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Introduction

1.1. General introduction

Nitriding is a thermochemical surface treatment widely applied to improve the mechanical
(fatigue and wear resistances) and chemical (corrosion resistance) properties of metallic materials, in
particular Fe-based alloys (steels) [ 1]. Compared to other processes, upon nitriding minor dimensional
changes of the component occur, because of insignificant changes in the crystal structure of the
matrix, i.e., no austenite to ferrite/martensite transformation occurs during the application of the
nitriding heat treatment. Thus, nitriding is at present the most viable surface treatment process [2, 3].

During nitriding atomic nitrogen diffuses inwardly from the surface to the deeper regions of
components. Provision of atomic nitrogen to the surface of specimen is feasible using different
methods such as gaseous nitriding, plasma nitriding, laser nitriding and salt-bath nitriding. Due to
accurate control of chemical potential of nitrogen in the nitriding atmosphere during gaseous nitriding,
this method is mostly applied to achieve reproducible results [2]. Therefore, gaseous nitriding is the
most suited nitriding method for fundamental investigations of the nitriding response of iron-based
alloys. Upon gaseous nitriding by employing flowing ammonia/hydrogen gas mixture (NH3/Hz), the
atomic nitrogen released during heterogeneous decomposition of ammonia on the surface of steel
diffuses into the steel specimen [1].

1.2. Microstructure of nitrided region

Upon the introduction of nitrogen from the surface into the steel components two different
types of microstructures, known as diffusion zone and compound layer, develop. The diffusion
zone developing just above the unnitrided core of specimen contains dissolved nitrogen and/or
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alloying-element-nitrides in the ferrite matrix, whereas the compound layer developing above the
diffusion zone consists of iron-nitrides (e-FesNi+yand y'-FeaN1x) (see Figure 0-1).

The technological importance of nitriding is derived from the pronounced increases of the
resistances of treated components against fatigue (due to development of diffusion zone), wear
and corrosion (due to development of the compound layer), which can be achieved by tuned
applications of the nitriding process [1].

N from NH;

L]

e-Fe;N .

, compound layer
Y'- Fe,N, P Y

interstitial [N]
and/or
alloying element nitrides diffusion zone

(MeN, Me: Cr, Al, Ti)

Figure 0-1. Schematic illustration of the nitrided zone of an iron-based specimen. The nitrided zone can be
subdivided into the compound layer and the diffusion zone.

1.3. Nitriding of binary and ternary Fe-based alloys

The atomic nitrogen generated at the surface by dissociation of NH3 gas gets incorporated into
the surface of the specimen [2]. The inwardly diffusing nitrogen reacts with alloying elements in steel
which have affinity for nitrogen (such as Cr, Al, Mo, Ti, Mn, Si) leading to the development of
alloying element nitrides in ferrite matrix. Understanding the collective interaction of multiple
alloying elements with inwardly diffusing nitrogen is important for understanding the nitriding
behavior of steels [1, 4].

The nitriding response of binary Fe-based alloys has been investigated extensively; Fe-Cr [5-9]),
Fe-Al [10, 11], Fe-V [12, 13], Fe-Ti [14-16] and Fe-Si [17-19]. Only few works have been devoted
to the fundamental understanding of the nitride-precipitation process taking place in ternary iron-
based alloys such as Fe-Cr-Al [20, 21], Fe-Cr-Ti [22, 23], Fe-Ni-Cr [24], Fe-Mo-Cu [25], Fe-Mo-Cr
[26,27], Fe-Al-Si [28], Fe-Mn-Si [29] and Fe-V-Si [30, 31]. In the case of some Si containing ternary
Fe-based alloys (Fe-Me-Si alloy with Me=Ti, Cr and V) development of stable amorphous SisN4 and
cubic NaCl-type MeN nitrides occurs [30, 31]. However, it was shown that, in contrast to the
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development of stable binary nitrides in some Si containing ternary Fe-based alloys, metastable
ternary, “mixed” nitrides develop during nitriding of other ternary Fe-based alloys: cubic NaCl-type
CrixAlN, CrixTixN and CrixMoxN develop upon nitriding of Fe-Cr-Al, Fe-Cr-Ti and Fe-Cr-Mo
alloys, respectively [26, 32, 33]. A triclinic Mn1«SixN phase develops in nitrided in Fe-Mn-Si alloy
[29].

In addition, it is generally recognized that characteristics of the unnitrided microstructure can
decisively influence the nitride-precipitation process. Thus, investigations on recrystallized and cold-
rolled specimens of binary Fe-Al [34, 35] and Fe-Mo [36] alloys have revealed that the crystal-lattice
defects (dislocations) in cold-rolled specimens can lead to the development of different nitride
modifications with enhanced rate of precipitation.

1.4. Residual stress development in nitrided specimens

In view of the formation of misfitting alloying element nitrides in the ferrite matrix of nitrided
specimen and the elastic accommodation of misfit between the second phase (nitride) and the matrix,
expansion of the matrix occurs due to the hydrostatic component of the misfit- stress field. Because
of this hydrostatic component of stress, more nitrogen atoms can be dissolved in the dilated ferrite
matrix which is called excess-dissolved nitrogen [15, 37].

The assembly in the nitrided zone of the specimen has a different volume as compared to the
unnitrided zone (i.e. the nitrided zone demands for more space). The volume misfit between the
nitrided zone and unnitrided zone of specimen brings about a macroscopic, residual, self-equilibrating
stress in both nitrided and unnitrided zones [38]. In the following sections, detailed information on
aforementioned types of stresses is provided.

1.4.1. Development of hydrostatic strain in nitrided case

A continuum theory for the fully elastic accommodation of the misfit of a point imperfection
in a matrix has been presented by Eshelby [39, 40]. This theory can also be applied to the case of
precipitation of misfitting second-phase particles in the matrix. As indicated above, alloying
element nitrides (MeN) developing in the diffusion zone of nitrided specimen have a positive
volume misfit with the ferrite matrix. Due to this, a tensile hydrostatic strain develops in the
nitrided region of the specimen leading to increase of the lattice parameter of the ferrite matrix
(see Figure 0-2(b)). This change in lattice parameter of the matrix can be predicted by applying
Eshelby s theory [39, 40] (see chapter 3).

1.4.2. Development of residual macrostresses in nitrided case and unnitrided core
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The development of residual macrostresses during nitriding is related to the difference in
specific volume between the nitride and unnitrided regions, and can be described (in a simplified
way) as follows:

Consider first an unnitrided specimen (see Figure 0-2(a)), during nitriding, alloying element
nitrides (MeN) develops in the matrix and some part of N atoms dissolve in the matrix. As there
is a difference in specific volume between the matrix and the nitrides and as described in section
1.4.1, a positive volume misfit occurs. Due to this volume misfit the nitrided layer tends to expand
(see Figure 0-2(b)). However, in the case of partly nitrided specimen, the nitrided layer is attached
to the unnitrided region, which obstructs free expansion of the nitrided region. Due to this elastic
accommodation of the misfit between nitrided case and unnitrided core, the nitrided region
experiences a distinct compressive residual stress parallel to the surface, whereas the unnitrided
core experiences a modest tensile residual stress parallel to the surface (see Figure 0-2(c)).

The residual macrostresses can be taken as a biaxial, rotationally symmetric state of stress
(0xx = 0yy = 0y, and g, = 0 with x, y and z as the principal axes for the state of stress and with
the x and y axes in the plane of the surface and the z axis perpendicular to the surface) [41]. This
state of stress can also affect the thermodynamics of gaseous nitriding, which has been dealt with
in detail in section 1.5.2.

N from NH;

L]
________________________ T

IR EL
e e 1 Y T R T o
(a) 5,<0 0,<0
oS
>0 unnitrided core ;>0
— et e T e v —s ©

ol N —1° 2 e

unnitrided core

(b)

Figure 0-2. Schematic illustration of the hydrostatic strain and the residual macrostress development in a specimen
during nitriding. (a) Atomic nitrogen from decomposition of ammonia gas enters the substrate upon nitriding (b)
Expansion of nitrided region occurs as a result of the development of hydrostatic strain due to elastic
accommodation of the misfit between developing coherent nitrides and matrix and also the interstitial dissolution
of N atoms in ferrite matrix (blue arrows represent the hydrostatic expansion of nitrided region) (c) Development
of biaxial self-equilibrating macrostresses (o)) on nitrided case (compressive stress; red arrows) and unnitrided
core (tensile stress; red arrows).
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1.5. Thermodynamics of gaseous nitriding

1.5.1.  The definition of nitriding potential (r~)

Gaseous nitriding is usually carried out in flowing ammonia/hydrogen gas mixture. The Gibbs
energy of system is a state variable, which means that the route taken to reach a particular state
has no effect on the value of the Gibbs energy of that state [42]. Therefore, nitriding in the flowing
mixture of NH3 and H» gases can be assumed as the sum of following (hypothetical) reactions
[43]:

1
5 N2 © [N] (1-1)

1 3
NH; © =N, +5H, (1-2)

The sum of the above hypothetical reactions gives the following overall reaction:
3
NH; < [N] +5H, (1-3)
where [N] represents nitrogen dissolved in matrix. Here, it is assumed the occurrence of local

equilibrium between the gas phase and the solid specimen [44].

Considering a state of equilibrium at the surface of the specimen, the chemical potential of
nitrogen in the gaseous medium (1, ) is the same as the chemical potential of dissolved nitrogen
in the solid phase (uqp)):

1
2 Hn, = H[N] (1-4)

According to the definition of the chemical potential [43], Eq. (1-4) leads to the following Eq. (1-
5):

1., 1 Py .
ZHN, + ERT In [P—z] = uy + RT In[ay] (1-5)
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where u;\lz and py are the chemical potentials of nitrogen in the reference states and ay is the
activity of dissolved nitrogen in solid phase. Py, is partial pressure of nitrogen gas in the nitriding

medium and P’ is the pressure of the gas in the reference state. The chemical potentials in the
reference state can be selected in such a way as to satisfy Eq. (1-6):

1. 0
EHNZ = AUN (1-6)

Thus, considering Egs. (1-5) and (1-6), it follows:
Nz 1-7)

Eq. (1-7) shows the relation between the activity of dissolved nitrogen in solid phase and the
(hypothetical) partial pressure of nitrogen gas in nitriding medium (Py,).

Now, by using the equilibrium constant for Eq. (1-3); K1 3y, @y can be expressed as a function
of the nitriding potential, x:

ay = K VP 1y (1-8)

3
where the nitriding potential can be written as: ry = Py, / PHZ/Z. Usually, the pressure of the

reference state for the gas components is selected as one pressure unit (usually 1 atm).

The very low value of the equilibrium constant for Eq. (1-1), suggests that at the usual
nitriding temperatures (450°C-580°C), several thousand atmospheres of nitrogen gas pressures
are required to attain a significant value of activity of the nitrogen in the pure iron. Hence, it is
impossible to achieve significant nitriding of iron and iron-alloys by employing nitrogen gas at
atmospheric pressure [45]. According to Eq. (1-8), applying specific nitriding potential at the
certain nitriding temperatures, it is possible to obtain different nitrided microstructures as
discussed in section 1.2.

