to the unknown

. i+1 i+1
set of new concentrations (C/", ..., Ci/").
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6
Examination of phase transformations in the system
Fe—N-C by means of nitrocarburising reactions and
secondary annealing experiments; the o + ¢

two-phase equilibrium

M. Nikolussi, A. Leineweber, E. Bischoff, E.J. Mittemeijer

Abstract
The until now controversially discussed existence of the two-phase
equilibrium a-Fe + &-Fe;(N,C)y4, in the ternary system Fe-N-C was
proven by the investigation (optical microscopy, X-ray diffraction,
Electron Backscattering Diffraction) of compound-layer microstructures
generated by gaseous nitrocarburising of pure iron and subsequent
secondary annealing experiments under static inert-gas atmosphere. The
invariant transition reaction y’-Fe,N + Fe;C — a-Fe + g-Fe;(N,C);4, could
be shown to proceed at a (single) temperature (at constant pressure of

1 atm) between 833 K and 843 K.
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6.1 Introduction

Thermochemical heat treatments such as nitriding and nitrocarburising of iron-based
alloys, usually performed between 773 K and 853 K (below the binary/ternary
eutectoid temperature of the Fe—N/Fe—N—C solid solution) are of great technological
interest [1]: (1) The nitride/carbonitride compound layers (several tens of um thick)
can cause distinct improvement in chemical (corrosion) and mechanical (wear)
properties of the workpieces [2]. (ii)) Underneath the compound layer a diffusion zone
(several hundreds of um thick) develops, enriched with interstitial nitrogen and carbon
which is responsible for great enhancement of the fatigue endurance [2].

Although nitriding/nitrocarburising treatments have been widely applied since the
beginning of the twentieth century, fundamental understanding of important phase
transformations and phase equilibria occurring in the metastable®' Fe-N—C system is
lacking. One controversially discussed aspect of the Fe-N—C system (the metastable
Fe-N-C system is meant throughout) is the possible existence of the two-phase
equilibrium a (a-Fe, ferrite) + € (e-Fe;(N,C)4,) (a0 + € two-phase regions do not exist
in the binary systems Fe-N and Fe—C) and, if this equilibrium occurs, in which
temperature range it can be met. The possible occurrence of an o + & two-phase
equilibrium is closely related with the possible occurrence of an invariant (fixed
temperature at constant pressure) transition reaction
v’-FesN + FesC — a-Fe[N,C] + &-Fe;(N,C) (6.1)
at a temperature 7.

Numerous studies on the constitution of the ternary phase diagram Fe—N—C have
been carried out (e.g. Refs. [5-13]). These studies were usually directly based on
experiments but also on evaluations of experimental data adopting thermodynamic
models. The earliest work by Jack [5] was based on the examination of nitrocarburised
iron powders leading to proposals for homogeneity ranges of various phases in the

Fe-N-C system. Later, Naumann and Langenscheid [6] presented the first “real”

61 Metastable means that all solid-state equilibria considered are metastable with respect to decomposition in Fe,

N, and graphitic C, e.g. see Refs. [3,4].
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phase diagrams. These were derived from experiments performed with iron powders
and iron foils nitrocarburised in NH3/H,/CO gas mixtures and investigated by
chemical and X-ray diffraction (XRD) analyses. The interpretation by Naumann and
Langenscheid [6] relies on the occurrence of an invariant eutectoid reaction

a-Fe +y’-Fe,N + FesC — v (y-Fe[N,C], austenite) (6.2)
at 838 K. A two-phase equilibrium o + € and/or the invariant transition reaction given
by Eq. (6.1) were not reported in this work [6]. A newer compilation by Raghavan [7]
1s compatible with this interpretation.

Apparently inconsistent with the above results, in a number of works the growth
of € grains (or even monophase €) on a substrates or adjacent to the surface of pearlitic
substrates (conversion of cementite into €) was observed upon nitriding or
nitrocarburising at 77 = 843 K — 853 K [14-22]. This could in principle be taken as
evidence for the occurrence of an a + & two-phase equilibrium at the applied
nitrocarburising temperatures, provided local (near) equilibrium holds between the
solid phases at the a/e interface. This interpretation, which would be in contradiction
to that of Naumann and Langenscheid [6], was rejected by several authors. These
authors instead brought forward sometimes unclear, kinetic arguments, without going
into detail, in order to reconcile the obtained results with the phase equilibria of the
Fe—N—C system reported by Naumann and Langenscheid [6]: One example is Gérardin
et al. [14,15] who produced monophase € layers on o by plasma nitrocarburising
departing from a N,/H,/CH, gas mixture in a small temperature range of 843 K —
848 K. Matauschek and Trenkler [16] as well as Somers et al. [17] observed € grains in
contact with o after salt-bath nitrocarburising at 843 K [16] and 853 K [17]. Upon
nitriding a pearlitic substrate at 843 K using a NH3/H, gas mixture, Mittemeijer et al.
[18] reported on the direct conversion of cementite lamellae into €. Performing gas-
nitrocarburising experiments at 843 K [19] and 853 K [20], Somers and Mittemeijer
[19] and Wells and Bell [20] reported, in particular, a remarkably low nitrogen content
in the observed ¢ phase at the interface a/e. Later, on the basis of gas-nitrocarburising
experiments conducted at 843 K and 853 K using a N,/NH;/CO gas mixture, Wells
reported [21,22] for lower CO contents an &/y’ double layer and for higher CO



122 Chapter 6

contents a monophase € layer on the substrate. Thermodynamic calculations by Zuyao
and Lin [8]°% indeed resulted in an extended (with respect to Naumann and
Langenscheid [6]) solid solubility region of the & phase at 853 K. They partially
comprise the low N + C contents reported for pure e-phase layers by Wells and Bell
[20]. However, the phase diagram reported by Zuyao and Lin [8] does not contain a
two-phase equilibrium o + €.

Other authors, however, interpreted the occurrence of monophase ¢ in contact
with a as indicative for the occurrence of an a + ¢ equilibrium. The occurrence of
local equilibrium at the interface was taken for granted, and it was concluded that the
ternary phase diagram Fe—N—C proposed by Naumann and Langenscheid [6] should be
revised. Phase-diagram calculations by Slycke et al. [9] resulted in a phase diagram
containing for the first time the two-phase region a + &. This work is based on
experimental observations (among others, Wells and Bell [20] and Wells [21,22]) and
adopts a tentative temperature of 7; = 823 K for the transition reaction given by
Eq. (6.1). Below this T} the three-phase equilibrium a + ¥’ + cementite, as reported by
Naumann and Langenscheid for 773 K [6], occurs. Furthermore, in contrast to Eq.
(6.2), the formation of the y phase, from a + € + y’ at a single temperature of 858 K
was assumed to occur. As a consequence, in the proposed phase diagram a two-phase
field a + € occurs between 823 K and 858 K. Later, thermodynamic calculations by
Du and Hillert [10] and Du [12] predicted the invariant transition reaction given by Eq.
(6.1) to occur at lower temperatures: 7; = 820.6 K [10] and even as low as 7; = 782 K
[12]. The thermodynamic calculations are mainly based on experimental phase
boundaries for several two-phase and three-phase equilibria at various temperatures.
The data pertaining to these calculations were taken from among others Somers et al.
[17]. Specific values for the temperatures of invariant reactions, e.g. of 7, were not a
priori adopted. Independent thermodynamic calculations by Huchel and Kunze [11]
and by Kunze [13], using experimental observations from gas-nitrocarburising

experiments with steels at 863 K (using a NH3/N,/CO, gas mixture), suggested the

62 1t is beyond the scope of the present paper to discuss details of the thermodynamic models employed in the

different thermodynamic calculations.
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occurrence of the two-phase equilibrium a + € in the temperature range of at least
851 K — 871 K The invariant transition reaction given by Eq. (6.1) was not discussed
in Refs. [11,13].

All the experimental research reported in the literature was performed by solely
analysing the compound layers resulting from nitrocarburising treatments of pure o or
iron-carbon alloys or of ferritic steels or of iron powders®’. Whereas it is often
assumed that at the interface compound layer/a substrate equilibrium states are
practically realised, the composition at the sample surface and therewith the average
composition of N and C within the specimen is often observed to change treatment-
time dependently [17,19,24,25]. This may hint at a large effect of reaction kinetics
(at least at the surface, cf. Refs. [26,27]) on the evolving microstructure of the Fe-N—-C
compound layers. Hence, it may be difficult, if not even impossible, to draw
unambiguous conclusions concerning the constitution of the equilibrium Fe-N-C
phase diagram from experiments based on (only, simple) nitrocarburising of iron-
based substrates.

In order to circumvent the above indicated effects of reaction kinetics and to
conclude the discussion on the (meta) stability of the a + & two-phase equilibrium
another experimental strategy has been followed by the present authors. After
nitrocarburising of pure iron substrates at 7; (considered to be the primary
(thermochemical) annealing treatment), secondary annealing experiments under inert-

gas atmosphere were performed at various annealing temperatures 7,. The purpose of

63 Nitrocarburising of bulk materials leads to more or less textured compound layers at the surface, containing
stresses and concentration gradients. In contrast, nitrocarburising of iron powder can lead to (macro)stress free
and homogeneous single-phase powder samples [23]. Such nitride, carbonitride or carbide powders can be
studied very well by powder diffraction techniques without that effects like texture, (macro)stresses and
concentration gradients have to be taken into account in the interpretation of the diffraction patterns.
Furthermore, such powders are well suited for conventional chemical-analysis techniques, which are especially
very valuable to characterise the composition and temperature ranges of single-phase regions of different phases.
Compound layers, in particular annealed (after nitrocarburising) ones, as demonstrated in this paper, are,
however, better suited for studying (solid-state) phase equilibria. This is due to the fact that the arrangement of

different solid phases in equilibrium with each other can be observed better in a massive microstructure.
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the secondary annealing experiments is to establish chemical equilibrium states
(neglecting, in the specimens studied, possible effects of macrostress variations on the
application of the phase rule) by levelling off concentration/chemical potential
gradients in the compound layer and thereby to establish equilibrium between the
different compound-layer phases and the (ferritic) substrate (saturated or nearly
saturated with interstitial N and C [28]). Thus, a dependence on the nitrocarburising
process used to produce the compound layer, which involves mass transfer into/out of
the solid, is excluded. As a result of the observed developing microstructures and their
discussion in terms of constitution rules for the ternary phase diagram Fe-N-C, for
the first time the existence of the two-phase equilibrium o + € could unambiguously be

proven by tracing the appearance of the invariant transition reaction given by Eq. (6.1).

6.2 Experimental

An a-iron cast rod (Alfa Aesar, 99.98 wt.%) was cold rolled on both sides to a
thickness of 1 mm. Rectangular pieces of 20 mm x 25 mm were cut, ground, polished
(final stage 1 um diamond), cleaned ultrasonically in ethanol and recrystallised at
973 K for 2 h under a hydrogen flow of 200 ml min" followed by polishing and
cleaning ultrasonically in ethanol.

Nitrocarburising of the foils prepared as described above was carried out in a
vertical quartz-tube furnace equipped with a water (flushed with N,) container for
quenching. Using a quartz fibre, which can be mechanically destroyed before
quenching, the specimen was suspended in the middle of the furnace where the process
temperature was controlled within + 1 K. The gas atmosphere was composed of carbon
monoxide (99.97 vol.%) as a carbon-providing medium, hydrogen (99.999 vol.%),
ammonia (99.999 vol.%) as a nitrogen-providing medium and nitrogen (99.999 vol.%)
as inert gas. The gas fluxes were controlled by mass-flow controllers, adjusting an
overall linear flow rate of 13.5 mm s (calculated for the gas volume at room
temperature) through the quartz retort (diameter 28 mm). This flow rate was chosen
such that ammonia dissociation, which would change the composition of the gas

atmosphere, can be neglected.
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In order to investigate the treatment-time dependent evolution of the
microstructure, two sets of nitrocarburising experiments (variable treatment time) were
conducted using different nitrocarburising parameters: (a) 77 = 823 K, 22 vol.% NH;,
58 vol.% H, and 20 vol.% CO (nitriding potential®* ry = 0.5 atm™?); (b) T} = 853 K,
18 vol.% NHs;, 58 vol.% H,, 20 vol.% CO and 4 vol.% N, (nitriding potential ry =

0.4 atm™"?

). Two nitrocarburised specimens were investigated in particular: Sample A
was treated for 10 h employing condition (a) and sample B was treated for 1 h
employing condition (b).

Parts of both sample A and sample B were sealed in an evacuated quartz ampule
under an argon pressure of 300 mbar and were subjected to secondary annealing
experiments performed in a resistance furnace for 2 h (additionally some experiments
with 24 h annealing time) at 7, = 823 K, 833 K, 843 K or 853 K (controlled within
+ 3 K). After annealing, the specimens were quenched in water by crushing the quartz
ampule.

Both the as-nitrocarburised specimens and the secondary-annealed specimens
were cut into three pieces used for optical microscopy, X-ray diffraction (XRD) and
Electron Backscattering Diffraction (EBSD), respectively.

For optical microscopy (Zeiss Axiophot microscope) some specimens were
covered with an electrodeposited protective nickel layer using a Watts bath [30,31] at
333 K in order to avoid mechanical damage at the surface and to achieve a sufficient
sharpness at the sample surface in the micrograph. After embedding (Polyfast, Buehler
GmbH), grinding and polishing (final stage 1 pm diamond) the specimens were etched
using 1 vol.% Nital containing 0.1 vol.% HCI [22]. For phase identification, some
specimens were additionally stained using an alkaline potassium permanganate
solution (1 g NaOH, 1 g KOH and 4 g KMnO, per 100 ml distilled water) at 328 K as
described elsewhere [29,32] (cf. chapter 2) of which the effect is similar to that of a

Murakami solution [30,32]. Since the degree of staining increases with the carbon

64 The nitriding potential determines the chemical potential of nitrogen in the gas atmosphere [4]. Considering
gas atmospheres composed of NH;/H,/CO/(N»), as used in the present work, no value for a carburising potential
can be given, as the usually employed formulation for the carburising potential yields infinity [29]

(cf. chapter 2).
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content of the respective phase, it is possible to distinguish y’, € and cementite.
Whereas y’ remains unstained (indicating the very low solubility of carbon in y’ [6]),
slight staining of & occurs, indicated by a brown colour in the micrograph, and
cementite, due to its high carbon content, becomes severely stained indicated by a dark
brown or even blue colour in the micrograph.

Phase identification was conducted by means of X-ray diffraction using a
PANalytical X’Pert Multi-Purpose Diffractometer equipped with a graphite
monochromator in the diffracted beam utilising CoK,, radiation and Bragg—Brentano
geometry. During the measurements the specimens were rotated around their surface
normal in order to achieve better crystallite statistics. For lattice-parameter
determination a thin layer of Si standard powder (suspended in isopropanol) was
deposited on the sample surface for (internal) calibration of the diffraction-peak
positions in the XRD pattern.

EBSD measurements were carried out on cross—sections in order to identify the
different phases which are present in the microstructure. The specimens were
embedded, ground and polished (final stage colloidal silica suspension OPS, Struers
GmbH, for several hours). The quality of the cross-sectional surface preparation is
crucial for the obtained results since mechanical deformation has a negative effect on
the quality of the recorded Kikuchi patterns which have to be indexed for phase
identification. For the EBSD measurements a Zeiss scanning electron microscope
(LEO 438 VP) equipped with an EBSD system (TSL, EDAX, Inc.) and the software
OIM 4.5 were used.

6.3 Results

6.3.1 Nitrocarburising experiments of set (a) (77 = 823 K)

Nitrocarburising experiments of set (a) yielded a treatment-time dependent
microstructure of the compound layer on the a-Fe substrate. Whereas after 4 h a
completely substrate-covering, massive cementite layer had formed, after 24 h a

massive Y’ layer was obtained.
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(Y sample A: annealed for 2 h at 7,=843 K
A 2 ““ .l G ¢

Fig. 6.1: Light optical microscopic images of metallographic cross—sections after etching with 1 vol.%
Nital containing 1 vol.% HCI [22] and staining C-rich phases with an alkaline potassium
permanganate solution [29,32]. (a) sample A nitrocarburised at 7} = 823 K (i.e. below the temperature
T; of the invariant transition reaction given by Eq. (6.1)) for 10 h with a gas atmosphere containing
22 vol.% NHs, 58 vol.% H, and 20 vol.% CO (nitriding potential 7y = 0.5 atm™?). (b) sample A
annealed for 2 h at 7, = 843 K (i.e. above 7). (¢) sample B nitrocarburised at 77 = 853 K (i.e. above T)
for 1 h with a gas atmosphere containing 18 vol.% NH3, 58 vol.% H, and 20 vol.% CO and 4 vol.% N,
(nitriding potential 7y = 0.4 atm™). (d) sample B annealed for 2 h at 7> = 833 K (i.e. below T)).

For intermediate treatment times the compound layer consisted of both Yy’ and
cementite. Such a sample as obtained after 10 h at 7} = 823 K, i.e. with a compound

layer constituted of y’ and cementite, served as a sample A (Figs. 6.1a and 6.4a).

6.3.2 Secondary annealing experiments of sample A

Secondary annealing experiments on sample A at 7,=7,=823Kand 7, =7+ 10 K =
833 K for 2 h showed that the microstructure remained practically unaffected.
However, upon secondary annealing for 2 hat 7, = T, + 20 K =843 K and for 2 h at 7,
=T, + 30 K = 853 K besides y’ and cementite new, € was formed in the compound
layer. This was demonstrated by means of optical microscopy (Fig. 6.1b) and XRD
measurements (Fig. 6.4b). Secondary annealing experiments performed at 7, =
T+ 20K =843 K and 7, = T} + 30 K = 853 K with a longer annealing time of 24 h
instead of 2 h showed that only € and y’ remained as constituents of the compound

layer on the a substrate, i.e. cementite was completely consumed.
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¥ T,=823K T, =853 K
! E
§ 3 sample A sample B
=3
3 | |
o-Fe +y’-Fe,N + Fe,C o-Fe +y’-Fe,N + e-Fe,(N,C), .,
2 % T,=823 K T,=853 K
S =
T3 A-like B-like
S =
2§
a-Fe +y’-Fe, N + Fe,C o-Fe +y’-Fe,N + e-Fe,(N,C),,,

Fig. 6.2: Scheme summarising the states (phase constituents) observed for samples A and B in the as-
nitrocarburised state and after secondary annealing experiments conducted at different temperatures 7,
establishing three-phase equilibria. Upon secondary annealing above T, the microstructure of sample
A is transformed into one similar to that of sample B. Vice versa, upon annealing below T, the

microstructure of sample B is transformed into one similar to that of sample A.

Thus, by secondary annealing of sample A at the nitrocarburising temperature of
sample B (853 K) a specimen with a microstructure similar to that of sample B was

obtained (Fig. 6.2).

6.3.3 Nitrocarburising experiments of set (b) (7; = 853 K)

Nitrocarburising experiments of set (b) yielded a treatment-time dependent
microstructure evolution of the compound layer on the a substrate. Whereas after
0.17 h a massive cementite layer had formed, after 0.5 h a microstructure containing
cementite and & (with a and c lattice parameters: a = 4.610 A, ¢ = 4.350 A) was
obtained. After 24 h the compound layer consisted only of y’. For intermediate
treatment times (1 h — 24 h) the compound layer was composed of both € and y’** with
the phase fraction of € in the compound layer decreasing with increasing treatment
time. Such a sample as obtained after 1 h at 77 = 853 K, i.e. with a compound layer

constituted of € and y’, served as a sample B (Figs. 6.1c, 6.3a and 6.4c¢).

63 & in contact with both a-Fe substrate and y> (adjacent to the sample surface) (Fig. 6.1c), which morphology is

never observed for pure iron nitride layers; see also introduction.
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sample B: as-nitrocarburised

Y

Fig. 6.3: Cross-sectional EBSD images of sample B (a) as-nitrocarburised and (b) annealed for 24 h at
T, = 833 K (below T;). The different greyscales in the micrographs represent the different phases
present in the microstructure, o (black), v’ (grey), € (dark grey) and cementite (light grey) (as
identified by EBSD; spatial resolution is about 0.2 um; phase identification along grain boundaries

(black lines) is difficult as indicated by dots of different colours in these regions).
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Fig. 6.4: X-ray diffraction patterns (a) sample A, as-nitrocarburised, (b) sample A after secondary
annealing at 7, = 843 K (above Ti), (c) sample B, as-nitrocarburised, (d) sample B after secondary

annealing at 7, = 833 K (below T?).
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6.3.4 Secondary annealing experiments of sample B

The microstructure of sample B remained unchanged upon annealing for 2 h at 7, =
T, =853 Kand 7, = T} — 10 K = 843 K. However, upon annealing for 2 h at 7, =
T)-20 K=833 K and for 2 hat 7, = T} — 30 K = 823 K new cementite phase was
formed in the compound layer which was originally composed of y’ and € only. This
was demonstrated by optical microscopy (Fig. 6.1d) and XRD measurements
(Fig. 6.4d). Phase identification performed by means of EBSD after secondary
annealing for a longer annealing time of 24 h at 7, = T}, — 20 K = 833 K revealed that
only cementite and y’ remained as constituents of the compound layer on the
o substrate, i.e. € was completely consumed (Fig. 6.3b). Thus, by secondary annealing
of sample B at the nitrocarburising temperature of sample A (823 K) a specimen with

a microstructure similar to that of sample A was obtained (Fig. 6.2).