1.5.2.  Stressed-solid/gas-phase thermodynamic equilibrium



Chapter 1 7

The chemical potential of the nitrogen dissolved in a stress-free (iron) matrix phase (ug=°) is
related to the chemical potential of nitrogen in the standard state (uy) and the activity of the
dissolved nitrogen (ag=?) [43]:

us=0 = uy + RTIna™ = uy + RTIn(CZ="y3=") (1-9)

where R is the gas constant and 7'is the absolute temperature. The nitrogen activity can be written
as the product of the corresponding nitrogen concentration (C3=°) and the nitrogen activity
coefficient (y3=°).

In the presence of the residual macrostress mentioned in section 1.4.2, the chemical potential
of nitrogen dissolved in the stressed solid matrix phase (u$™°) is described as:

ug*° = py + RTInag*® = py + RTIN(CS*Oy5*° (1-10)

g#0 ag#0

where ag*? is the activity of nitrogen in the stressed matrix phase and C3*°

and yg”" are the
corresponding nitrogen concentration and nitrogen activity coefficient. Eq. (1-10) can be

rewritten according to [46] as:
K™ =y + RTIN(CT*°Y5™%) — Vyoy (1-11)

where Vy is the partial molar volume of nitrogen in the matrix phase and g}, is the hydrostatic
component of the state of stress acting on the matrix phase.

Once equilibrium has been attained at the surface of a stressed specimen and of a stress-free
specimen with the same nitriding atmosphere of defined nitriding potential (at a certain
temperature;), the chemical potentials of N in the stress-free specimen (uﬁzg) and of N in the

stressed specimen (,uf\’lzg) are necessarily the same and equal to the chemical potential of N in the

gaseous nitriding medium (uﬁ?:q) (see also Eq. (1-4)):

HReq = Hieq = Hiteq (1-12)

Accordingly, it follows from Egs. (1-9), (1-11) and (1-12) [47]:
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Czﬁg Vnon
o - 1-13
cgzo ~ PR (1-13)

where lﬁg and Cﬁ:g are the equilibrium nitrogen solubilities in the matrix phase in the presence

and in the absence of stress, respectively. It is important to note that the equilibrium solubility of
interstitial atoms (N, C, B and H) can be influenced by the magnitude of stress acting on the
specimen (see section 1.4.2).

1.6. Outline of the thesis

The effect of the initial microstructure of the unnitrided specimen (cold-rolled or
recrystallized) on the low-temperature nitriding response of ternary Fe-4.3 at.% Cr-8.1 at.% Al
alloy has been investigated (chapter 2). It has been shown that in the presence of a high fraction
of defect density (cold rolled specimens; the high dislocation density), the precipitation of
separate, binary, cubic, NaCl-type nitrides of Cr and Al occurs, whereas during nitriding of defect-
poor, recrystallized specimens, the development of metastable, ternary, cubic, NaCl-type Cri-
xAlN nitride occurs. This suggests that dislocations facilitate the nucleation of binary CrN and
AIN nitrides by serving as heterogeneous nucleation sites. Upon nitriding of recrystallized
specimen, (i.e., in which mostly homogenous nucleation of nitride precipitates occurs), only
mixed Cri-xAlxN precipitates have been observed: the incorporation of Al atoms in cubic CrN
nitride decreases the misfit-strain energy for the nucleation of the ternary nitride [21]. Thus, the
precipitation of ternary nitride is preferred over the formation of binary, cubic CrN nitride or
binary, cubic/hexagonal AIN nitride [34, 35] in recrystallized specimens.

The effect of development of tiny, misfitting, coherent precipitates of CrN and VN on the
increase of ferrite-matrix lattice parameter has been investigated by nitriding of binary Fe-Cr and
Fe-V alloys (chapter 3). The ferrite-matrix lattice parameter changes linearly as a function of
volume fraction of nitrides developed in the ferrite matrix. A model explaining the observed
change of lattice parameter of the matrix, the second-phase (here nitride precipitate particles) and
the assembly (matrix and second-phase) has been presented, which is based on the Eshelby elastic
misfit accommodation model originally developed for point-imperfections in solids [39]. Good
agreement between the experimental observations and the theoretical results was observed. The
distinction of coherent or incoherent diffraction of matrix and precipitates is essential to employ
the appropriate model to describe the measured changes in the lattice parameters of the different
phases.

During prolonged nitriding/ageing of Fe- 2 at.% Cr and Fe- 4 at.% Cr alloys at higher nitriding
temperatures, the type of accommodation of the volume misfit between the nitride precipitates
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and the ferrite matrix changes from elastic to plastic in association with coarsening of the nitrides
leading to the loss of coherency between precipitates and matrix (see chapter 4). Correspondingly,
the diffraction of the assembly consisting of coherent precipitates and matrix changes from
coherent diffraction to incoherent (separate) diffraction of relaxed matrix and relaxed coarsened
precipitates. The plastic accommodation of misfit is revealed by contraction of initially expanded
ferrite matrix. The relaxation of misfit strain is gradual upon Continuous Coarsening (CC) of CrN
precipitates, occurring during aging (i.e., prolonged nitriding) of Fe- 2at.% Cr alloy, and is abrupt
upon Discontinuous Coarsening (DC) of CrN precipitates [48], occurring during nitriding of Fe-
4.5 at.% Cr alloy.

Misfit induced lattice-parameter changes of matrix and second-phase in crystalline multi-
phase systems have been neglected in various diffraction analysis studies in the literature.
Ignorance of this effect results in flawed data for the analysis of phase-transformation kinetics.
Therefore, chapter 5 presents a review and reevaluation of the effect of misfit strain developing
in various two-phase systems. The published experimental lattice-parameter changes of matrix
and second-phase obtained by X-ray diffraction methods were gathered and compared with
predictions obtained using the model discussed in chapter 3. Diffraction analysis of such lattice-
parameter changes requires distinction of the type of diffraction and the type of misfit of matrix
and second-phase particles. The diffraction can occur coherently (diffraction by assembly) or can
occur incoherently (separate diffraction of matrix and second phase). The type of misfit in
different two-phase systems has been classified as (i) specific, intrinsic volume misfit and (ii)
cooling induced thermal misfit. By understanding the type (elastic/plastic) of misfit
accommodation and the type of diffraction, it is possible to predict the change of lattice
parameters in two-phase systems. Good to very good agreements were obtained for predicting the
change of lattice parameters in two-phase systems such as nitrided Fe-Cr and Fe-V alloys
(coherent CrN/VN precipitates in ferrite matrix) (see chapter 3), Co clusters in Cu-Co alloys [49],
aged Fe-N alloys (coarsened incoherent o”"-Fe16N2 precipitates in ferrite matrix) [50], aged Al-Si
alloys (incoherent Si precipitates in Al matrix) [51] and nitrided/subsequently aged Fe-Cr alloys
(coarsened incoherent CrN precipitates in ferrite matrix) (see chapter 4).

Dependence of the nitriding rate of ferrite and austenite substrates on crystallographic
orientation of surface grains has been studied for nitrided ferritic Fe- 4.5 at.% Cr and nitrided
austenitic Ni- 5at.% Ti alloys (chapter 6). It has been found that the extent of nitriding (surface
nitrogen concentration and nitrided depth) is a function of the orientation factor of the surface
grains. The orientation factor, defined for cubic crystal structure systems, provides a measure of
how large the deviation of the (100) planes of a particular grain from the specimen surface is [41].
This effect has been attributed to the fact that the compressive residual macrostress (see section
1.4.2) developing on the differently oriented surface grains of heterogeneously nitrided specimens
is different due to the elastically anisotropic nature of cubic austenitic and ferritic substrates. Due
to this, the aforementioned grain-orientation dependent nitriding phenomenon cannot occur for
the homogenously nitrided stress-free thin-foil. A simple thermodynamic theory was developed
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that relates the rotationally symmetric biaxial planar state of macrostress acting parallel to the
surface of the specimens to the solubility of the dissolved nitrogen for the surface grains,
depending on their orientation (see section 1.5.2).
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Chapter 2

Low temperature nitriding of ferritic Fe-Cr-Al alloys

Maryam Akhlaghi, Sai Ramudu Meka, Ewald Bischoff, Eric Jan Mittemeijer

Abstract

The effect of the initial microstructure (recrystallized or cold-rolled) on the nitride-precipitation
process upon gaseous nitriding of ternary, ferritic, Fe-Cr-Al alloy was investigated at 450°C. In
the recrystallized specimens, precipitation of metastable ternary, cubic, NaCl-type mixed Cri-
xAlxN took place, whereas in the cold-rolled specimens precipitation of firstly binary cubic NaCl-
type CrN and secondly binary cubic NaCl-type AIN occurs. The difference in nitriding response
for the different initial microstructures could be ascribed to the potential preference for nucleation
of CrN precipitates on dislocations.
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2.1. Introduction

Gaseous nitriding is one of the most widely employed thermochemical surface treatments to
improve the mechanical (wear and fatigue) and chemical (corrosion) properties of ferritic steel
components. Gaseous nitriding is carried out in a NH3/Hz gas mixture. The atomic nitrogen from
dissociating NHj3 at the surface gets incorporated into the surface of the specimen [1, 2]. The inwardly
diffusing nitrogen reacts with alloying elements in steel having affinity for nitrogen (as Cr and Al)
and forms alloying element nitrides. Understanding the collective interaction of multiple alloying
elements with nitrogen is important for understanding the nitriding behavior of steels [3, 4].

The nitriding response of binary Fe-based alloys has been investigated extensively; (Fe-Cr [5, 6]
[7]), Fe-Al [8], Fe-V [9], Fe- Ti [10] and Fe-Si [11]. Only a few works have been devoted to a
fundamental investigation of the nitride-precipitation process taking place in ternary iron-based
alloys. It was shown that, in contrast with the development of stable binary nitrides, metastable
ternary, “mixed” nitrides could develop [12, 13]: cubic NaCl-type CrixAlN and Cri«TixN in Fe-Cr-
Al and Fe-Cr-Ti alloys, respectively.

It is not generally recognized that characteristics of the unnitrided microstructure can decisively
influence the nitride-precipitation process. Thus, investigations on recrystallized and cold-rolled
specimens of binary Fe-Al [14] and Fe-Mo [15] alloys have revealed that the crystal-lattice defects in
cold-rolled specimens can lead to different nitride modifications and enhance the precipitation
kinetics.

Against the above background, the present project aims to investigate the role of defects on the
nitriding behaviour of iron-based ternary Fe-Cr-Al alloys. To this end nitriding experiments were
performed on both cold-rolled and recrystallized specimens of Fe-4.3at.%Cr-8.1at.%Al alloy. Low
temperature nitriding at 450°C was carried out in order to minimize the possible occurrence of
recrystallization of the cold-rolled specimens during nitriding.

2.2. Experimental

2.2.1. Specimen preparation and nitriding

Melts of Fe-4.3at.%Cr-8.1at.%Al alloy were prepared by melting appropriate amounts of pure
Fe (99.98 wt.%), pure Cr (99.999 wt.%) and pure Al (99.999 wt.%) in an Al2O; crucible under a
protective argon gas (99.999 vol.%) atmosphere. Subsequently, the melt was cast in a cylindrical
(diameter of 10 mm and a length of 100 mm) copper mould. The results of chemical analysis of the
produced cast alloy are presented in Table 2-1. The cast rods were cold-rolled to sheets of 1 mm
thickness. From these sheets specimens were cut with lateral dimensions of 1x1.5cm2. After grinding
and polishing (finishing with 1 pm diamond suspension) of the specimen surface, some of the
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specimens were directly nitrided in their deformed state. The other specimens were, before nitriding,
annealed at 850°C for 2 h under H2 atmosphere to obtain a recrystallized grain structure.