6.4 Discussion

6.4.1 Nitrocarburising experiments at 7, = 823 K and 7; = 853 K

Nitrocarburising of pure iron at both 77 = 823 K and 7; = 853 K showed that the
microstructure of the compound layer varies as a function of the treatment time. At
very short treatment times, a pure cementite layer was obtained at both 7; = 823 K and
T, = 853 K. For very long treatment times, a massive, pure y> compound layer resulted
for both treatment temperatures. Whereas for 7; = 823 K as an intermediate state a
compound layer composed of cementite and y’ was obtained, for 7; = 853 K a
compound layer in the intermediate state was composed of € and y’. Evidently, the
nitrocarburising treatment-time dependent microstructural evolution starts with
carbon-rich phases and develops into the direction of carbon-poor phases®’, which

agrees with some observations made previously [17,24,25].

66 Apparently, upon nitrocarburising for longer treatment times, carbon, initially absorbed (possibly because the
nitrogen uptake starts slowly [3,24]), and incorporated in cementite and &, re-escapes the specimen through its

outer surface.
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A treatment-time dependent microstructural (phase-constitutional) evolution of
the compound layer indicates that under (the present) nitrocarburising conditions no
(near) local equilibrium is established between the gas atmosphere and the sample
surface for the treatment-time range considered. Thus, complicated concentration-
profile developments and associated diffusion processes are expected to occur in the
compound layer, which warns against an overhasty assumption of local solid-state
equilibria (see section 6.4.2).

By means of XRD measurements, lattice parameters for € in the compound layer
of sample B, as-nitrocarburised, were determined: a = 4.610 A and ¢ = 4350 A
(referring to the hexagonal superstructure with a = 3V 2ahcp and ¢ = cpep, When ay, and
Chep Pertain to the hep arrangement of Fe atoms; superstructure reflections were not
detected, probably due to a too low intensity). The total interstitial content may be
calculated from the observed lattice-parameter values preliminary adopting equations
for the N-content dependence of a and ¢ determined from quenched powder specimens
[33]. This involves a considerable extrapolation with respect to the composition of the
¢ phase. The equations were only determined for N contents larger than 25 at.% N.
Moreover, as an approximation, carbon is then supposed to have the same effect on the
iron-lattice expansion due to interstitial dissolution. On this basis, according to the
lattice parameter a, a total interstitial content (N + C) of 17.9 at.% and according to the
lattice parameter ¢ a total interstitial content of 20.9 at.% was calculated. It was
observed previously for pure nitride compound layers [34] that the interstitial content
calculated using the equations from Ref. [33] is systematically higher for results
obtained from lattice parameter ¢ than from lattice parameter a. This can be ascribed to
the effects of residual, internal stresses and concentration gradients within the e-nitride
phase in compound layers, as compared to homogeneous g-nitride powders used to
derive the equations in Ref. [33].

The extremely low interstitial content (N + C) of the € phase in the compound
layer as determined here (17.9/20.9. at.%) is even lower than the one pertaining to y’.
In the binary Fe—N system [35] € phase with such a low amount of N is metastable
(at T'< 923 K — 953 K); its composition at the nitrocarburising temperature is well

outside the ¢ field. However, the result obtained here for the interstitial content in the
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ternary € phase in the compound layer is in good agreement with values for the
interstitial content determined for e-carbonitride in compound layers produced at
similar treatment temperatures as in the present work. These compound layers were
produced for example by gaseous nitrocarburising at 853 K [20] resulting in 20.4 at.%
(N + C), determined by Auger Electron Spectroscopy (AES) or by salt-bath
nitrocarburising at 853 K [17] resulting in 16.4 at.% N and 4.24 at.% C (20.6 at.%
N + C), determined by Electron Probe Microanalyses (EPMA).

6.4.2 Secondary annealing experiments

The principle of the secondary annealing experiments can be understood as follows
[36]: In the as-nitrocarburised state, the phases in the quenched compound layer
exhibit concentration gradients of N and C due to the diffusion processes during the
nitrocarburising reaction. Upon secondary annealing for sufficiently long time®’,
solid-state equilibria can be established in the microstructure composed of the
o substrate (saturated or nearly saturated with interstitial N and C [28]) and the
compound layer. Concentration gradients of N and C then are also eliminated. The
eventual equilibrium state is determined by the secondary annealing temperature 7,
and the average N and C content of the specimen, including both the phases of the
compound layer and the o substrate which is saturated (or nearly saturated) with N
and C [28].

For the present specimens the estimated average Fe, N, C contents of the whole
specimen are located in the Fe-rich corner of the ternary system Fe-N—C, with o being
most probable always one of the resulting equilibrium phases of the prevailing two- or
three-phase equilibrium.

Secondary annealing at 7, = T for both sample A (823 K — 833 K) and B (853 K
— 843 K) showed that the phase constitution of the microstructure remained in

principle the same. This indicates that (near) local equilibrium at the solid—solid

67N loss to the atmosphere, changing the overall composition of the specimen, becomes significant for relatively
long-time secondary annealing. For very short secondary annealing times, equilibrium states cannot fully be

established, due to diffusion/reactions rates of finite magnitudes.
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interfaces in the specimen (compound layer/a. substrate) was established upon
nitrocarburising and before secondary annealing. The secondary annealing at a
temperature close to the nitrocarburising temperature then causes a compositional
homogenisation of the phases present in the compound layer. Eventually, genuine
three-phase equilibria, o + y* + cementite at 823 K — 833 K (sample A) and o + 7’ + €
at 853 K — 843 K (sample B), are established.

Examination of states produced by secondary annealing experiments of both

sample A and B at |[T, —7;| > 20 K for 2 h showed the formation of new & phase above

843 K for sample A and the formation of new cementite phase below 833 K for sample
B. These results confirm the equilibrium-phase constitutions indicated above and
demonstrate that the invariant transition reaction given by Eq. (6.1) occurs at a single
temperature in the narrow temperature range of 833 K < 7; < 843 K.

After an annealing time of 2 h the invariant transition reaction has proceeded
incompletely, only the onset of the formation of the new phases was observed.
However, the very observation of the onset of the invariant transition reaction
demonstrates that (by variation of 75) 7} was indeed passed. Applying longer annealing

times (24 h) completed the reaction.
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Fig. 6.5: Isothermal sections of the Fe—N—C ternary phase diagram at 1 atm (enlarged part in the upper

right corner). (a) 833 K, below 7; (phase boundaries deduced approximately according to the
isothermal section at 773 K of Ref. [12]). (b) T; (833 K < T; < 843 K) (phase boundaries estimated).

The thin continuous line and the thin dashed line indicate the invariant transition reaction given by

Eq. (6.1). (c) 843 K, above T; (phase boundaries deduced approximately according to the isothermal
section at 843 K — 853 K of Ref. [9]).
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The occurrence of a genuine three-phase equilibrium of the ternary Fe-N-C
system at a certain temperature (and at constant pressure) implies, at the same
temperature (and at the same pressure), the existence of the three adjoining two-phase
equilibria which can be constructed out of the phases of the observed three-phase
equilibria [37]. Hence, the two-phase equilibrium o + € is shown to exist above 7; due
to the experimental observation of the three-phase equilibrium o + € + y” above T} as
an equilibrium state. This leads to the proposed schematic isothermal sections of the
system Fe—-N—C in Fig. 6.5.

According to the present work, T is located between 833 K and 843 K. This
agrees well with Ref. [9] where the invariant transition reaction given by Eq. (6.1) has
been proposed to occur tentatively at 823 K. The result obtained in Ref. [10] where T;
has been given as 820.6 K also agrees fairly with the experimental result of this work,
whereas the result obtained in Ref. [12] where T; has been given at 782 K 1s considered
to be erroneous. In Refs. [11,13] it has been mentioned that monophase € layers can be
produced at about 851 K — 871 K employing a carbon activity of ac = 1.2. The results
of the present work indicate that pure € in direct contact with o can be obtained at even
lower temperatures, but above 7.

As a final remark it is concluded that explanations for the observation of
e-carbonitride grains, or even monophase e-carbonitride layers on ferritic (o-Fe)
substrates [14-22], on a kinetic basis, not recognising the occurrence of a genuine two-
phase equilibrium o + €, are incorrect. However, an exemplary reinterpretation of the
experimental data in Ref. [18] by the present authors showed that these results can be
accommodated to the calculated potential phase diagram in Ref. [13]. This indicates
that experimental results which were originally explained by the authors on a kinetic
basis can be reconciled with calculated phase diagrams containing a genuine o + €

two-phase equilibrium [9-13].
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6.5 Conclusions

1.

Secondary annealing experiments after a thermochemical heat treatment, such as
nitrocarburising, are a powerful method for the study of solid-state phase
equilibria, here for the Fe-N—C system.

By means of systematic secondary annealing experiments at 7, it was shown
experimentally that the invariant transition reaction y’ + cementite — o + € occurs
at a specific temperature 7; (at 1 atm) which lies in the range 833 K < T, < 843 K.
Below T the three-phase equilibrium a + ¢’ + cementite occurs; above T; the three-
phase equilibrium o + & + ¢’ occurs.

The existence of the two-phase equilibrium o + ¢ in the Fe-N-C system was
demonstrated by the observation above T; of the three-phase equilibrium o + € + vy’
which has to adjoin to this two-phase equilibrium in the ternary phase diagram.

The results presented in the present paper can have a pronounced technological
importance. Often, the production of pure and massive € surface layers on iron-
based workpieces is desired, e.g. in view of demands concerning the adhesion and
corrosion properties [38] as well as for the tribological performance of a workpiece
[38,39]. The present results indicate that such layers can in principle be produced
by nitrocarburising above T; (833 K < 7; < 843 K). The low interstitial content of
such ¢ layers is also advantageous because then the thermodynamic driving force

for dissociation in Fe, N, (pore formation) and C, is relatively small.
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Extreme elastic anisotropy of cementite, Fe;C:
First-principles calculations and experimental evidence by

X-ray diffraction stress measurements

M. Nikolussi, S.L. Shang, T. Grefmann, A. Leineweber,
E.J. Mittemeijer, Y. Wang, Z.-K. Liu

Abstract

First-principles results for the full set of elastic constants (stiffnesses) ¢,

of cementite, Fe;C, revealed an extreme elastic anisotropy with a very

small ¢,, amounting to only about 1/10 of ¢, and ¢, . Synchrotron X-ray

diffraction stress measurements were performed on Fe;C layers grown on
a-Fe exhibiting a planar state of compressive residual stress. These data
exhibit a characteristic hk/-dependence of the stress-induced reflection

shifts providing experimental proof for the extreme elastic anisotropy of

FegC.
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Cementite, Fe;C (as a mineral also known as cohenite), has an orthorhombic crystal
structure and is ferromagnetic [1-4]. It is one of the most important phases present in
the majority of steels and, therefore, Fe;C is of great industrial and — e.g. in view of
the interstitial-type of incorporation of the carbon atoms - scientific interest. For
instance, the extraordinary mechanical properties and the exceptionally sharp cutting
edge of an ancient Damascus sabre was recently ascribed to the growth of carbon
nanotubes, which initiate formation of cementite nanowires and coarse cementite
particles [5]. Notwithstanding the enormously numerous applications of steels, their
properties are far from fully understood mainly owing to the dearth of fundamental
data of Fe;C. Until now, the experimental elastic constants of Fe;C are unknown,
which inhibits a fundamental analysis of the elastic response of Fe;C but in particular
also of Fe;C-containing steels to mechanical deformation. This is due to the difficulty
in preparing single-phase polycrystalline Fe;C specimens or single crystals of Fe;C
suitable for measurement of e.g. (anisotropic) mechanical properties. In particular, the
full set (nine independent) of single-crystal elastic constants’', SECs, of orthorhombic
Fe;C has not been reported experimentally. Only partial (experimental) information is
available related with SECs of Fe;C [6-9]. None of these works suggests an
extraordinarily large elastic anisotropy. Very recently the full set of nine independent
elastic constants of Fe;C, only at a pressure of 0 atm, was provided by first-principles
calculations [10] during the preparation of the present manuscript; an experimental
verification was not given.

The present work aims at getting more insight into the extremely anisotropic
elastic properties of Fe;C: Firstly, the SECs of Fe;C were calculated by first-principles
methods as a function of pressure. Secondly, the observed anisotropy was confirmed
experimentally by X-ray diffraction stress measurements, using synchrotron radiation,

on macrostressed, massive, polycrystalline Fe;C layers grown on a-Fe substrates.

7! The SECs of Fe;C are given in terms of the constants c; resp. s;; as given using Voigt matrix notation for the
stiffness or compliancy tensors. The constants are defined with respect to a Cartesian coordinate system with the
basis axes parallel to [100], [010], and [001]. The latter crystallographic directions refer to a choice of axes with
a=5.09A b=674 A, c=4.52 A[1],i.e., Puma space group setting.
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First-principles calculations were performed by the projector-augmented wave
method [11] and the generalized gradient approximation [12] as implemented in the
VASP code [13] by employing a plane-wave energy cutoff of 500 eV and a reciprocal
space k-point sampling of 10 x 7 x 11 in the first Brillouin zone. The elastic constants
were determined applying the stress vs. strain method with strains of + 0.007
(see details in [14]). To this end, for a given strained Fe;C structure, the atomic
arrangement (given by fractional coordinates) was relaxed; in these calculations
reciprocal-space energy integration was performed using the Methfessel-Paxton
technique [15]. Afterwards, for that relaxed strained Fe;C structure, definitive stresses
were calculated by reciprocal-space integration using the tetrahedron method
incorporating Blochl corrections [16]. The thus obtained stress-strain relationships
were used to calculate the elastic constants of Fe;C, essentially pertaining to a
temperature of 0 K. Due to the magnetic nature of Fe, all the first-principles
calculations were preformed with the spin polarization approximation.

The calculated stiffnesses ¢, of FesC, together with a couple of derived

mechanical properties for a quasi-isotropic polycrystalline aggregate are presented in
Table 7.1 for different unit cell volumes (the theoretically predicted equilibrium unit
cell volume is ¥y = 151.7 A*) and external pressures. For ambient pressure (p = 0 GPa)
the results comply largely with those of Ref. [10]. Evidently, a relatively, extremely

small value for the shear modulus c,,, amounting to only about 1/10 of ¢, or ¢
(at Vy), occurs. This extent of anisotropy may e.g. be compared with the anisotropy
ratio of cubic materials, which is basically the ratio of the maximal and minimal shear

moduli, 2¢,,/(c, -¢,). For example, for fcc-type metals an extreme anisotropy ratio of 7

is found for o-plutonium [17], implying that in this already extreme case anisotropy
occurs that is still smaller than that predicted here for Fe;C (a factor of 7 for
O-plutonium compared to a factor of 10 for Fe;C for the ratio of the extreme shear

moduli of these materials). The small value of ¢,, of Fe;C indicates a small shear
resistance on (001) planes in the [010] direction, corresponding to a change of the

orthorhombic lattice angle o away from 90°. The anisotropy manifests itself also in a

plot of reciprocal Young’s modulus [18], 1/E™, in the (100) plane; 1/E™ has its
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maxima approximately along the bisectors of the <010> and <001> directions
(approximately in [023] directions; Fig. 7.1). It must be noted that according to Born-

Huang’s elastic stability criterion [18-20] ¢,, > 0 must hold.

[001]
A

»[010]

1/E™

0.000 0.005 0.010 0.015
Inverse Young‘s modulus 1/E# (GPa!)

Fig. 7.1: Direction dependence of the inverse Young’s modulus 1/E™ (continuous line) and of the

XEC %Szhkl 2 [“Tv]hkl (dashed line) in the (100) plane for [0k/] directions. The high compliances in the

bisectors are the effect of the extremely small ¢,, (large s,,). For a given direction, 1/E"™ is given by

the length of an arrow (see scale at bottom) from the origin to the curve.

With increasing unit cell volume (V/V,>1.03; cf. Table 7.1), ¢,, becomes even

negative, indicating an elastic instability, which could hint at a ferroelastic phase

transition [21] or at melting [22], assuming that the value of ¢, is also negative at
T > 0 K. In reality, such negative values for ¢,, for Fe;C may be achieved at high

temperatures (after thermal expansion) or at artificially applied negative pressures
(state of tensile (hydrostatic) stress). However, no observations of this kind, hinting at

an unusual effect due to a negative ¢,, of Fe;C, have been reported in the literature.
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Table 7.1: Single-crystal elastic stiffnesses ¢; (in GPa) of Fe;C (Pnma) and magnetic moment M

(in pg) per Fe atom as obtained by first-principles calculations for different values of unit cell volume
V (in A*) and external pressure p (in GPa) and at 0 K. The corresponding bulk modulus B and shear
modulus G for textureless polycrystals of Fe;C according to Voigt and Reuss (in parentheses) extreme
cases of grain interaction are shown in the last two columns. In the last row available experimental

data pertaining to room temperature are given.

V 4 M Ci Cpn Gz Cy G5 Ci €y Gz  Cp B G

142.8 15 1.68 459 413 353 25 148 158 216 177 238 276(272) 106 (67)
151.7° 0 1.87 385 341 316 13 131 131 157 162 167 224(223) 92 (43)
156.3 -6 1.93 358 299 285 -3 122 118 131 145 137 196(195) 83 (-15)
161.0 -11 1.98 305 260 234 -13 112 104 104 108 110 160 (159) 72 (-142)

155311 10* 1.87[2] 174 [7]  74[27]

*This row corresponds to the theoretically predicted equilibrium unit cell volume (=V}) at zero pressure and at
0 K. The stiffnesses c; were used for the analyses of the X-ray diffraction stress measurement data.
The compliances s; can be calculated by inversion of the matrix made up by the C; values. Thus, for Vy

(zero pressure, 0 K): s, =0.0035, s,, =0.0042, s,,=0.0047, s, =0.077, s, =0.0076, s, =0.0076,

5, =—=0.001, 5,, =—0.0013, s5,, =—0.0017 (all in GPa™).

The theoretically predicted equilibrium volume (¥, = 151.7 A%) and associated
lattice parameters a, b, and ¢ (5.036 A, 6.724 A, and 4.480 A, respectively), pertaining
to 0 K, are somewhat smaller than the measured ones at room temperature (155.3 A’,

5.09 A, 6.74 A, and 4.52 A [1]). Further, the predicted magnetic moment of 1.87 s,

per Fe atom (Table 7.1), indicating that Fe in Fe;C is in high spin state, matches within
experimental accuracy the value determined from magnetisation measurements [2].
The here predicted value for the bulk modulus (224 GPa in Voigt approximation [23])
is in good agreement with the previous first-principles results of 212 GPa [24],
229 GPa [25] and 235 GPa [26], and is somewhat larger than the experimental value

obtained from the equation-of-state fitting (volume vs. pressure) applied to high
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pressure X-ray powder diffraction data (174 GPa [7,9]). The experimental value for
the shear modulus of textureless, polycrystalline Fe;C [27] agrees well with the
calculated value (Table 7.1), considering also the large difference between the values
calculated for the two extreme types (Voigt and Reuss) of elastic grain interaction
[23]. Further available experimental data concern the anisotropic compressibility [7,9],
as determined from lattice-parameter data at high pressures, and the Young’s moduli
along the [100], [010] and [001] directions [6]"2. None of the previously obtained
experimental partial data on SECs of Fe;C hint at an extreme elastic anisotropy due to

a relatively very small ¢, value as predicted by first-principles calculations in

Ref. [10] and in the present work.

Experimental evidence for the predicted extremely small ¢,, was obtained by

X-ray diffraction analysis of (macro)stress in polycrystalline Fe;C layers grown on
a-Fe substrates. The hkl-dependent stress-induced shift of peak maxima observed in
such measurements provides information on the state-of-stress, but the data also
contain information about the material’s anisotropic elastic properties [28,29].
Although direct determination of the SECs on the basis of stress measurements is not
straightforward, because (elastic) grain interaction and possible effects due to texture
(in association with orientation relationships substrate-layer [30] may influence the
results, the anisotropy expressed in the diffraction stress measurements is likely
dominated by the character of the intrinsic (single-crystal) elastic anisotropy, in
particular in the current case of extreme single-crystal elastic anisotropy [31-33];
moreover the effect of grain interaction is taken into account (see below).

In the experiments, massive FesC compound layers on polycrystalline o-Fe
substrates were produced by a recently developed gaseous carburizing process in the
additional presence of ammonia (NHj) [34] (cf. chapter 2). The substrates were
exposed in a vertical quartz-tube furnace to a gas mixture containing 13 vol. % NHj,

58 vol. % H,, 20 vol. % CO and 9 vol. % N, (as inert gas) at 823 K for 72 h, followed

72 In Ref. [10] these somewhat differing Young’s moduli have misleadingly been indicated as demonstrating the
high elastic anisotropy of Fe;C. However, the extreme anisotropy of the SECs found here and in [10] originates
from the very small value of ¢4, which does not contribute to the Young’s moduli presented in [6] and

considered in [10].
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by quenching the specimen in water. The massive Fe;C compound layer grown onto
the a-Fe surface has a thickness of about 4.6 um and contains distinct residual
compressive stress as already encountered previously for such layers [34]
(ct. chapter 2).

High-resolution X-ray diffraction using synchrotron radiation was performed at
HASYLAB, Hamburg, Germany. Station B2 was equipped with an Eulerian cradle
and operated with a wavelength of 0.79323 A which is sufficiently small to ensure
negligible absoption of radiation within the Fe;C layer. During the measurements the
specimen was rotated around its surface normal to achieve better crystallite statistics.