Table 2-1. Chemical analysis of Fe-Cr-Al alloy cast. Metal contents were determined by inductively
coupled plasma — optical emission spectroscopy; the contents of light element impurities were
determined by carrier gas hot extraction (O, N) and a combustion method (C).

Cr Al O N C
wt.% at% wt.% at% wt.% wt.% wt.%

Element

Content 417+ 4.28 + 412+ 8.14 0.006 + <0.001  0.002
0.05 0.05 0.05 0.10 0.002

The specimens to be nitrided were suspended with a quartz fiber in a vertical quartz tube furnace
where nitriding occurred in an ammonia/hydrogen gas flux (purity: Ha: 99.999 vol. %; NHs: >99.998
vol. %). The fluxes of both gases (45 ml/min NHj3 and 455 ml/min Hz) were adjusted with mass flow
controllers to achieve a nitriding potential of rv=0.104 atm™'/2. Nitriding experiments were performed
at 450°C for 72 h and 144 h. The employed nitriding potential is below the critical nitriding potential
necessary for (y’) iron-nitride formation upon nitriding pure iron at 450°C [1].

2.2.2. Microstructural characterization

For metallographic investigation of the nitrided zone, a piece of the nitrided specimen was cut
from the specimen/foil, normal to the specimen/foil surface, and embedded in Struers PolyFast. The
cross-sections were then ground and polished (final polishing using 1pm diamond suspension). The
specimens were etched with 4% Nital for about 15 s at room temperature. For light microscopy a
Zeiss Axiophot microscope equipped with a digital camera (Olympus ColorView IIIu) was used.

Hardness-depth profiles across the nitrided zone were measured using a Vickers Microhardness
tester (Leica VMHT Mot) applying a load of 10 g and a dwell time of 10 s.

To determine the elemental concentrations (Al, Cr, N and Fe) of the nitrided zone, electron probe
microanalysis (EPMA) was performed on the cross-section of nitrided specimens. For these
measurements, a Cameca SX100 microprobe (acceleration voltage U = 10 kV, current I = 100 nA,
spot size about 1 pm) was used. To obtain the element contents at each measurement point, the
intensities of the characteristic X-ray emission peaks were measured and divided by the corresponding
intensities obtained from standard samples of pure Fe, Cr, Al and y’-FesN (for N). Elemental
concentrations were calculated from the intensity ratios applying the ®(pz) approach [16].

For phase analysis X-ray diffractograms were recorded (in a diffraction-angle (20) range of 30°-
105°, applying a step size of 0.02° in 20 with a counting time of 300 s per step) from the surface of
specimens before and after nitriding using a PanAlytical X Pert diffractometer with Bragg-Brentano
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configuration, applying Co-Ka radiation and a graphite monochromator in the diffracted beam.
During the measurements the specimens were rotated around their surface normal to improve the
crystallite statistics. In order to identify the different phases from the peaks in the diffraction pattern
the ICDD data base was used [17].

Electron transparent foils for TEM investigations were prepared from material taken at 60 pm
from the surface for both cold-rolled and recrystallized specimens nitrided for 144 h at 450 °C. To
this end self-supporting discs (@ 3 mm) were stamped with a mechanical punch from sheets produced
by removing material mechanically from both surfaces of the nitrided specimens. These discs were
ground, dimpled and subsequently, Ar-ion milled (4 kV, 5 mA, angle of ion incidence: 8 °, time: 4.5
h; liquid nitrogen cooling stage). TEM analysis was performed using a Philips CM 200 transmission
electron microscope operating at 200 kV. Bright field (BF) and dark field (DF) images and
corresponding selected area diffraction patterns (SADPs) were recorded using a CCD camera from
Gatan.

2.3. Results

2.3.1. Morphology of nitrided region

Light optical macrographs recorded from the cross-sections of recrystallized and cold-rolled
specimens nitrided for 72 h and 144 h are shown in Figure 2-1 evidently the diffusion zone of the
cold-rolled specimens is more strongly etched than that of the recrystallized specimens where only
the grain boundaries in the nitrided zone are strongly etched. Upon prolonged nitriding of the cold-
rolled specimen, two distinctly and differently etched regions can be distinguished within the nitrided
zone: a surface adjacent, strongly etched zone (marked as region 1 in Figure 2-1(d)) followed by a
less strongly etched region (marked as region 2 in Figure 2-1(d)), whereas no such distinction in
etching response is observed for the recrystallized specimen (see Figure 2-1(c)). This occurrence of
two differently etched zones in the nitrided region of the cold-rolled specimens is attributed to
different nitride-precipitation processes (see section .23.2).

X-ray diffraction patterns recorded from the surface of nitrided recrystallized and cold-rolled
specimens reveal a nitriding induced extreme broadening of the ferrite-matrix peaks (see Figure 2-2);
no reflections of alloying element nitrides could be detected. The pronounced ferrite-peak broadening
is attributed to the microstrains introduced into the ferrite matrix by the development of misfitting
(semi-coherent) nitride precipitates. In addition to this peak broadening, distinct peak shift occurs as
well to lower diffraction angles (see result for 72 h in Figure 2-2). This effect is a direct consequence
of the matrix dilatation caused upon elastic accommodation of the precipitates/matrix misfit [18]
and/or the development of residual compressive macrostress parallel to the surface in the surface
adjacent, nitrided region. Upon prolonged nitriding, the relaxation of misfit strains results in a
backshift of the ferrite peaks towards the location expected for unstrained ferrite.
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TEM BF and DF images and the corresponding SADPs of foils of the recrystallized and cold-
rolled specimens (taken at 60 pm from the surface) are shown in Figure 2-3. Nanosized alloying-
element nitride platelets have developed along {100} habit planes of the ferrite matrix. In the SADPs,
in addition to intense diffraction spots of the ferrite matrix, less intense diffraction spots are present
which can be indexed according to cubic NaCl-type structured precipitates having a lattice parameter
close to 21/2 times the lattice parameter of ferrite. Further the locations of the diffraction spots of
these precipitates with respect to the ferrite-matrix spots are according to a Baker-Nutting orientation
relationship (OR) between precipitates and matrix. The lattice parameters of cubic NaCl-type CrN
(4.14 A) and AIN (4.04 A) [ICDD 2002] are close to each other and both nitrides are known to
maintain a Baker-Nutting OR with the matrix.

recrystallized cold-rolled

72h

Region 1

144 h

Region 2

@ om0

Figure 2-1. Light optical micrographs of recrystallized and cold-rolled specimens. Carbon contamination trace of
EPMA scan can be seen in image d (below the arrows).

Therefore, it is difficult to identify these nitrides separately from the diffraction spots in the
measured SADPs. Further noticing the apparent absence of hexagonal wurtzite-type AIN in both cold-
rolled and recrystallized specimens, it is suggested that the developed precipitates are either both cubic
NaCl-type CrN and AIN or a ternary, metastable “mixed”, cubic, NaCl-type CrixAlN [13, 19].

2.3.2. Simultaneous vs. successive precipitation of nitrides
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Hardness-depth profiles measured on the cross-sections of the recrystallized and the cold-rolled
specimens nitrided for different times are shown in Figure 2-4. After nitriding for 72 h, a gradual
decrease of hardness as a function of depth occurred for the recrystallized specimen, whereas a much
stronger case/core transition is apparent for the corresponding, cold-rolled specimen (cf. Figure 2-4
(a) and (b)).

unnitrided

normalized intensity (a. u.)

94 ' 96 ' 98 ' 100 ' 102
26()
Figure 2-2. X-ray diffractograms (Co-Ka radiation), around the location of the 211 ferrite-matrix reflection,
recorded from the surface of the recrystallized specimens before and after nitriding.

Figure 2-3. (a) BF image and corresponding SADP (zone axis [001]a-Fe) obtained from the recrystallized
specimen nitrided for 144 h (b) DF image obtained using 002 spot of Me-nitride (shown with dashed circle in the
corresponding [001]o-Fe zone axis SADP) from the cold-rolled specimen nitrided for 144 h. The extra diffraction
spots in both SADPs, indicated with white circles in the SADP of (a) (as inset), correspond to the 002 -type spots
of rock-salt structure type nitride precipitates with Baker-Nutting OR with the ferrite matrix.
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Upon prolonged nitriding (144 h), a significant further increase of the hardness in the surface
region occurred; 1100 HV and 1700 HV after 72h of nitriding for recrystallized and cold-rolled
specimens, respectively; about 2100 HV after 144h of nitriding for both cold-rolled and recrystallized
specimens. After prolonged nitriding (144 h) of the cold-rolled specimens two nitrided regions occur
in the nitrided zone according to the hardness-depth profiles: a zone of high constant hardness adjacent
to the surface, followed by a region of much lesser hardness exhibiting a gradual decrease of hardness
with depth (see Figure 2-4(b); regions marked as region 1 and region 2). A similar phenomenon does
not occur for the long time (144 h) nitrided recrystallized specimen (see Figure 2-4(a)). These
observations are compatible with the differently etched nitrided regions observed in LM images of
the recrystallized and cold-rolled specimens (cf. Figure 2-1(c) and (d)).
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Figure 2-4. Hardness-depth profiles measured on cross-section of nitrided recrystallized and cold-rolled
specimens.

The nitrogen concentration-depth profiles, as measured by EPMA (cf. section .22.2) on the cross-
sections of the recrystallized and cold-rolled specimens nitrided for 144 h, are shown in

Figure 2-5. In the case of both the cold-rolled and the recrystallized specimens, the surface
nitrogen content is above that expected for the precipitation of all alloying element as stoichiometric
nitride (either as separate, binary nitrides AIN and CrN or as the ternary, mixed nitride Cr1-xAlxN) and
the saturation of ferrite matrix with dissolved nitrogen. The additional nitrogen uptake above the
expected level (indicated with double arrow in

Figure 2-5(a)) is called “excess nitrogen” (for details about excess nitrogen, see [20]). In the
deeper region of the nitrided zone of the recrystallized specimen, relatively large N contents occur at
the grain boundaries. This observation, together with the TEM evidence provided in Figure 2-6,
indicates the development of cubic rock-salt type nitride precipitates preferably at grain boundaries.
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Figure 2-5. Nitrogen concentration-depth profiles (EPMA) for a) recrystallized and b) cold-rolled specimens
nitrided for 144 h. Dashed horizontal lines represent the nitrogen levels expected for different possible scenarios
of nitride development. The nitrogen taken up above the dashed line of highest level (indicated with double arrow
in (a)) is called excess nitrogen.

As compared to the recrystallized specimen, a clear plateau region in the surface adjacent area
occurs for the nitrogen-depth profile of the cold-rolled nitrided specimen (see

Figure 2-5(b)). This parallels a similar feature observed in the measured hardness-depth profile of
the same specimen (region 1 in Figure 2-4(b)), and is compatible with region 1 in the LM image of
Figure 2-1(d). The near surface plateau corresponds with a nitrogen content in any case compatible
with the precipitation of all alloying element as nitride (CrN + AIN or mixed CrixAlN) (see above
for uptake of excess nitrogen). The nitrogen level of the second plateau at larger depths corresponds
with a nitrogen content which is about the expected nitrogen content when only all Cr has precipitated
as CrN.