Adopting a rotationally symmetric biaxial state of stress of the Fe;C layer parallel
to the surface of the specimen (e.g. due to thermal misfit with the a-Fe substrate [33],
arising upon quenching the specimen from the nitrocarburising temperature to room

temperature), i.e., o,=0,, =0, , strain, &, and (macro)stress, o,, for a Fe;C

hki-reflection are related by [35]:

& =28"0 15 oysin*y, .1

with i denoting the tilt angle of the diffraction vector with respect to the surface
normal of the specimen and S/ and 1S/ as the X-ray elastic constants (XECs)

which, recognizing the occurrence of grain interaction, can be taken as [35]:

S = w4 (1-w) S, (72)

where w (0 < w < 1) is a weighting factor indicating the relative contributions of the

Voigt and Reuss types of grain interaction, s, and s%* (note that Y, is hkl

independent).
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A plot of " vs. sin’y should yield a straight line for a given Akl (cf. Eq. (7.1);

Fig. 7.2), the slope of which equals

180, =4(wS) +(1-w) 8" ) a;. (7.3)

0.0015 -
0.0010
0.0005

0.0000

hkl
&
v

-0.0005

-0.0010

1 201
-0.0015

122

00 01 02 03 04 05 06 07 08 09 1.0

1

-0.0020

sin®y

Fig. 7.2: 5./},'” vs. sin’ y -plot demonstrating the maximal variation in the slope, 15*q, , due to its

hkl-dependence.

Several Fe;C hkl reflections were recorded at different tilt angles y of the

diffraction vector with respect to the surface normal. The strain ¢, at tilt angle

with respect to the surface normal is given by:

g — (dlﬁkl _dézkl)/dézkl , (7.4)

72

where d)" is the strain-free d-spacing pertaining to the /kl-reflection of orthorhombic

Fe;C and ) denotes the strained lattice spacing, as determined from the peak

maximum recorded at tilt angle y using Bragg’s law.
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The extreme values of 15 (isy and 1s¥*; cf. Eq. (7.1)), are directly related

with the single-crystal elastic constants’, as calculated according to [28]. Similar

expressions as for 1S/ also exist for S¥ [28] (cf. Eq. (7.1)). Note that 1S} is
hkl-independent, whereas 1 S™* depends on the direction of the diffraction vector’”.

Data evaluation was done by determining the reflection positions by fitting of

pseudo-Voigt functions. These observed reflection positions 26, pertaining to

different skl and different tilt angles y, were compared with calculated reflection

positions 26,*“. The calculated reflection positions were obtained by application of

Bragg’s law to the strained lattice spacing d,” as calculated on the basis of

Egs. (7.1) - (7.4),
d" =d" o, [2(WSIV +(1=w) SF) + 4 (wS) +(1-w) S2 )sin? ] +d!" (7.5)

adopting for the calculation of the XECs (cf. footnote ) the SECs obtained by first-

principles calculations (Table 7.1) and where d; was calculated from the lattice

parameters a, b and c¢ of orthorhombic Fe;C. The refinement was performed by
minimizing 2(29;"1’0“ —2G,1 < )2 for all hkl and y upon adopting as fit parameters
the macrostress o, the weighting factor w, the lattice parameters a, b, ¢ and

a zero-point 2 8 offset of the diffractometer.

7.3

15(011 +cy +c33)+30(c12 +c, +cz3)

LoV —
2790 =
2[(011 0y ) +2(ep ey +Cz3)][(cn Oy 0y ) = (G + €3 65 ) 43 (s 055 €y )}
4 4 4
(2, =815 =83)%, (=81, 255 —5,)X, (=85 — 53 +255)%;
Rkl 2.2 2.2
38 = 5| =8y =8y = 8y5 = Syy F A8 +3866) XX, + (=), = S35 =8, — Syy 485+ 3555) X7 x5

2.2
H(=8y = 833 =81y =813 + 48,5 +35,,)%, x5

where x;, x;, x3 are the components of a unit vector parallel to the diffraction vector in the chosen Cartesian

coordinate system (cf. footnote "").
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It was obtained o, = -440 MPa. The compressive stress parallel to the surface of

the specimen can be ascribed to the cooling-induced thermal layer/substrate misfit due
to the difference between the thermal expansion coefficients of Fe;C [3] and a-Fe
[36]. The obtained weighting factor w = 0.84 indicates an intermediate type of grain
interaction more closely to the Voigt type one. The lattice parameters of Fe;C were
obtained as a = 5.0893 A, b = 6.7504 A and ¢ = 4.5271 A, which values agree well
with experimental literature data [1] and the values obtained from the first-principles

calculations (cf. Table 7.1).

0.0040 .
0.0035F -
— (=R
— ~ f 2 [
- 8 o a
> 0.0030F ~ e 2 -
o = .- a
E Se -7
i S8 = e
A4 0.0025} Z= 926 o
N e ’./. N~
¢ T2 8
/,, ('_\;
0.0020f -
0.0015k b

1
0.0015  0.0020 0.0025 0.0030 0.0035 0.0040

_ 1 Qobshkl
2 S 2 il

Fig. 7.3: Comparison of observed and calculated (cf. Eq. (7.4)) values for the Akl-dependent slope of

1

the straight line in the gyfk vs. sin’ v -plot. The dashed line corresponds to equality of observed and

calculated slopes.

Evidently, the results obtained well describe the hkl-dependence of the slope

hkl
, of &,

15 vs. sin’y -plots (cf. Fig. 7.3). The slope 15,“c, varies pronouncedly
with Akl: the maximum and minimum slopes differ by a factor of 1.7 (cf. Fig. 7.2).
This is an experimental confirmation of the extremely large anisotropy of Fe;C. The
largest slopes were observed for ikl with large k, and large [ and small h, implying
diffraction vectors close to the bisectors of the <010> and <001> crystallographic
directions. This is an experimental confirmation of the elastic anisotropic behavior as

predicted by the first-principles calculations of the SECs resulting in a very small cy4.
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There is a clear correspondence between the hkl-dependence of LS (determined

from Eq. (7.3), adopting for the calculation of the XECs (cf. footnote ) the SECs
obtained by first-principles calculations (Table 7.1)) and I/E™ in the (100) plane

(cf. Fig. 7.1). Indeed, the XEC 1S,“ can be regarded as a grain-interaction weighted,
average value of [(1+v)/E]W [28] (v denotes the Poisson’s ratio), of which the

enumerator 1+v will definitely vary less with 4kl than the denominator E. The strong

hki-dependence of 1S in the (100) plane is governed by the very small ¢, =1/s,,.
This is illustrated by the strong impact of a large s,, (=1/c,,) on the x2x? term of 1.8,
(cf. footnote "), in which s, has a large positive weight. The term xx} becomes

important for large k and large /, in agreement with the above regarded experimental
results.

The residual scatter of the data points in Fig. 7.3 may significantly be reduced by
additional refinement of some of the SECs obtained by the first-principles
calculations; these minor changes in the SECs, however, do not influence the extreme
elastic anisotropy of Fe;C dominated by a very small cyy.

Hence, the extremely high elastic anisotropy of Fe;C, due to a relatively very

small value of ¢, , as predicted by first-principles calculations, is confirmed by the

X-ray diffraction stress measurements, on the basis of an analysis of the

hkl-dependence of the stress-induced reflection shifts.
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8

Summary

8.1 Introduction

Gaseous nitriding, gaseous carburising and gaseous nitrocarburising are
thermochemical heat treatments, which are of pronounced technical importance since
the beginning of the twentieth century. The substrate (iron-based materials, mostly
steels) reacts with the gas atmosphere, and, due to the chemical reactions that take
place, a concerted change of the chemical composition of the iron-based workpieces
results. This can lead to the formation of a diffusion zone with a thickness of several
hundreds of micrometers, within which nitrogen and/or carbon (provided by the gas
atmosphere) are either dissolved in the octahedral sites of the iron bcc-lattice or are
bound to alloying elements. This diffusion zone is responsible for a considerable
enhancement of the fatigue endurance of the iron-based workpiece. Furthermore, the
concerted change of the chemical composition of the iron-based workpiece can lead to
the generation of hard, wear- and corrosion-resistant surface compound layers, which
can extend several tens of micrometers.

Gaseous nitriding and gaseous nitrocarburising are usually performed at
temperatures in the range of 773 K — 843 K. The process temperature is located below
the binary/ternary eutectoid temperatures of the Fe—N/Fe—N—C solid solutions i.e. in
the ferritic regime. Whereas the nitriding and/or the nitrocarburising gas atmosphere
provide nitrogen and/or carbon, the carburising gas atmosphere only provides carbon.
These are incorporated into the surface region of an iron-based workpiece by diffusion
processes. Gaseous carburising is usually performed at much higher treatment
temperatures in the range of 1173 — 1273 K. Therefore, the process temperature is

located in the austenitic regime, which results in - in contrast to gaseous
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nitriding/nitrocarburising - considerable changes of the dimensions of the iron-based
workpiece.

Within the diffusion zone, which developed after the thermochemical heat
treatment (in the course of the present work gaseous nitriding/nitrocarburising),
a’’-Fe;sN, or y’-FesN,., precipitates can be formed. The compound layer (located on
top of the diffusion zone), which may develop after the thermochemcial heat treatment
under certain circumstances (high activities of nitrogen and/or carbon) can, depending
on the process parameters (treatment temperature, treatment pressure, treatment time,
composition of the gas atmosphere) consist of different phases. The compound layer is
usually composed of y’-Fe,;N;., and/or e-Fe;(N,C),1, but, also cementite can form
within the compound layer coexisting with y’-FesN.,, and e-Fe3(N,C);,.

The formation of massive cementite compound layers on ferrite substrates is not
trivial. Cementite formation upon gaseous carburising is usually accompanied by
severe sooting and cementite disintegration, so-called metal dusting. It was reported in
the literature that due to the addition of H,S to the carburising gas atmosphere, sooting
and metal dusting can be suppressed. There were even hints in the literature that the
addition of ammonia to the carburising gas atmosphere may delay or even suppress
sooting and metal dusting.

Although thermochemical heat treatments such as gaseous nitrocarburising are
widely applied in industrial processes, many open questions remain. The present work
aims on the one hand at the generation of massive cementite compound layers on
ferrite substrates. On the other hand, the present work shall answer some open

questions concerning cementite in the Fe—N—C system.

8.2 Experimental Procedure

By cold-rolling an a-iron cast rod (99.98 gew.-% Fe) on both sides, an iron foil of
I mm thickness was produced. The rectangular specimens (20 mm x 25 mm) to be
thermochemically heat treated were cut from this iron foil, afterwards ground and
polished. Prior to the thermochemical heat treatment, the specimens were

recrystallised for 2 h at 973 K under a reductive hydrogen atmosphere.
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For the thermochemical heat treatments the specimens were positioned by a
sample stage at which a quartz fibre was fixed in the middle of a vertical quartz-tube
furnace within which the process temperature was controlled by + 1 K. At the top of
the quartz-tube furnace, ammonia, hydrogen, carbon monoxide and nitrogen —
controlled by separate mass-flow controllers - were inserted into the furnace. At the
bottom, the quartz-tube furnace was equipped with a water container (flushed with N)
for quenching the specimens (retain microstructural states which were produced at the
treatment temperature) to room temperature.

The thermochemically treated specimens were analysed by different techniques.
The examination of the microstructure was performed by light-optical microscopy.
Phase analysis was performed by both electron backscatter diffraction and X-ray
diffraction (CoK, radiation). For the determination of residual stresses of the
specimens, synchrotron radiation was used. The diffractometer was equipped with an

Eulerian cradle and operated in parallel-beam geometry.

8.3 Results and Discussion

8.3.1 Formation of massive cementite compound layers and its growth
Kinetics

To date, fundamental knowledge on cementite and the growth kinetics of cementite
layers lacks. This is basically due to the fact that the formation of massive cementite
compound layers with strongly carburising gas atmosphere (high carbon activities), is
usually accompanied by simultaneous sooting and cementite disintegration (metal
dusting).

In chapters 2 and 3 of the present work it was demonstrated for the first time that
the concerted addition of ammonia to a strongly carburising gas atmosphere can
suppress both sooting and cementite disintegration (metal dusting). However,
cementite formation succeeded only in a small parameter range (cf. Fig. 8.1a). An
increased ammonia content in the gas atmosphere led to the formation of iron(carbo)-
nitrides, whereas a decreased ammonia content in the gas atmosphere led to

simultaneous sooting and cementite disintegration (metal dusting). Moreover, it was
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shown in chapter 2 that the cementite-layer thickness increased with increasing
ammonia content.

In chapter 2 and 3 of the present work the growth kinetics of cementite layers
was investigated. Cementite-layer growth can for the whole parameter range within
which cementite-layer formation succeeded be described by a modified parabolic
growth law (cf. Fig. 8.1b)

Stec (1T) = k(T)1+S85(T), (8.1)

where Sg.c [m] is the time-dependent cementite-layer thickness, & the temperature-
dependent parabolic growth constant and S, a temperature-dependent, hypothetical

initial cementite-layer thickness at # = 0. This S, describes a shift of the cementite-

layer thickness data, dissenting from simple parabolic growth, due to a faster

cementite-layer growth in the initial stage.
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Abb. 8.1: (a) Increase of the cementite-layer thickness as a function of the ammonia content in the gas
atmosphere. In a specific parameter range pure, massive cementite layers can be formed on ferrite
substrates at 823 K. For increased ammonia contents iron(carbo)-nitrides were formed additionally.
For decreased ammonia contents simultaneous sooting and cementite disintegration took place.
(b) Time-dependent evolution of the squared cementite-layer thickness at 783 K, 803 K, 823 K and
843 K. Cementite-layer growth can be described by a modified parabolic growth law (continuous

lines).
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The effective diffusion coefficient of carbon decreases as a function of time;
cementite-layer growth was explained on the basis of a two-stage mechanism. In the
early stage (¢ < 5 min) only a few cementite crystallites have formed on the ferrite
substrate. Since carbon diffusion in cementite 1s much slower than in ferrite, carbon
transport proceeds mainly through the ferrite, bypassing cementite. After coalescence
of the cementite crystallites a closed cementite layer resulted. However, this closed
cementite layer is relatively thin and defect-rich (high grain-boundary density). This
leads initially (5 min <z <1 h) to an increased effective diffusion coefficient of carbon
through cementite. After defects have annihilated in the later stage of cementite-layer
growth (¢ < 1 h), a decreasing diffusion coefficient of carbon through cementite
resulted. For treatment times ¢ > 1 h parabolic cementite-layer growth was found,
indicating a constant effective diffusion coefficient of carbon in cementite during this
stage.

In chapter 3 of the present work an “apparent activation energy for cementite-
layer growth was determined according to the Arrhenius-type temperature dependence
of the parabolic growth constant. It was shown that this “apparent activation energy is
composed of two contributions: (i) a positive contribution due to the activation energy
of (tracer-)diffusion of carbon in cementite and (i1) a negative contribution due to an
energy which is evoked by the temperature dependence of the carbon activity
difference between the surface of the specimen and the interface cementite/ferrite.
This negative energy is caused by an “effective’ carbon activity at the surface of the
specimen (the activity of carbon at the interface cementite/ferrite remains virtually
constant), which can be estimated using literature data and which decreases

considerably with increasing treatment temperature.

8.3.2 Orientation relationships of cementite and ferrite and the
consequences

To date, the orientation relationship between cementite and ferrite has been
investigated in many works, several types of orientation relationships were observed.

These investigations have mainly been performed in perlite and other microstructures
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resulting from the austenite/ferrite transition. The orientation relationship between
cementite grains of a compound layer and ferrite grains of the underlying substrate has
not been investigated, yet.

In chapter 4 of the present work a detailed study of the orientation relationship
between cementite grains of the compound layer and ferrite grains of the substrate was
performed on the basis of measurements by means of electron backscatter diffraction
(EBSD). It was shown for the first time that the Bagaryatsky orientation relationship
holds for this system. Based on this orientation relationship twelve orientation variants
can be deduced. These twelve orientation variants can - depending on the orientation
of the underlying ferrite substrate — be grouped into classes of orientation variants,
which differ with respect to the surface normal of the specimen. Preference of specific
classes of orientation variants was indicated by the experimental data. This was
ascribed to low misfit-strain energy for favoured orientation variants as compared to

high misfit-strain energy for unfavoured orientation variants.

(’B o oy a GB o . Abb. 8.2: Light-optical

microscopic image of a

cementite layer on a ferrite
substrate. The cementite-
layer thickness is highest

at the location of ferrite

grain boundaries (GB).

Furthermore, on the basis of the Bagaryatsky orientation relationship, also the
orientation relationship between neighboured cementite grains was investigated. It was
shown that neighboured cementite grains, which were grown on the same underlying
ferrite grain, exhibited high-energy cementite grain boundaries. In contrast,
neighboured cementite grains, which were grown on two adjacent underlying ferrite

grains, exhibited low-energy cementite grain boundaries.
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The development of high-energy cementite grain boundaries promoted carbon
transport via cementite grain-boundary diffusion.
This was experimentally evidenced by larger cementite-layer thicknesses at the

location of ferrite-grain boundaries intersecting the substrate surface (cf. Fig. 8.2).

8.3.3 Diffusivity of nitrogen and activation energy of nitrogen diffusion in
cementite

Since there are no works published in the literature which report either on the
diffusivity of nitrogen or on the activation energy of nitrogen diffusion in cementite,
these were determined in chapter 5 of the present work on the basis of hardness-depth
profiles (cf. Fig. 8.3). A growing cementite layer of time-dependent thickness was
grown on a ferrite substrate. Nitrogen diffusion through the cementite layer took place,
i.e. the underlying ferrite substrate got enriched with interstitially dissolved nitrogen.
Due to the embedding process (necessary for metallographic investiagtion), which can
be considered as heat treatment, a’’-Fe (N, precipitated had formed in the ferrite
substrate, which led to a considerable increase of its hardness. The order of the
hardness increase is a measure for the amount of nitrogen dissolved in the ferrite. On
the basis of additional measurements by chemical analysis a calibration line was
constructed with which such hardness-depth profiles were transformed into nitrogen

concentration-depth profiles (cf. Fig. 8.3).
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Such nitrogen concentration-depth profiles were simulated on the basis of a
developed model using the implicit-finite difference method. These simulated profiles
were accommodated to the experimentally determined nitrogen concentration-depth
profiles by minimising the sum of the squared differences between simulated and
experimental values. The simulation yielded, for the first time, values for both the
diffusivity of nitrogen through cementite and the activation energy of nitrogen
diffusion in cementite. The activation energy, which was determined for nitrogen
diffusion in cementite, is relatively low and is in the order of the activation energy for
nitrogen/carbon diffusion in ferrite. This was explained on the basis of nitrogen grain-

boundary diffusion through cementite.

8.3.4 New information on the Fe—N—C system

To date, the existence of the two-phase region a-Fe + g-Fe3(N,C);., itself and the
temperature range at which it occurs are discussed controversially in the literature. The
existence of this two-phase region is directly related with the invariant transition
reaction y’-FesN + FesC — a-Fe[N,C] + e-Fe3(N,C);.,, which is passed at one single
temperature.

In chapter 6 of the present work the existence of the two-phase
region o-Fe + e&-Fe;(N,C)., was proven experimentally for the first time.
Moreover, on the basis of nitrocarburising experiments and systematic secondary
annealing  (after  nitrocarburising), the  invariant transition  reaction
v’-Fe,N + Fe;C — a-Fe[N,C] + e-Fe3(N,C)y4, could be shown to proceed at a
temperature between 833 K and 843 K. It was shown that electron backscatter
diffraction (EBSD) is a powerful tool for performing systematic phase identification
within the microstructure (compound layer). The obtained results provided new insight
into the constitution of the ternary phase diagram Fe-N-C and might also be of

technical relevance.
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8.3.5 Elastic constants of cementite
Although cementite-containing steels are common in technical and industrial
applications, fundamental knowledge on the mechanical properties of cementite lacks.
This is mainly due to difficulties in preparing single-phase polycrystalline cementite
specimens. Thus, the experimental (single-crystal) elastic constants of cementite are
yet unknown. Hence, it is not possible to analyse and/or model the elastic response of
e.g. cementite containing steels to mechanical deformation. Very recently, first-
principles calculations have been reported in the literature which yielded the full set of
nine independent elastic constants of orthorhombic cementite.