24. Discussion

In the present Fe-Cr-Al alloy, in both cold-rolled and recrystallized specimens, upon nitriding
cubic NaCl-type nitride platelets develop satisfying a Baker-Nutting OR with the ferrite matrix. The
saturation levels of nitrogen taken up by both the cold-rolled and the recrystallized specimens suggest
the precipitation of all Cr and all Al as nitrides of a stoichiometry given by MeN.
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Figure 2-6. DF image and corresponding SADP recorded from the grain boundary area of a recrystallized
specimen nitrided for 144 h. The dark field image has been obtained using the 002 spot of cubic NaCl-type
MeN nitride (shown in white circle). The grain boundary appears bright indicating the presence of MeN.

The absence of the stable hexagonal wurtzite-type modification of AIN even in the nitrided
recrystallized Fe-Cr-Al alloy is attributed to the easier nucleation of cubic rock-salt type, mixed
ternary CrixAlxN as compared to the difficult nucleation of, in particular, the stable binary hexagonal
AIN: incorporation of Al into CrN decreases the misfit-strain energy more than that the formation of
metastable mixed-nitride increases the chemical Gibbs energy [13].

In the cold-rolled specimen, a clear plateau in nitrogen content adjacent to the unnitrided case
(region 2 in

Figure 2-5(b)) suggests by its level the development of separate binary CrN in the early stages of
nitriding. The absence of such a plateau for the recrystallized specimen (

Figure 2-5(a)) suggests that the defects (dislocations) may be the agents inducing this nitride
precipitation of the binary CrN nitride in the cold-rolled specimens. The following explanation is
offered for this phenomenon.

Thermodynamic calculations for the homogeneous precipitation of cubic NaCl-type CrN in the
ferrite matrix and for the heterogeneous nucleation of cubic NaCl-type CrN on dislocations of the
ferrite matrix were carried out, analogous to those performed in [14] for AIN precipitation (Figure
2-7). It follows that no nucleation barrier exists for the precipitation of cubic NaCl-type CrN on
dislocations (Figure 2-7(b)). As a consequence, direct precipitation of CrN on the present dislocations
is possible. As follows from the results, shown in Figure 2-7(b), a similar remark can also be made
for the precipitation on dislocations, without nucleation barrier, for cubic NaCl-type AIN. However,
as also follows from a comparison of the AG curves for CrN and AIN in Figure 2-7(b), the larger gain
in energy per mole N is obtained if CrN precipitation occurs.
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This reflects the metastable nature of cubic AIN as compared to the stable nature of hexagonal
AIN. Hence, precipitation of (the thermodynamically stable cubic, NaCl type) CrN on dislocations is
favoured over the precipitation of AIN on dislocations. Thus, the nitride precipitation in the cold-
rolled specimen starts with precipitation of all Cr as CrN leading to “region 2” in Figure 2-4(b) and

Figure 2-5(b). Only after all Cr has precipitated as nitride, the solubility of nitrogen in the ferrite
matrix increases and the developing supersaturation will lead to separate precipitation of cubic rock-
salt type AIN on unoccupied dislocation lines.
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Figure 2-7. The total Gibbs energy as a function of nitride-particle radius for a) homogenous precipitation of
spherical coherent cubic AIN and CrN particles in the recrystallized specimen at 500°C, AG per particle. AG* is
activation energy for thermally activated nucleation of CrN and AIN nuclei. b) heterogeneous precipitation of
cylindrical coherent cubic AIN and CrN precipitate on dislocations in the cold-rolled specimen at 500°C, AG per
particle and per unit length of dislocation.

2.5. Conclusions

Upon low temperature nitriding of cold-rolled Fe-4.3at.%Cr-8.1at.%Al specimens, the nitride-
precipitation process sets in with the precipitation of binary CrN nitride, whereas metastable, mixed
ternary CrixAlN nitride develops in recrystallized specimens.

The difference in nitriding response of the cold-rolled and the recrystallized specimens can be
ascribed to the huge dislocation density in the cold-rolled specimens: these dislocations act as
favorable sites for the nucleation of CrN without nucleation-energy barrier. A similar precipitation of
cubic NaCl-type AIN on dislocation is less favored as a consequence of the metastable nature of this
AIN modification.

In the absence of dislocations, in the recrystallized specimens, the incorporation of Al in cubic
CrN leading to the mixed cubic Cri«AlN modification is favoured over separate precipitation of
cubic CrN and hexagonal AIN, as this reduces the misfit energy considerably.
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Lattice-parameter change induced by accommodation of
precipitate/matrix misfit; misfitting nitrides in ferrite

M. Akhlaghi, T. Steiner, S.R. Meka, A. Leineweber and E.J. Mittemeijer

Abstract

Upon nitriding of iron-based alloys, development of misfitting coherent nitride precipitates in a
ferrite matrix induces an overall expansion of the ferrite lattice. This lattice expansion was
quantitatively determined by X-ray diffraction from the change of the lattice parameter of ferrite
of homogenously nitrided Fe-Cr and Fe-V alloys. Adopting the experimentally verified (by X-
ray diffraction and transmission electron microscopy) notion that the misfitting precipitates
diffract coherently with the matrix, the extent of this hydrostatic lattice-strain component could
be calculated, in general, as function of the precipitate/matrix misfit, the volume fraction of
precipitates and the elastic properties of the matrix and precipitates. The experimentally observed
and the predicted dependencies of lattice dilatation agree very well for both nitrided Fe-Cr and
Fe-V alloys. This is the first time that this type of lattice expansion was experimentally identified
and quantitatively explained.
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3.1. Introduction

Solid-state phase transformations involving volume misfit between parent and product phases can
induce unusual, non-equilibrium phenomena, such as, the establishment of metastable phases (e.g.
cubic AIN in a ferrite matrix [1, 2]), non-monotonous variation of transformation rate (e.g. during
austenite-ferrite and austenite-martensite transformations [3-5]), unusual morphologies (as octapod
shaped, amorphous silicon-nitride particles in a ferrite matrix [6]). These effects are often attributed
to the complex interplay of the chemical Gibbs energy change driving the transformation and the
deformation energy associated with volume misfit accommodation [7, 8]. Precise understanding of
the effects of misfit-strain energies on the thermodynamics and kinetics of phase transformations and
on the resulting microstructure is essential to optimize the properties of engineering components [9].

The elastic strain fields surrounding individual (tiny) precipitates have been exposed by
transmission electron microscope (TEM) diffraction-contrast images [10-12] which allow (local)
determination of the sign and (approximate) magnitude of the occurring misfit. The lattice distortions
associated with misfit-strain fields induce diffuse scattering in X-ray diffraction (XRD) experiments
[13], which can be used to reveal characteristics of the strain fields around (very) small precipitates
[14]. The presence of misfitting inclusions of larger dimensions induces (X-ray) diffraction-line
broadening, characteristic for the presence of microstrains [13, 15, 16]. However, it is not generally
recognized that the (average, overall) lattice-parameter values of misfitting systems are different from
their (misfit) strain-free values, thereby exposing the presence of a (hydrostatic) macrostrain. Thus,
straightforward determination of the lattice parameter (e.g. from the peak position in (X-ray)
diffractograms) provides important information not only on the course of a precipitation process by
compositional change of the parent matrix, but also on the extent of the developing misfit-strain fields.
The last feature plays a cardinal role in the present work.

The state of stress invoked by misfitting inclusions in a matrix has been dealt with largely
theoretically in the literature [17-20]. Experimental verification of such theoretical predictions is
relatively rare: adopting a theory for point imperfections in a solid matrix, the effect of misfitting
precipitates on the lattice distortions of the matrix, and in one case also of the precipitates, was
investigated for the case of incoherent precipitate/matrix interfaces [21-23]. Since this early work, no
further development and application of this approach appears to have taken place.

Against the above background, the present work is devoted to prediction and experimental
verification of lattice distortions introduced upon the development of misfitting second-phase
particles in a solid matrix, with (largely) coherent precipitate/matrix interfaces, employing X-ray
diffraction. To this end, systems composed of misfitting nitride particles in a ferrite matrix, as
developing during internal nitridation of iron-based alloy substrates (Fe-Cr and Fe-V alloys), have
been chosen as model systems. The tiny CrN and VN precipitates are (largely) coherent with the
ferrite matrix [24-27] and yet exhibit pronounced volume misfit with the matrix. The coherency of
the precipitate/matrix interface gives rise to peculiar diffraction effects involving coherent diffraction
of the assembly precipitate plus matrix (so no precipitate reflections occur) and asymmetrically
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broadened diffraction-line profiles. It will be shown that the effect of misfit strain is sensitively
expressed in lattice-parameter changes and that good agreement between theoretically predicted and
experimentally measured data can be achieved.

3.2. Elastic strain field in a misfitting system: lattice-parameter changes

A continuum theory for the fully elastic accommodation of the misfit of a point imperfection in a
matrix has been presented by Eshelby [28, 29]. The theory was developed to (also) predict the slope
of the dependence of the lattice parameter of a crystalline solid solution on solute content (cf. Vegard's
law [30]). However, for this application the theory failed, as electronic interaction on the atomic scale
can be dominant over elastic straining effects [18]. Therefore, the theory is more likely applicable to
the case of precipitation of misfitting second-phase particles. On this basis, cases of particle-matrix
misfit strain for elastically anisotropic matrices could be dealt with leading to the prediction of
precipitate-particle shape [17, 31-33].

In the following subsections, formulae are presented that describe the changes of the relative

volume/lattice-parameters of the matrix (section .32.1), the misfitting particles (inclusions; section
.32.2) and of the assembly, i.e. matrix plus misfitting particles (inclusions; section .32.3)".

3.2.1.  Change of the lattice parameter of the matrix

Insertion of the undeformed inclusions B in the holes of the matrix 4 leaves the whole assembly
in a state of self-stress. Considering i) a finite matrix 4 containing, in the strain-free condition, holes
of radius 7{ and ii) particles B, of strain-free radius 7,7, the relative volume increase of the matrix 4
due to the insertion of the misfitting inclusions B into the holes of the matrix 4 can be written as [18]:

AV, 16 puy o
V_A = ?EK—Ac68(TA)3TL (3-1)
ith Co = ——kz 322
e ¢~ 3K, + 4, (3-2)

where 7 is number of inclusions B per unit volume and K and u represent the bulk modulus and the
shear modulus, respectively. The linear misfit parameter, &, can be calculated from (r,; - r,;) JTa =

<3\/ vy — ’ }v};) / ’ /vﬁ, where v3 and v are the molar volumes of the strain-free precipitate particle

and the matrix, respectively. The volume fraction of inclusion yg can be taken as y5 = 4m(rg)3n/3.

! In the derivations of the following formulae, in order to calculate the image force term for a finite
matrix and a finite assembly, it is assumed that the volume fraction of misfitting particles is small:
only the matrix elastic constants are used to calculate the image force term for matrix and assembly.
Further, the matrix and the misfitting particles are taken to be elastically isotropic.



30 Chapter 3

For the case of a matrix of cubic crystal structure with a (strain-free) lattice parameter a,, AV, /V,
can be approximated by 3Aa,/a,, and Eq. (1) can be rewritten as [21]:
4HA C6 &

3K, (1+e)3 B%
It is important to note that the matrix is of finite dimensions. In an infinite matrix, the volume

Aay = (3-3)

change of the matrix due to the introduction of misfitting inclusions is zero (the matrix only
experiences shear strains); then, the volume change of the assembly is fully confined to the
precipitates. The matrix dilatation that is predicted for a matrix of finite size is a consequence of the
image forces required to achieve a stress-free surface of the finite assembly.

3.2.2.  Change of the lattice parameter of the misfitting phase

A misfitting inclusion with a radius larger or smaller than that of the hole in the matrix will
experience hydrostatic compression or tension, respectively. For the case of a finite assembly of
matrix 4 plus misfitting inclusions B, the fractional volume change of the inclusions can be written as
[23]:

% = —3¢(1—Co) + ?ng—’;gs(ryn (3-4)

For the case of precipitates of cubic crystal structure with a (strain-free) lattice parameter ag,
AVg/Vp can be approximated by 3Aag/ag, and it follows for the change of the lattice parameter,
Aag, of the misfitting second phase:

4paCs €

3K, (1+e)35
The total relative volume change of the inclusions results from the sum of the fractional volume

change of the inclusions in an infinite assembly (first term in Egs. (3-4) and (3-5)) and the fractional

volume change of the inclusions due to the image forces acting (also) on the inclusions in a finite

assembly (second term in Egs. (3-4) and (3-5)).

Aag = [—e(1 - Cg) + —— (3-5)

3.2.3. Change of the lattice parameter of the assembly (matrix plus misfitting
phase)

The relative volume change of the whole, finite assembly comprising the finite matrix and the
misfitting inclusions can be given as [18]:

AV o 16 o C o
v = AmCee(ry)3 + ?nllé—:C6s(rA)3n = 4nC—,66£(rA)3n (3-6)
ith 3K,
" Co= 51 (3-7)

3KA + 4:“.4
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For an aggregate of cubic crystal structure and a (strain-free) lattice parameter a, thus
approximating AV /V by 3Aa/a, the resulting change of the lattice parameter, Aa, of the aggregate
for a volume fraction yp precipitate particles B is given by:

Ce €
Aa = C—,Gmy]ga (3-8)

The total relative volume change of the assembly, analogous to the case of the relative volume
change of only the inclusions, results from the sum of the fractional volume change of the inclusions
in an infinite assembly (first term in Eq. (3-6) (this volume change is confined to the inclusions; cf.
section .32.1)) and the fractional volume change of the assembly due to the image forces required to
achieve a stress-free surface of the finite assembly (second term in Eq. (3-6)).

3.24. Coherent vs. incoherent diffraction of matrix and misfitting precipitates;
consequences for interpretation of lattice-parameter changes

The coherent or incoherent nature of the diffraction by a second phase (here precipitate particles)
with the diffraction by the matrix need not coincide with the occurrence of a coherent or incoherent
nature of the interfaces between the second-phase particles and the matrix. Coherency/incoherency of
diffraction depends on whether or not constructive interference of waves scattered by separate parts
of the diffracting material (matrix and second phase) occurs. Incoherency of diffraction is a statistical
phenomenon: parts of a specimen can be considered to scatter incoherently if the phase difference
(given as reduced modulo 27) between a wave scattered in one part and a wave scattered in another
part takes any value between zero and 271 with equal probability [7, 35].

Thus, because of the variability of the phase jump at an incoherent boundary between a second-
phase particle and the matrix, due to its irregular structure, it appears likely that in this case the second-
phase particles and the matrix diffract independently, i.e. incoherently, and in the diffraction pattern
separate diffraction peaks of the second-phase particles and the matrix occur [7, 35].

For coherent (and semi-coherent) interfaces, more complicated diffraction effects can be
expected. If a misfit between the second-phase particles and the matrix exists, lattice distortions, due
to elastic accommodation, occur in the matrix and the second-phase particles, especially close to the
particle/matrix interfaces. The phase difference between waves scattered by the matrix and waves
scattered by second-phase particle depends on both the position (difference) vector from one scatterer
(in the matrix) to the other one (in the particle) and the value of the diffraction angle (i.e. the length
of the diffraction vector). Then, given the imperfect (strained) but (semi-)coherent crystal structure of
the entity matrix/second-phase particles, it depends on the length of the diffraction vector if coherent
or incoherent diffraction occurs. The occurrence of coherent diffraction implies that each peak in the
diffraction pattern represents diffraction of the whole assembly of matrix plus second-phase particles
[7,35].
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Provided matrix and precipitate diffract independently, i.e. incoherent diffraction of matrix and
of precipitates occurs, the changes of the lattice parameters of the matrix and of the precipitates can
be determined from measurements of the positions of the (separate) X-ray diffraction peaks of the
matrix and of the precipitates. In that case, Eqs. (3-3) and (3-5) predict the changes of the lattice
parameters of the matrix and the precipitates, respectively. If a coherent nature of the
precipitate/matrix interfaces prevails, then, dependent on the length of the diffraction vector and the
extent of misfit-strain variation, coherent diffraction by precipitate phase and matrix can occur, in
which case the change of the lattice parameter derived from the position of the diffraction peaks is
predicted by Eq. (3-8).

3.3. Experimental

To exclude the presence of macroscopic stresses, usually present in heterogeneously nitrided
specimens, thin foil specimens of Fe-Cr and powder specimens of Fe-V alloys, which both can be
homogeneously nitrided, were employed in this study.

3.3.1. Specimen preparation

Fe-2.0 at.%Cr and Fe-4.5 at.%Cr alloys were prepared by melting appropriate amounts of pure
Fe (99.98 wt.%) and pure Cr (99.999 wt.%) in an Al2O; crucible in an inductive furnace under a
protective argon atmosphere (99.999 vol.%). After casting, the alloys had a cylindrical shape with a
diameter of 10 mm and a length of 100 mm.

Fe-V powders of various V contents were procured from Nanoval GmbH&Co.KG, which had
produced the Fe-V alloy powders from pure Fe (99.8 wt.%) and pure V (99.6 wt.%) by spray
atomization of the alloy melt according to the Nanoval-process [36] under a high-velocity Ar-stream.
The mean particle diameter of the Fe-0.9 at.%V powder was dsy, = 17.2 um, of the Fe-3.5 at.%V
powder dso = 19.8 pm and of the Fe-1.8 at.%V powder dso = 9.9 pm. Preliminary investigations
with powders of different particle sizes of the same alloy had shown no influence of the particle size
on the nitriding response.

The compositions of the cast Fe-Cr alloys and the spray-atomized Fe-V powders were determined
by chemical analysis; the results have been gathered in Table 3-1. The contents of Cr, V and metal
impurities (negligible) were determined by inductive coupled plasma optical emission spectroscopy
(ICP-OES); the O and N contents were determined by carrier gas hot extraction and the C and S
contents were determined by a combustion method.

The cast Fe-Cr alloys were cold-rolled to sheets with a thickness of 1 mm. The obtained sheets
were annealed for 2h at 700 °C to get a recrystallized grain structure and further cold-rolled to foils
with a thickness of 0.2 mm. Rectangular pieces of approximate lateral dimensions 10 mm x 10 mm
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were cut from the foil and ground to a thickness of less than 100 wm. Subsequently, the specimens
were annealed at 700 °C for 2 h under flowing H> atmosphere to obtain a recrystallized grain structure.
The average grain size measured from the optical macrographs recorded from the recrystallized
specimens is 50-60 um. Before nitriding, the thin foils were polished (last step: 1 pm diamond
suspension) and cleaned with ethanol.

Table 3-1. Results of chemical analysis of the massive Fe-Cr alloys and the Fe-V alloy powders.

Cr,V (0] N C S

alloy
(at.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

Fe-2.0 at.%Cr 2.03+£0.02 1.90+0.02 0.008 <0.001 <0.002 <0.002

Fe-4.5 at.%Cr 4.54+0.05  4.24+0.01 0.018+0.001 <0.004 0.002+0.001 <0.001

Fe-0.9 at.%V  0.90+0.01 0.82+0.01  0.020+£0.003 <0.002 0.003+0.001 <0.001

Fe-1.8 at.%V  1.79+0.02 1.64+0.02 0.014+0.003 <0.002 0.004+0.002 <0.001

Fe-3.6 at.%V  3.56+0.04 3.26+0.04 0.022+0.003 <0.002 0.003+0.001  <0.001

3.3.2.  Nitriding and de-nitriding experiments

For nitriding, the Fe-Cr thin foils were suspended with a quartz fiber in a vertical quartz tube
furnace and the Fe-V powders were deposited onto a quartz half-tube slider and inserted into a
horizontal quartz tube furnace. The furnaces have a temperature accuracy of +1 K. Nitriding was
performed in an ammonia/hydrogen gas flux (purity: Ha: 99.999 vol. %, NHs: >99.998 vol. %). The
nitriding parameters used have been gathered in

Table 3-2. All nitriding conditions have been chosen such that only a diffusion zone (ferrite with
dissolved N and alloying element nitride particles) develops, i.e. other Fe-N phases such as iron-
nitrides and Fe-N austenite do not develop. The applied nitriding conditions led to homogenously
nitrided Fe-2.0at. % Cr thin foils, implying that, after through nitriding, the nitrogen level at all depths
in the specimen increased identically as a function of time. This leaves the specimen free of
macroscopic stresses, due to the absence of a concentration-depth gradient even before full N
saturation (i.e. precipitation of all Cr as CrN and saturation of the remaining ferrite matrix with
dissolved N) had been attained for the foil. The Fe-V powder specimens were nitrided until the
saturation level of N uptake had been realized (i.e., all V had precipitated as VN and the remaining
ferrite matrix was saturated with dissolved nitrogen). Subsequently, some of the nitrided Fe-Cr thin
foils and some of the Fe-V powder specimens were de-nitrided in pure Hz at 400 °C for 16 h and then
slowly cooled to the room temperature. At the employed denitriding conditions both CrN and VN are
stable and the less strongly bonded dissolved N diffuses out [37-39].
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Table 3-2. Applied nitriding parameters for the different Fe-Cr foils and the different Fe-V powders. For all
treatments fluxes of 43 ml/min NH; and 456.4 ml/min H, were applied, which corresponds with a nitriding potential
[49] of iv=0.1 atm™?

composition nitriding temperature (°C)  nitriding time (h)
Fe-2.0 at.% Cr 450 72, 144, 216,..., 792
500 16
Fe-4.5 at.% Cr 500 2.25
Fe-0.9 at.% V 500 4
Fe-1.8 at.% V 500 4
Fe-3.6 at.% V 500 4

3.3.3. Specimen characterization

3.3.3.1. Weight measurement

Fe-Cr thin foils were weighed before nitriding, after nitriding and after subsequent denitriding
using a Mettler Toledo UMX2 microbalance with an accuracy of +1 pg.

3.3.3.2. Electron probe microanalysis (EPMA)

EPMA was performed on the cross-sections of nitrided and de-nitrided Fe-4.5at.%Cr thin foils.
For these measurements, a Cameca SX100 microprobe (acceleration voltage U = 10 kV, current / =
100 nA, spot size about 1 pm) equipped with five wavelength-dispersive spectrometers was used. To
obtain the element contents at each measurement point, the intensities of the characteristic X-ray
emission peaks were measured and divided by the corresponding intensities obtained from standard
samples of pure Fe, Cr and y’-FesN (for N-Kq). Elemental concentrations were calculated from the
intensity ratios applying the @(pz) approach [40].