In chapter 7 of the present work the nine independent elastic constant of
orthorhombic cementite were calculated for the first time as a function of pressure.
The results of these calculations indicated extreme elastic anisotropy of cementite

manifested by an extremely small value of ¢,, as compared to ¢, and ¢, . This

extreme elastic anisotropy was proven experimentally in chapter 7 of the present
work. Residual-stress measurements were performed on cementite layers grown on
ferrite substrates using synchrotron radiation. These cementite layers exhibited
compressive residual stresses. The hkl-dependent stress-induced reflection shifts can

be regarded as experimental evidence for the extreme elastic anisotropy of cementite.
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9

Zusammenfassung in deutscher Sprache

9.1 Einleitung

Gasnitrieren, Gascarburieren und Gasnitrocarburieren sind thermochemische
Wirmebehandlungsverfahren von Eisenbasismaterialien, meist Stihlen, die seit dem
20. Jahrhundert von groB3er technologischer Bedeutung sind. Hierbei wird durch eine
chemische Reaktion des Substratmaterials mit einer reaktiven Gasatmosphire, die
Stickstoff und/oder Kohlenstoff bereitstellt, eine gezielte Verdnderung der chemischen
Zusammensetzung des Eisenbasismaterials erzielt. Dieses kann zur Erzeugung einer
sogenannten Diffusionszone fithren, in der primér Stickstoff und/oder Kohlenstoff in
den Oktaederliicken des kubisch-raumzentrierten Eisens eingelagert werden konnen.
Die Diffusionszone, die mehrere hundert Mikrometer dick sein kann, ist fiir eine
erhebliche Verbesserung der Ermiidungsbestindigkeit des Eisenbasismaterials
verantwortlich. Dariiber hinaus kann unter bestimmten Reaktionsbedingungen (hohe
Stickstoff- und/oder Kohlenstoffaktivitit in der Gasatmosphire) die gezielte
Verianderung der chemischen Zusammensetzung des FEisenbasismaterials zur
Erzeugung einer harten, verschleiflifesten und korrosionsbestindigen Verbindungs-
schicht an der Probenoberfliache fiihren, die mehrere zehn Mikrometer dick sein kann.
Die Prozesse des Gasnitrierens und des Gasnitrocarburierens werden fiir
gewoOhnlich im Temperaturbereich zwischen 773 K und 843 K durchgefiihrt, d.h. man
befindet sich dabei unterhalb der bindren/terndren eutektoiden Temperatur (ferritisch)
des Fe-N/Fe-N-C-Mischkristalls. Im Verlauf der Behandlungsreaktion werden
Stickstoff und/oder Kohlenstoff mittels Diffusionsprozessen im Oberflichenbereich
des Eisenbasismaterials eingelagert. Dem gegeniiber steht der Prozess des

Gascarburierens bei dem bei einer Behandlungstemperatur von 1173 K — 1273 K, also
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bei einer wesentlich hoheren Behandlungstemperatur, Kohlenstoff im Oberflachen-
bereich des Eisenbasismaterials eingelagert wird. Durch diese hoheren Behandlungs-
temperaturen - man befindet sich im Austenitgebiet - kommt es im Gegensatz zum
Gasnitrieren und Gasnitrocarburieren zu einem erheblichen Verzug der zu
behandelnden Probe.

Innerhalb der Diffusionszone, die sich nach Beendigung der thermochemischen
Wirmebehandlung (im Rahmen dieser Arbeit handelt es sich dabei um Gasnitrieren
und Gasnitrocarburieren) ausgebildet hat, konnen o’’-Fe;sN»- oder y’-FesNi,-
Ausscheidungen entstehen. Die ausgebildete Verbindungsschicht kann in
Abhéngigkeit der Prozessparameter (Behandlungstemperatur, Behandlungsdruck,
Behandlungsdauer, Zusammensetzung der reaktiven Gasatmosphdre) aus unter-
schiedlichen Phasen bestehen. Gewohnlich besteht die erzeugte Verbindungsschicht
aus y’-Fe4N;, und/oder e-Fe;(N,C),.,, aber auch Zementit kann neben diesen beiden
erwihnten Phasen in der Verbindungsschicht koexistieren.

Die Erzeugung von reinen, massiven Zementitschichten mittels Gascarburierens
hingegen wird immer von starker Verruung und der Zementitzersetzung begleitet,
welche als ,,metal dusting bezeichnet wird. Auf Grund dessen kann die Erzeugung
von reinen, massiven Zementitschichten als nicht gerade trivial bezeichnet werden. In
der Literatur wurde berichtet, dass die VerruBung und die Zementitzersetzung (,,metal
dusting®) durch die Zugabe von H,S zur aufkohlenden Gasatmosphire unterdriickt
werden konnen. Dartiber hinaus gibt es in der Literatur Hinweise darauf, dass auch die
Zugabe von Ammoniak zur aufkohlenden Gasatmosphire die VerruBung und die
Zementitzersetzung verlangsamen oder gar unterdriicken kénnen.

Trotz der Tatsache, dass Gasnitrocarburieren in industriellen Prozessen weit
verbreitet ist, gibt es viele unbeantwortet Fragen. Das Ziel dieser Arbeit soll einerseits
die FErzeugung von reinen, massiven Zementitschichten auf ferritischen
Reineisensubstraten sein. Andererseits sollen bisher unbeantwortete Fragen
beantwortet werden, die im Zusammenhang mit Zementit als einer Phase des Fe-N-C

Systems stehen.
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9.2 Experimentelle Vorgehensweise

Aus einem Reineisenabguss (99,98 gew.-% Fe) wurde durch beidseitiges Kaltwalzen
eine Eisenfolie der Dicke von 1 mm hergestellt. Daraus wurden die zu behandelnden
rechteckigen Proben (20 mm x 25 mm) herausgeschnitten, anschlieBend geschliffen,
poliert und gereinigt. Vor der thermochemischen Wéirmebehandlung wurden die
Proben fiir 2h bei 973 K unter einer reduzierenden Wasserstoffatmosphire
rekristallisiert.

Fiir die thermochemische Warmebehandlung wurden die Proben mit Hilfe einer
Probenstange und eines daran befestigten Quarzfadens in die Mitte eines vertikal
angeordneten Mehrzonenofens eingebracht, in dem die Behandlungstemperatur
(geregelt innerhalb £+ 1 K) vorlag. Am oberen Ende des Mehrzonenofens befindet sich
der Gaseinlass, an dem Ammoniak, Wasserstoff, Kohlenstoffdioxid und Stickstoff,
gesteuert durch Massedurchflussregler, in den Mehrzonenofens eingeleitet werden
konnen. Am unteren Ende des Mehrzonenofens befindet sich eine Abschreckeinheit,
die aus einer Wasserflasche besteht, die mit Stickstoff gespiilt wird. Nach Ablauf der
gewlinschten Behandlungsdauer kann der Quarzfaden mechanisch abgetrennt werden
und die Probe fillt direkt in die Abschreckeinheit. Dadurch kann die Mikrostruktur,
die bei der Behandlungstemperatur vorlag, bei Raumtemperatur stabilisiert werden.

Die behandelten Proben wurden mit unterschiedlichen Methoden
charakterisiert. Die Untersuchung der Mikrostruktur erfolgte mittels Lichtmikroskopie
an Querschliffen. Zur Phasenanalyse wurden die Elektronenriickstreubeugung sowie
die Rontgenpulverdiffraktometrie (CoK,-Strahlung) herangezogen. Zur rontgeno-
graphischen Spannungsmessung wurde Synchrotronstrahlung verwendet. Das
entsprechende Diffraktometer war mit einer Eulerwiege ausgestattet und arbeitete in

Parallelstrahlgeometrie.
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9.3 Ergebnisse und Diskussion

9.3.1 Erzeugung von reinen, massiven Zementitschichten und deren
Wachstumskinetik

Bis heute ist {iber Zementit und die Wachstumskinetik von Zementitschichten wenig
bekannt. Das liegt hauptsidchlich daran, dass die Erzeugung von reinen, massiven
Zementitschichten mittels stark aufkohlender Gasatmatmosphidren immer von
VerruBung und Zementitzersetung (,,metal dusting*) begleitet wird.

In den Kapiteln 2 und 3 dieser Arbeit konnte zum ersten Mal gezeigt werden,
dass die gezielte Zugabe von Ammoniak zu einer stark aufkohlenden Gasatmosphire
sowohl die VerruBung als auch die Zementitzersetzung (,,metal dusting*) unterdriicken
kann. Jedoch ist dies lediglich in einem schmalen Parameterbereich mdglich
(Abb. 9.1a). Wird ein zu hoher Ammoniakgehalt zur Gasatmosphire dazugegeben, so
erfolgt eine zusdtzliche Bildung von Eisen(carbo)nitriden in der Verbindungsschicht.
Wird ein zu geringer Ammoniakgehalt zur Gasatmosphire dazugegeben, so tritt
hingegen Verrufung und Zementitzersetzung (,,metal dusting®) ein. Dariiber hinaus
konnte in Kapitel 2 gezeigt werden, dass die Zementitschichtdicke tendenziell mit
zunechmendem Ammoniakgehalt zunimmt.

In den Kapiteln 2 und 3 dieser Arbeit wurde die Schichtwachstumskinetik des
Zementits untersucht. Die Schichtwachstumskinetik des Zementits kann fiir den
gesamten Behandlungstemperaturbereich in dem Zementit erzeugt werden kann, durch

ein modifiziertes Wachstumsgesetz beschrieben werden (Abb. 9.1b):

Stec (LT)=k(T)t+5,(T), 9.1)

wobei Sk c [m] die zeitabhdngige Zementitschichtdicke, & die temperaturabhéngige
parabolische Wachstumskonstante und S, eine temperaturabhidngige, hypothetische,

anfangliche Zementitschichtdicke bei der Zeit ¢ = 0 ist.
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Dieses S, beschreibt einen Versatz in den Schichtdickendaten, der durch eine

Abweichung von rein parabolischem Wachstum aufgrund eines anfianglich schnelleren

Zementitschichtwachstums verursacht wird.

(@) (b)
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Abb. 9.1: (a) Zunahme der Zementitschichtdicke als Funktion des Ammoniakgehalts. Bei 823 K
kénnen in einem bestimmten Parameterbereich reine, massive Zementitschichten entstehen. Bei
héherem Ammoniakgehalt entsteht zusitzlich Eisen(carbo)nitrid in der Verbindungsschicht. Bei zu
niedrigem Ammoniakgehalt kommt es zu VerruBung und Zementitzersetzung. (b) Zeitliche
Entwicklung der quadrierten Zementitschichtdicke bei 783 K, 803 K, 823 K und 843 K. Das
Zementitschichtwachstum kann durch ein modifiziertes parabolisches Wachstumsgesetz beschrieben

werden (durchgezogene Linien).

Der effektive Diffusionskoeffizient von Kohlenstoff sinkt als Funktion der Zeit und
das Zementitschichtwachstum kann mit einem zweistufig ablaufenden Mechanismus
erklart werden. Im Anfangsstadium (¢ < 5 min) haben sich nur vereinzelt
Zementitkristalle auf dem ferritischen Substrat gebildet. Zementit kann als
Diffusionsbarriere fiir Kohlenstoff angesehen werden. Deshalb erfolgt der
Kohlenstofftransport nicht iiber Zementit, sondern iiber Ferrit. Kohlenstoff diffundiert
demnach um die einzelnen Zementitkristalle herum. Nachdem die einzelnen
Zementitkristalle zusammengewachsen sind, ist die Zementitschicht zwar geschlossen,
jedoch zundchst relativ diinn und defektreich (hohe Korngrenzendichte). Dies fiihrt

anfinglich (5 min < ¢ <1 h) zu einem erhohten effektiven Diffusionskoeffizienten von
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Kohlenstoff durch Zementit. Nachdem im spéteren Stadium des Zementitschicht-
wachstums (¢ < 1 h) die Defekte ausgeheilt sind, sinkt der effektive Diffusions-
koeftizient von Kohlenstoff durch Zementit. Ab einer Behandlungszeit von ¢#> 1 h
kann flir Zementit parabolisches Wachstum angenommen werden.