3.3.3.3. X-ray and synchrotron diffraction

XRD measurements were performed on the surface of unnitrided, nitrided and denitrided
specimens (Fe-Cr thin foils and Fe-V powders) using a PANalytical X’Pert diffractometer with
Bragg-Brentano configuration, equipped with a Co tube and a graphite monochromator in the
diffracted beam to suppress the components other than Cokq radiation. The diffraction-angle 26 range
0f 30°-105° 20 was scanned with a step size of 0.009° 26.
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The XRD patterns thus recorded were evaluated using the TOPAS software (Version 4.2, Bruker
AXS). Each diffraction profile in the diffractogram recorded with Co-Ka radiation is composed of an
a1 component and an o2 component [41]. The structural broadening of each of the components was
fitted by three pV-functions; one for the main reflection and two for the tail (which is also referred as
diffuse, scattered intensity in the literature [14]) (for discussion, see section .34). The instrumental
profile was obtained from a measured standard LaBs powder diffraction pattern. This instrumental
broadening was incorporated into the fitting of the measured diffraction profiles by convolution with
the pV-functions describing the specimen (structural) broadening. An example of the original
measured data, the total fit and the corresponding fits of the ou and a2 components is presented in
Figure 3-1. The 26-positions of the maximum intensities of the pV-profiles of the main peaks
describing the specimen broadening only were then used for determination of the lattice parameters
as described next.

In the case of the (de-)nitrided Fe-Cr thin foil a value of the lattice parameter and a value of the
specimen displacement [42], were obtained by fitting to the 110, 200 and 211 ferrite-reflection
positions determined as described above.

In the case of the (de-)nitrided Fe-V powder specimens, a powder specimen was mixed with Si-
standard powder to determine, from the Si peak positions in the measured diffractograms and the
known value of the Si lattice parameter [43], the instrumental zero-point 26 offset and the specimen
displacement. Then a value of the lattice parameter was obtained by fitting to the 110, 200, 211 and
220 ferrite-reflection positions determined as described above.

[— full fit
fitted Km component
fitted K ,, component
O measured data points
-
=
&
>
E—4
(2]
=
[}
=
£
a = T T .
96 98 100 102

diffraction angle 26 (°)

Figure 3-1. Comparison of measured 211 diffraction peak (Co-Ka radiation) of Fe-2.0 at.%Cr specimen, nitrided
at 450°C for 720 h with a nitriding potential of 0.1 atm™, with the corresponding TOPAS fit and the corresponding
Ko,-component. The Ko,-peak position for pure, unnitrided ferrite (a-Fe) has been indicated.

High-resolution powder diffraction data from the nitrided Fe-V powders were collected on the
beamline ID31 of the European Synchrotron Radiation Facility (ESRF). A Si 111 reflection was used
to select an X-ray energy of41.3 keV. The size of the beam was adjusted using slits. The wavelength
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was determined as 0.300715 + 0.000005 A from a silicon standard of known lattice parameter
(NIST SRM640c). The nitrided Fe-V powder specimen was contained in a 1.0 mm borosilicate glass
capillary, which was, during measurement, rotated around its length axis in order to improve
orientation randomization of the diffracting crystallites. The diffracted beam was analyzed with a
nine-crystal analyzer stage (nine Ge 111 crystals separated by 2° intervals) and detected with nine
Na(TI)I scintillation counters simultaneously. The recorded data were converted to a step scan for
values of 26 from 0.5 to 33.90° in steps of 0.002°. Evaluation was performed by a simultaneous fit of
a pV-function to a main peak and a pV-function to its intensity tail employing the TOPAS software.
No deconvolution of the instrumental and specimen profiles was performed for these data (no precise
lattice-parameter values needed to be extracted from these data; see section .34). Thus, the respective
26 positions, 26 for each main peak and 2 6, for each intensity tail, and the corresponding peak areas
I and I, were determined.

3.4. Results and Evaluation

Upon nitriding the Fe-Cr thin foil and Fe-V powder specimens, under the nitriding conditions
described above, a homogenous N-distribution is achieved throughout the specimen. A considerable
peak shift of the ferrite reflections towards lower diffraction angles occurs. This is shown exemplarily
by the evolution of 211 ferrite diffraction-line profiles recorded for various Fe-Cr and Fe-V specimens
in Figure 3-2. The magnitude of peak shift increases with nitriding time for the Fe-2.0 at.%Cr
specimen implying that an increased amount of CrN precipitation leads to an increased shift of the
peak (Figure 3-2(a)). The Fe-V powders nitrided until saturation (i.e. until precipitation of all V as
VN) indicate that the higher the amount of V in the alloys, i.e. the higher the amount of VN
precipitation, the larger is the shift of the ferrite reflection towards lower diffraction angles (Figure
3-2(b)-(d)). The same is observed when comparing nitrided Fe-2.0 at.%Cr and Fe-4.5 at.%Cr alloys
(not shown). Also, as shown in Figure 3-2, an intensity tail towards higher diffraction angles is present
for both the nitrided Fe-Cr and the nitrided Fe-V alloys. The N-saturated specimens (achieved after
792 h of nitriding for the Fe-2.0 at.%Cr alloy thin-foil specimens) were subsequently subjected to a
denitriding treatment until no further N is lost from the specimen. After denitriding, a partial shift of
the ferrite reflection (back) towards higher 26 is observed.

From the synchrotron measurements, a more detailed evaluation of the intensity tail is possible
because also higher order reflections are detectable (with significant intensity) within the accessible
26 range, see Figure 3-3. For each observed reflection, the refined positions 26 and 26; due to the
main peak and the intensity tail (c.f. section 3.3.3.3), were converted into reciprocal lattice
spacings, d*, according to:

2sin 01'2

7 (3-9)

* —_—
d1,2 -
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The distance between the main peak and intensity-tail positions in reciprocal space then follows
from Ad* = d} — d}. The value of Ad" has been plotted as function of d; in Figure 3-4(a). The
indeterminacy of the refined 26 positions was used to assess the error in Ad* by error propagation,
which has been indicated in Figure 3-4(a). The fraction of the intensity-tail area with respect to the
total reflection area (ratio of integrated intensity of the intensity tail to the sum of the integrated

intensities of main peak and intensity tail, ( a +21 ))) is presented as function of dj in Figure 3-4(b).
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Figure 3-2. Evolution of the ferrite 211 reflection of thin-foil Fe-Cr alloy (thickness 85 um) specimens
(a) and Fe-V alloy powder specimens (b) — d)) upon nitriding and denitriding. The shown profiles result
after subtracting from the measured profile the K, component as well as removing the instrumental
profile as described in section 3.3.3.3. a) Fe-2.0 at.%Cer thin foil with a thickness of approx. 85 pm nitrided
at 450 °C with a nitriding potential of 0.1 atm™ in steps of 72 h to a total of 792 h (only some of the
intermediate nitriding steps are shown here). The result after a denitriding treatment in flowing H,
atmosphere at 400 °C for 16 h is shown as well. b-d) Fe-V powders of indicated compositions, nitrided
for 4 h at 500 °C with a nitriding potential of 0.1 atm™. The results after a denitriding treatment at 400 °C
for 16 h in flowing H, atmosphere are shown as well. The profiles reveal the shifts of the diffraction-line
profile towards lower diffraction angle upon (prolonged) nitriding and a partial shift back upon
denitriding.

If it would be assumed that main peak and intensity tail represent incoherent diffraction by two
different phases, specific relationships for Ad" vs. d; are expected. For example, if two different bee
(as ferrite) phases would be present, the dependence of Ad” on dj would be linear: a straight line of
positive slope passing through the origin in Fig. 4a. Clearly, this is not the case. The surroundings of
the nitride platelet are affected by a strain field of tetragonal symmetry and it has been suggested that
this tetragonally distorted ferrite could diffract independently from the undistorted ferrite [27].
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However, also in this case, Ad" would show an overall increase with dj, which is not the case.
I
(I1+1)
function of dj, if incoherent diffraction of two phases would occur, as the integrated intensity of a

Moreover, the relative intensity of the intensity tail ( ) would be more or less constant as

diffraction peak is proportional to the diffracting volume. Such constancy is not observed (Figure
3-4(b)). It has been suggested in Ref. [13] (see also Ref. [16]) that strong strain fields surrounding
defects (e.g. misfitting precipitates) in crystals can lead to scattered intensity adjacent to the main
peaks (c.f. Ref. [14]), which can be well compatible with the present experimental results. It is
concluded, that the reflection lines comprised of “main peak” and “intensity tail” represent diffraction
by a single, distorted phase.
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Figure 3-3. Diffractograms (synchrotron diffraction, 2=0.300715 A, c.f. section 3.3.3.3) of Fe-1.8 at.%V powder
specimens before nitriding and after nitriding at 500 °C for 4 h with a nitriding potential of 0.1 atm™. Upon nitriding
a distinct shift of the diffraction-line profiles towards lower diffraction angles and the development of an intensity
tail towards higher diffraction angles occur. The small reflections at approx. 11 and 13.5 © 26 are artifacts due to
irregularities in the instrumental background.

3.5. Discussion

At first sight, the shift of the main, ferrite-matrix reflection to lower diffraction angles upon nitriding
might be ascribed to isotropic expansion of the lattice. Substitutional solute (Cr, V) depletion of the

matrix, by nitride precipitation, leads to a minor lattice-parameter decrease (—0.0005 for Cr in

at.%

ferrite and —0.001 % for V in ferrite in the compositional range for the alloys employed in this

study [44]), as compared to the observed major lattice-parameter increase (e.g. approx. +0.0109 A
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for fully N-saturated Fe-2.0 at.%Cr alloy, cf. Table 3). Interstitial dissolution of nitrogen leads to
A

at.%

lattice-parameter increase (+0.0079 for dissolution of N in pure ferrite [45, 46]).
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Figure 3-4. Evaluation of the synchrotron diffraction data of nitrided Fe-1.8 at.%V powder specimens (cf. Fig. 3).
a) The distance in reciprocal space, Ad*, between positions of the main reflection d; and the intensity tail d;, as a
function of the length of the diffraction vector, d7; b) The relative intensity of the tail, //( /;+ L), as a function of
the length of the diffraction vector, dj.

However, the amount of dissolved nitrogen (N not precipitated in the form of CrN or VN) is much
too small to explain the observed effect (cf. Table 3-3). Moreover, after removing all dissolved N by
a denitriding treatment, the ferrite lattice remains in expanded state (cf. Figure 3-2). It will be argued
below, qualitatively and quantitatively, that the observed lattice-parameter increases, as compared to
the condition before nitriding, can be ascribed to the elastic accommodation of the precipitate/matrix
misfit based on the model described in section 3.2.

Previous TEM, HRTEM and XRD analyses of nitrided Fe-Cr and Fe-V alloys have shown that
the tiny CrN and VN platelets in the nitrided alloys are largely coherent with the surrounding finite
matrix [12, 24-27]: a largely elastic accommodation of the precipitates/matrix misfit is likely. Then,
depending on whether coherent diffraction of the precipitates with the matrix occurs or not, the lattice-
parameter change should be compared with the theoretical prediction according to either Eq. (3-8)
(for coherent diffraction of the precipitates with the matrix) or Eq. (3-3) (for incoherent diffraction of
the precipitates and the matrix); see section 3.2.4.

In order to realize a quantitative comparison of predicted and measured lattice-parameter change,
the amount of precipitate and the amount of dissolved nitrogen should be known for each specimen.
These values were determined by the following procedure utilizing denitriding experiments.
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Table 3-3. N contents, volume fraction of nitride precipitates and strain-free lattice-parameters determined for Fe-
Cr thin foils from nitriding and nitriding plus subsequent denitriding experiments. All thin foils contain 2 at.% Cr
except the data presented in the last row which pertain to a specimen containing 4.5 at.%Cr. The volume fraction
of CrN nitride was calculated using the N content after denitriding (denitriding was performed at 400°C for selected
specimens). Data in the last three rows correspond to the complete precipitation of Cr as CrN. The amount of
dissolved N shown in column 5 is the difference in the nitrogen content of the nitrided and denitrided specimens.

N content N content

teﬁ;t)roelf:tlfre I;::;led(lllll)g nii‘rfitgirng den*;g?;mg tLIS(s;lvo/eOC)l VOl(l;Irn; of ;:r?;t:l; d:l:i::‘gii;g
(°C) @t%)  (at.%) precipitates A) @A)
(vol.%) yern

450 0 0 0 0 2.8664

450 72 0.330" 2.8688

450 144 0.696" 2.8701

450 216 1.092F 0.798" 0.294 2.8724 2.8699
450 288 1.361F 2.8736

450 360 1.6157 2.8752

450 432 1.738" 2.8761

450 504 1.777° 2.8765

450 576 1.844F 2.8767

450 648 1.8997 2.8769

450 720 1.9257 2.8772

450 792 1.949° 1.691F 0.258 2.366 2.8773 2.8752
500 16 2.260° 1.900" 0.360 2.821 2.8818 2.8767
500 2.25 4.620% 4.2% 0.42 6.022 2.8967 2.8891

+ N-content determined by weight uptake of the specimen after treatment, § N-content determined by EPMA

It has been demonstrated by previous nitriding/denitriding experiments on Fe-Cr [47] and Fe-V
[38] alloys that the developing nitrides form with a stoichiometry of N to Me of 1:1, i.e. as CrN and
VN nitrides. The atomic fraction of N in the homogenously nitrided and subsequently denitrided
specimen, as determined by weighting before nitriding and after subsequent denitriding, xy,
corresponds to the fraction of alloying element Me precipitated as nitride MeN, Xy (i-€. Xyen =
xy)- The volume fraction of nitride precipitates, YN, can then be determined from x,;,\ according
to:

XMeNVMeN
XmeNVnmen T (1 — Xyen) vy

YMeN = (3-10)
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where vyN and v, are the molar volumes of MeN and o-Fe (which can be calculated from the
corresponding lattice-parameter data [34, 43]). The thus calculated volume fractions of nitride
precipitates and the deduced amounts of dissolved nitrogen after nitriding for the nitrided Fe-Cr and
Fe-V specimens have been gathered in Table 3-3 and Table 3-4, respectively.

Table 3-4. N contents and lattice parameters determined for Fe-V powders from nitriding and nitriding plus
subsequent denitriding experiments. The volume fraction of VN nitride was calculated using the N-content after
denitriding, which is taken to correspond to the nominal V-content (in at.%) of the unnitrided alloy determined by
chemical analysis. All V (of the respective alloy) is completely precipitated as VN in the specimens.

Nitriding N N content volume of a, after  a, after
alloy  temperature  content after VN nitriding denitriding
(°C) after denitriding  precipitates A) A)
nitriding  (nominal V-  (vol.%) yv~
(at.%) content)
(at.%)
Fe-0.9 500
at.%Vv 1.196 0.9 1.349 2.8744 2.8699
Fe-1.8 500
at.%V 2.539 1.8 2.686 2.8830 2.8736
Fe-3.4 500
at.%V 4.864 34 5.178 2.9004 2.8816

The amounts of dissolved nitrogen in both alloys for the fully nitrided (saturated) specimens are
much larger than the equilibrium amount of nitrogen dissolved in pure unstrained ferrite (compare
values indicated in Table 3-3 for Fe-Cr thin-foils and in Table 4 for Fe-V specimens with N contents
obtained from the N-absorption function for pure ferrite (o-Fe) given in [49]: 0.033 at.%N at 450 °C
with m=0.1 atm™2 and 0.075 at.%N at 500°C with /»=0.1 atm?). This occurrence of “excess
nitrogen” is well known and can be ascribed to the (additional) uptake of nitrogen by adsorption of
nitrogen at the precipitate-platelet faces and increased ferrite-lattice dilatation due to the hydrostatic
stress component of the stress-field induced by the precipitate/matrix misfit [37, 38, 47, 48].

Now, for the denitrided specimens (systems of MeN precipitates in a pure ferrite matrix) the
difference of their lattice parameter and that of a single-phase pure ferrite specimen (2.8664 A [43])
has been plotted in Figure 3-5(a), (b) as function of the amount of MeN precipitates for both alloys.
In the same figures the predictions for this lattice-parameter difference according to Eq. (3-3)
(precipitates diffract separately) and Eq. (3-8) (precipitates diffract coherently with the matrix) have
been indicated as well (values for materials constants used in Egs. (3-3) and (3-8) have been gathered
in Table 3-5). Evidently, the predicted lines for expansion of the whole assembly, precipitate plus
matrix (i.e. Eq. (3-8)) agree very well with the experimental data for both alloy systems in the
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denitrided state. The lattice-parameter shifts predicted for separate diffraction by precipitates and
matrix are distinctly smaller than the experimental data for the denitrided state.

Table 3-5. Values of constants used in the model calculations of lattice dilatation

Fe CrN VN
ao [A] 2.8664 [42] 4.1400 [42] 4.1392 [42]
K [GPa] 166 [52] 360 [53] 300 [54]
u [GPa] 82 [52] (unnecessary) (unnecessary)

Considering the simplicity of the applied model (section 3.2) and because of the uncertainty about
the values of the elastic constants used in the model (the elastic constants for nitrides of nanoscopic
size need not be equal to those of bulk material), the good agreement between the experimental lattice
dilatation for the denitrided specimens and the model prediction according to Eq. (3-8) is remarkable:
the model not only well accounts for the difference in alloy systems (different extent of
precipitate/matrix misfit and different elastic properties of the precipitates (cf. Table 3-5) but also well
describes the dependency on the amount (volume fraction) of precipitates.

The minor discrepancy between measured and model-predicted lattice parameters for the Fe-V
powders can be attributed to (i) the small amount of V being oxidized owing to the large surface-area
per unit volume of the Fe-V powders as compared to the Fe-Cr foils (see also Ref. [38]) and/or (ii) a
possible relaxation of part of the elastically accommodated misfit during coarsening of VN particles
upon denitriding; the chemical driving force available for the precipitation of VN is larger than for
CrN [50], which results in a relatively much smaller size of the VN particles, which consequently
implies a larger driving force for the coarsening of the VN particles as compared to the CrN particles.

This result is the first time demonstrating that coherent diffraction of the precipitates with the
matrix is associated with a distinct lattice-parameter shift of the assembly compatible with elasticity
theory. The only case known to us of observed lattice-parameter shift in agreement with prediction
on the basis of elastic accommodation of precipitates/matrix misfit pertains to precipitates and matrix
diffracting independently (i.e. Eq. (3-3) instead of Eq. (3-8) holds): a system of Si precipitates in an
Al matrix [21].

In the investigation of Ref. [21] the volume misfit of Si precipitates and Al matrix, with &, as
linear misfit parameter, was completely relaxed after the completion of precipitation at elevated
temperature (in flagrant contrast with the present system). Then cooling of the specimens from
annealing temperature T4 to room temperature Tpy resulted in a thermal misfit with linear misfit
parameter e = Aax(T, — Tgrr) due to the difference in thermal expansion coefficients of matrix and
second-phase particles, Aa. This thermal-misfit effect gave rise to the change of lattice parameter of
the Al matrix, measured and predicted (according to Eq. (3)) in Ref. [21]. Such thermal misfit is in
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principle also present in the current system of second-phase nitride particles in the ferrite matrix (for
which Eq. (3-8) applies), but the magnitude of thermal misfit e is negligible as compared to the
volume misfit &, due to the precipitate formation: for nitrided Fe-Cr alloys, &, = 0.1464 and e =
0.0044 for cooling from 400 °C to 25 °C, for nitrided Fe-V alloys, €, = 0.1461 and e = 0.0022
for cooling from 400 °C to 25 °C, (employing thermal expansion coefficients from [51, 527)).

As a last note, it is remarked that for both cases (i.e. applicability of either Eq. (3-3) or Eq. (3-8))
it is essential to apply elasticity theory for a finite matrix; predictions for an infinitely large matrix do
not apply at all.

Cr precipitated as CrN (at.%) V precipitated as VN (at.%)
0 1 2 3 4 0 1 2 3 4
0.035 —-— 0.035 e .
= denitrided 1 = denitrided
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Figure 3-5. Comparison of model predicted and experimental data for the difference of the lattice parameter of
denitrided a) Fe-Cr and b) Fe-V specimens and the lattice parameter of pure, single-phase ferrite as function of the
amount of precipitated nitride phase. Model predictions for the lattice expansion corresponding to coherent
diffraction of the whole assembly (nitride precipitates and ferrite matrix), i.e. Eq. (3-8), and corresponding to
separate (incoherent) diffraction (of nitride precipitates and ferrite matrix), i.e. Eq. (3-3), have been indicated by
the dashed lines.

3.6. Conclusions

Coherent diffraction by an assembly composed of precipitates and matrix leads, for the case of
elastic accommodation of the precipitate-matrix misfit, to lattice-parameter changes, which can be
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well predicted adopting a theory originally developed by Eshelby for point imperfections for the case
of finite size of the assembly.

The, according to the above, theoretically predicted dependences of lattice-parameter change on
both degree of misfit and amount of precipitates, well agree with the experimental observations for
nitrided Fe-Cr and Fe-V alloys, which exhibit a microstructure consisting of tiny, coherent nitride
platelets in a severely distorted ferritic matrix.

The reflections recorded from the nitrided Fe-Cr and Fe-V alloys exhibit intensity tails at the high
diffraction-angle side, which represent the highly tetragonally distorted regions surrounding the
precipitates; the specimens diffract as a single phase.
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Chapter 4

Diffraction-line shifts and broadenings in continuously and
discontinuously coarsening precipitate-matrix systems;
coarsening of initially coherent nitride precipitates in a ferrite
matrix

T. Steiner, M. Akhlaghi, S.R. Meka, and E.J. Mittemeijer

Abstract

The initial precipitation of misfitting particles can be accompanied by elastic accommodation of the
precipitate/matrix misfit leading to considerable matrix lattice dilatation/contraction and variable
lattice microstrain. In this stage, the entire assembly of matrix and precipitate particles, as a whole,
can diffract coherently. Upon aging of the system, relaxation of the accommodated misfit can occur
by continuous and/or discontinuous coarsening of the precipitates. These processes are associated
with distinctly different, characteristic diffraction phenomena, also involving a transition from
coherent to incoherent diffraction of precipitates and matrix. For the case of, initially fully coherent,
alloying element nitrides in a homogeneously nitrided ferrite matrix, these effects have been identified
and analyzed, thus allowing tracing of misfit-relaxation processes.
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4.1. Introduction

Diffraction processes are sensitive to the imperfections of the crystalline solid state and thus
diffraction methods are applied extensively for the study of the microstructure of materials [1-5]. In
particular, X-ray diffraction (XRD) has been employed to characterize the (micro-) structural changes
in a material upon precipitation of second phases, e.g. Refs. [6-10].