In Kapitel 3 dieser Arbeit wurde anhand der Arrhenius-artigen Temperatur-
abhingigkeit der parabolischen Wachstumskonstante eine ,.effektive® Aktivierungs-
energie bestimmt. Es konnte gezeigt werden, dass diese ,effektive®
Aktivierungsenergie aus zwei Bestandteilen besteht: Zum einen aus der (positiven)
Aktivierungsenergie fiir Kohlenstoff(tracer)diffusion in Zementit und zum anderen aus
einer (negativen) Energie, die sich auf die Temperaturabhingigkeit der
Kohlenstoffaktivitdtsdifferenz zwischen der Oberfldche der Probe und der Grenzfldche
Zementit/Ferrit zuriickfilhren ldsst. Diese negative Energie hat zu Folge, dass die
,effektive® Kohlenstoffaktivitdt an der Oberflaiche der Probe (die Kohlenstoffaktivitét
an der Grenzfliche Zementit/Ferrit bleibt nahezu kostant), die anhand von

Literaturdaten berechnet werden kann, mit steigender Temperatur erheblich abnimmt.

9.3.2 Orientierungsbeziehung zwischen Zementit und Ferrit und die daraus
resultierenden Konsequenzen

Bis heute wurde in der Literatur die Orientierungsbeziehung zwischen Zementit und
Ferrit in vielen Arbeiten untersucht, mehrere Arten von Orientierungsbeziehungen
wurden beobachtet. Diese Untersuchungen erfolgten zumeist in Perlit, die
Orientierungsbeziehung zwischen Zementitkornern von Verbindungsschichten und
Ferritkornern des Substrats wurde bis dato noch nicht untersucht.

In Kapitel 4 dieser Arbeit wurde eine ausfiihrliche Studie der
Orientierungsbeziehung zwischen Zementitkornern der Verbindungsschicht und
Ferritkornern des Substrats mit Hilfe der Elektronenriickstreubeugung durchgefiihrt.
Es konnte zum ersten Mal gezeigt werden, dass flir dieses System die Bagaryatsky-
Orientierungsbeziehung vorliegt. Ausgehend von dieser Orientierungsbeziehung
lassen sich zwolf Orientierungsvarianten ableiten. Diese zwolf Orientierungsvarianten

wiederum lassen sich, je nach der kristallographischen Orientierung des Substrats, zu
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Klassen von Orientierungsvarianten zusammentfassen, die sich relativ zur Oberfldchen-
normalen der Probe unterscheiden. Es konnte gezeigt werden, dass manche Klassen
dieser Orientierungsvarianten bevorzugt, andere wiederum benachteiligt gebildet
werden. Dieses kann auf die Ausbildung von Fehlpassungsspannungen zurilickgefiihrt
werden. Die Klassen von Orientierungsvarianten, die bevorzugt gebildet werden,
weisen die geringsten Fehlpassungsspannungen auf, die Klassen von Orientierungs-

varianten die benachteiligt gebildet werden weisen, die groBiten Fehlpassungs-

spannungen auf.

Abb. 9.2: Lichtmikroskopische
Aufnahme (Querschliff) einer

Zementitschicht auf Ferrit. Die
Zementitschichtdicke ist direkt

an Ferritkorngrenzen hoher als

20 wm davon entfernt.

Ausgehend von der Bagaryatsky-Orientierungsbeziechung kann auch die
Orientierungsbeziehung zwischen benachbarten Zementitkrnern der Verbindungs-
schicht untersucht werden. Es konnte gezeigt werden, dass benachbarte
Zementitkorner, die auf demselben Ferritkorn aufgewachsen sind, niedrigenergetische
Korngrenzen ausbilden. Benachbarte Zementitkorner, die auf zwei verschieden
Ferritkornern aufgewachsen sind, bilden hochenergetische Korngrenzen aus. Die
Ausbildung von  hochenergetischen  Korngrenzen zwischen  benachbarten
Zementitkdrner begiinstigt den Kohlenstofftransport tiber Korngrenzendiffusion. Diese
These wird durch experimentelle Daten untermauert: Direkt an Ferrit-Ferrit
Korngrenzen, wo zwei benachbarte Zementitkorner aufeinandertreffen, die auf diesen
zwei verschiedenen Ferritkrnern aufgewachsen sind, ist die Zementitschichtdicke

grofler als entfernt von Ferrit-Ferrit Korngrenzen (Abb. 9.2).
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9.3.3 Stickstofftransport durch Zementit

Bis dato wurde in der Literatur weder iiber die Diffusivitit von Stickstoff noch {iber
die Aktivierungsenergie der Stickstoffdiffusion in Zementit berichtet. Diese werden in
Kapitel 5 dieser Arbeit liber Harte-Tiefenprofile in Ferrit experimentell bestimmt
(Abb. 9.3). Auf dem ferritischen Reineisensubstrat befand sich eine wachsende
Zementitschicht zeitabhdngiger Zementitschichtdicke. Durch die oberflichliche
Zementitschicht erfolgt Stickstoffdiffusion, d.h. das darunterliegende ferritische
Reineisensubstrat wird mit Stickstoff angereichert, der interstitiell geldst ist. Durch
den Einbettprozess, der fiir die metallographische Untersuchung notwendig ist und als
Wirmebehandlung angesehen werden kann, bilden sich a’’-Fe (N, Ausscheidung im
Reineisensubstrat, die fiir dessen erhebliche Hirtesteigerung verantwortlich sind. Die
Hohe des Harteanstiegs im Reineisensubstrat ist ein Indikator flir dessen
Stickstoffgehalt.

Zusitzlich zur Bestimmung von Hérte-Tiefenprofilen in Ferrit wurden chemische
Analysen zur Bestimmung der Stickstoffgehalte im Reineisensubstrat durchgefiihrt.
Dadurch konnte eine Kalibriergerade erzeugt werden, die einen Zusammenhang
zwischen Hérte und Stickstoffgehalt des Reineisensubstrats herstellt. Mit Hilfe dieser
Kalibriergeraden konnen Hérte-Tiefenprofile in Stickkonzentrations-Tiefenprofile

umgerechnet werden (Abb. 9.3).

240+ Abb. 9.3: Hirte-Tiefenprofile in
220 404 Ferrit nach unterschiedlich lange
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Solche Stickstoffkonzentrations-Tiefenprofile wurden anhand eines neu
entwickelten Modells mittels der impliziten, finiten Differenzenmethode simuliert. Die
simulierten Stickstoffkonzentrations-Tiefenprofile wurden an die experimentell
bestimmten Profile angepasst, indem die Summe der quadrierten Differenzen zwischen
simulierten und experimentell bestimmten Stickstoftkonzentrationswerte minimiert
wurde. Als Ergebnis dieser Simulation wurden zum ersten Mal Werte sowohl fiir die
Diffusivitit von Stickstoff als auch fiir die Aktivierungsenergie der Stickstoffdiffusion
in Zementit erhalten. Die bestimmte Aktivierungsenergie der Stickstoffdiffusion in
Zementit ist relativ klein und liegt im Bereich der Werte, die fiir Stickstoff- bzw.
Kohlenstoffdiffusion in Ferrit berichtet wurden. Dieses kann damit erklart werden,
dass Stickstofftransport in Zementit hauptsdchlich {iber Zementitkorngrenzen-

diffussion erfolgt.

9.3.4 Neue Informationen iiber das Fe—-N-C system

Bis dato wurde in der Literatur zum einen generell die Existenz des Zweiphasengebiets
a-Fe + g-Fe;(N,C) 4, und zum anderen die Frage, bei welcher Temperatur sich dieses
Zweiphasengebiet ~ Offnet,  kontrovers  diskutiert. =~ Die  Existenz  dieses
Zweiphasengebiets steht direkt i1m Zusammenhang mit der invarianten
Ubergangsreaktion y’-Fe,N + Fe;C — o-Fe[N,C] + &-Fes(N,C),.,, die bei einer
bestimmten Temperatur abliuft.

In Kapitel 6 dieser Arbeit konnte zum ersten Mal die Existenz des
Zweiphasengebiets a-Fe + &-Fe3(N,C)., experimentell nachgewiesen werden.
Dariiber hinaus konnte durch Nitrocarburierexperimente und systematische
Auslagerungsexperimente (nach erfolgten Nitrocarburierexperimenten) die invariante
Ubergangreaktion verfolgt werden und die Temperatur, bei der diese Reaktion abliuft,
auf den Temperaturbereich von 833 K — 843 K eingegrenzt werden. Es konnte gezeigt
werden, dass die Elektronenriickstreubeugung eine sehr gute Methode ist, um eine
gezielte Phasenidentifikation innerhalb der Mikrostruktur (Verbindungsschicht) der

Probe durchzufiihren.
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Die gewonnen Ergebnisse geben Aufschluss iiber die Konstitution des terniren
Phasendiagramms Fe-N—C. Des Weiteren konnten die gewonnen Ergebnisse von
technischer Relevanz sein, wenn es darum geht reine &-Fe;(N,C)4,-Schichten zu
erzeugen, denen oftmals bessere Adhésions- und Korrosionsbestindigkeits-

eigenschaften als anderen Phasen der Verbindungsschicht nachgesagt werden.

9.3.5 Elastische Konstanten des Zementits

Trotz der Tatsache, dass zementithaltige Stdhle in technischen und industriellen
Anwendungen weit verbreitet sind, ist wenig iiber die mechanischen Eigenschaften des
Zementits bekannt. Dadurch, dass es extrem schwierig ist, einphasige, polykristalline
Zementitproben zu erzeugen, sind bis dato experimentell bestimmte
einkristallelastische Konstanten des Zementits unbekannt. Dieses macht die
Untersuchung und die Modellierung des elastischen Verhaltens des Zementits auf
mechanische Deformation unmdglich. Kiirzlich wurde in der Literatur davon berichtet,
dass die neun unabhédngigen elastischen Konstanten des Zementits mit first-principles-
Methoden berechnet wurden.

In Kapitel 7 dieser Arbeit wurden die neun unabhéngigen elastischen Konstanten
des Zementits zum ersten Mal als Funktion des Druckes berechnet. Die Ergebnisse
dieser Berechnungen zeigen, dass Zementit eine extreme Anisotropie der elastischen
Konstanten aufweist. So erhdlt man anhand der Berechnungen einen extrem kleinen

Wert von ¢,, relativ zu ¢, und ¢, . Die extreme Anisotropie des Zementits, die aus

diesen Berechnungen hervorgeht, wurde in Kapitel 7 dieser Arbeit experimentell
bestdtigt. Es wurden Spannungsmessungen mit Synchrotronstrahlung an
Zementitschichten auf ferritischen  Reineisensubstraten  durchgefiihrt.  Die
Zementitschichten weisen Druckeigenspannungen auf, die /hkl-abhingige,
spannungsinduzierte Reflexverschiebung der Zementitreflexe kann als experimenteller

Beweis fiir die extreme, elastische Anisotropie des Zementits herangezogen werden.
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