The precipitation of finely distributed misfitting nitride platelets in a ferrite matrix leads to
hydrostatic expansion of the ferrite-matrix lattice [11, 12]. This lattice expansion was quantified with
a model based on elastic accommodation of the misfit. The model was validated recently by
comparison of its predictions for the lattice-parameter changes with the lattice-parameter changes as
measured by XRD performed on homogeneously nitrided Fe-Cr and Fe-V alloys [12].

The lattice-parameter change discussed in the above paragraph pertains to the mean, long-range
strain in the precipitate-matrix system. In the vicinity of the precipitate/matrix interfaces pronounced,
local misfit-strain variations can occur [13]: microstrains giving rise to specific diffraction-line-
broadening effects [1].

It is important to distinguish the case 1) of precipitate particles coherent with the matrix and the
case ii) of precipitate particles incoherent with the matrix. In both cases, elastic misfit accommodation
of the precipitate-matrix misfit is possible depending on the origin and magnitude of the misfit (e.g.
intrinsic lattice misfit vs. extrinsic thermal misfit). This leads to the following consequences for the
(X-ray) diffraction experiment: in the first case i), particles and matrix can diffract coherently, and in
the second case ii) particles and matrix likely diffract incoherently (c.f. discussion in Ref. [14]).

The first described situation (case 1)) pertains to the particle-matrix systems considered here: the
tiny nitride particles developing in iron-based alloys upon nitriding are coherent with the matrix and
can diffract coherently with the matrix. Therefore, the dilatations of matrix and precipitates contribute
to the diffraction-line shifts [12, 14]. The microstructure of tiny, coherent precipitates in a matrix is
usually referred to as continuously precipitated (CP) (see, e.g., Ref. [15, 16]), and the same term is
used in the following to refer to the corresponding diffraction patterns.

The elastic expansion of the assembly as well as the large precipitate/matrix interfacial area
associated with the nanosized platelets represent a state of elevated energy [17]. As is well known,
coarsening of the microstructure, involving reduction of the interface area and loss of coherency, is a
means of nature to reduce the energy of the system [ 18]. The enhancement of strain energy by growth
of the precipitates is (partly) relaxed by the introduction of misfit dislocations, i.e. plastic misfit
accommodation occurs [19, 20] (see also HR-TEM micrographs of the interfaces of aged nitrides in
the Fe-V system in [21] and the formation of dislocation loops encircling the growing precipitate
particles [22, 23]). As a result, remaining lattice strain is significant only in the immediate vicinity of
the precipitate/matrix interface, i.e. the long-range strain has vanished. The above process of
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coarsening will be referred to as continuous coarsening (CC) as it occurs gradually throughout the
entire microstructure.

Coarsening of the initial tiny, coherent precipitates in a matrix can also be realized by
discontinuous coarsening (DC), i.e. a cellular transformation starting at a mobile interface/grain
boundary, also involving relaxation of the precipitation-induced misfit strains [18, 24-26]. As a result,
a lamellar microstructure develops composed of alternate lamellae of precipitate and matrix with an
incoherent interface [16, 21, 27]. Next to (ongoing) continuous coarsening, such discontinuous
coarsening has been observed in a number of nitrided iron-based alloys: Fe-Cr [27-30], Fe-V [31],
Fe-Mo [32] and Fe-Cr-Mo? [33].

For the study of diffraction effects corresponding with CC and DC, in this work nitrided Fe-Cr
alloys were chosen as a model system for two reasons. Firstly, the finely distributed nitride precipitates
present in the initial CP microstructure diffract coherently with the ferrite matrix, which leads to large
peak shifts in XRD patterns. Secondly, upon aging (i.e. continued annealing at the nitriding
temperature) Fe-Cr alloys with a Cr content below 2 at.% show only minimal DC, whereas alloys
with higher Cr content fully transform according to DC [27-30]. Thus, by varying the Cr-content, the
diffraction consequences of CC and DC can be revealed and analyzed.

Nitriding processes usually result in a heterogeneous microstructure: a nitrided surface adjacent
region (case) with the unnitrided matrix (core) underneath [ 15]. Consequently a state of residual stress,
exhibiting strong and varying stress-depth gradients [34], prevails in the nitrided specimen. Residual
stresses contribute to diffraction-line shift and broadening. This explains why diffraction-line shifts
and broadenings due to CC and DC in the nitrided, surface-adjacent part of such specimens cannot be
identified from XRD measurements performed on such specimens.

To remedy this problem, in the present study, homogeneously nitrided thin foils have been employed:
no stress-depth and no composition-depth profiles occur in these specimens, so that diffraction-line
shifts and broadenings due to CC and DC can be exposed separately for the first time.

4.2. Experimental Procedures
4.2.1. Specimen preparation

Fe-2.0 at.%Cr and Fe-4.5 at.%Cr alloys were prepared by melting, in an AL2Os crucible, pure Fe
(99.98 wt.%) and pure Cr (99.999 wt.%) in an inductive furnace under a protective argon atmosphere
(99.999 vol.%). The casts have a cylindrical shape with a diameter of 10 mm and a length of 100 mm.

2 Note that in both Fe-Mo and Fe-Cr-Mo alloys actually a discontinuous precipitation (DP) reaction,
from the cubic CP-nitride to the hexagonal DP-nitride, occurs. Still, as in the case of a DC reaction,
the DP reaction is associated with (full) misfit-strain relaxation in the DP regions, leading to the same
effects in the XRD patterns as for a DC reaction.
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The composition of the cast Fe-Cr alloys was determined by chemical analysis; the results have been
gathered in Table 1 in [12].

The cast Fe-Cr alloys were cold-rolled to sheets with a thickness of 1 mm. The obtained sheets
were annealed for 2 h at 700 °C in flowing H2 atmosphere to get a recrystallized grain structure and
further cold-rolled to foils with a thickness of 0.2 mm. Rectangular pieces of lateral dimensions of
approx. 10 mm x 10 mm were cut from the foil and were ground to a thickness of less than 100 pm.
Subsequently, the specimens were annealed at 700 °C for 2 h under Ha atmosphere to obtain a
recrystallized grain structure. Before nitriding, the thin foils were polished (last step: 1 pm diamond
suspension) and cleaned with ethanol.

4.2.2.  Nitriding experiments

For nitriding, the Fe-Cr thin foils were suspended with a quartz fiber in a vertical quartz tube
furnace. The furnace has a temperature accuracy of +1 K. Nitriding was performed in an
ammonia/hydrogen gas flux (purity: Hz: 99.999 vol. %, NHa: >99.998 vol. %), with the flow rates
adjusted to obtain a nitriding potential of 0.1 atm™ [15]. Fe- 2.0 at.% Cr thin foils were saturated with
nitrogen by nitriding for 1 h at 580°C and further nitrided at this temperature, which in this saturated
stage implies aging of the nitrided microstructure’, for increasing time steps up to a total of 385 h.
Similarly, the Fe- 4.5 at.% Cr thin foils were saturated with nitrogen by nitriding for 135 min at 500
°C and further nitrided/aged at this temperature for different times up to a total of 300 min. After this
treatment, the alloy was further aged under the same conditions for another 72 h (78 h total). The
nitriding conditions had been chosen such that only a diffusion zone (ferrite with dissolved N and
alloying element nitride particles) develops, i.e. other Fe-N phases such as iron-nitrides and Fe-N
austenite do not develop [35]. After the nitriding and aging treatment, the specimens were lifted into
the cold zone of the furnace to allow slow cooling of the specimens to room temperature.

4.2.3. Specimen characterization
4.23.1. Weight measurement

In order to determine the amount of N lost or taken up by the specimens, thin foils were weighed
before nitriding and after each nitriding/aging step using a Mettler Toledo UMX2 microbalance with
an accuracy of £1 pg.

3 During this effective aging treatment, the nitriding conditions were maintained in order to avoid the
possible dissolution of nitrides and the escape of nitrogen from the specimens.
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4.2.3.2. Light microscopy (LM)

For metallographic investigations, cross-sections of nitrided specimens were prepared by cutting
pieces from the specimen with a diamond wire saw. Each cross-section was ground and polished
(final polishing step: 1 pm diamond suspension) and etched with 1 % Nital
(1 vol.% HNO; in ethanol) at room temperature for about 10 s for Fe-2.0 at.%Cr thin foils and 30 s
for Fe-4.5 at.%Cr thin foils. LM micrographs were taken using a Zeiss Axiophot microscope equipped
with a digital camera (Olympus ColorView IIlu).

4.2.3.3. X-ray diffraction (XRD) analysis

XRD patterns were recorded from the surface of unnitrided, and nitrided/aged Fe-Cr thin foils
using a PANalytical X Pert diffractometer in Bragg-Brentano configuration equipped with a Co tube
and a graphite monochromator in the diffracted beam to select Co-Ka radiation. The diffraction-angle
range of 30°-110° 26 was scanned with a step size of 0.009° 26. The XRD patterns thus recorded
were evaluated using the TOPAS software (Version 4.2, Bruker AXS). Each diffractogram recorded
with Co-Ka radiation is composed of both Co-Kou and Co-Koz components [36]. In the case of the
Fe-2.0 at.% Cr specimen, the structural broadening of each of the components was fitted by three
pseudo-Voigt (pV) functions (for details see section 4.3.1). For the Fe-4.5 at.%Cr alloy for
nitriding/aging times up to 150 min, the structural broadening of each component was also fitted by
three pV-functions. For longer nitriding/aging times of this alloy, fitting was performed with only two
pV-functions for each component (for details see section 4.3.2). The instrumental profile was obtained
from a measured standard LaBe powder diffraction pattern. This instrumental broadening was
incorporated into the fitting of the measured diffraction profiles by convolution with the pV-functions
describing the specimen (structural) broadening. The lattice-spacing/lattice-parameter data given in
this paper pertain to the diffraction profiles without instrumental broadening.

4.2.34. Transmission electron microscopy (TEM) analysis

Electron transparent foils for TEM investigations were prepared by cutting a small piece from the
nitrided Fe-2.0 at.%Cr foils with a diamond wire saw followed by fixing it onto a copper ring and
final thinning of the fixed thin foil by Ar-ion milling (3 kV, 8° ion angle of incidence, approx. 2 h,
lig.-N2 cooling). A Philips CM 200 TEM operating at an acceleration voltage of 200 kV was used.

4.3. Results

43.1. Fe-2.0 at.%Cr alloy
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A comparison of the fitted and measured 211 diffraction profile of nitrided and aged
Fe-2.0 at.%Cr alloy (36 h at 580 °C) is provided by Figure 4-1 The specimen is in an intermediate
stage of aging, such that contributions of CP-ferrite (at lower diffraction angles) and of the emerging
CC-ferrite (at higher diffraction angles) are clearly present in the profile (for a detailed discussion see
section 4.4.2). The results obtained by evaluation of other ferrite reflections of the Fe-2.0 at.%Cr
specimen are in agreement with those obtained by evaluation of the 211 reflection. Due to the larger
peak separation at higher diffraction angles, only the results of the 211 reflection are presented. Fitting
of the structural broadening in the diffraction patterns with a single (symmetric or asymmetric) pV-
function is not possible; three (symmetric) pV-functions are required for each Coke-component of the
radiation. For the aged specimens these functions can be assigned to the main peak of CP ferrite, its
tail towards higher diffraction angles (cf. Ref. [12]), and the peak of CC ferrite. The contribution of
the first two functions decreases and the contribution of the third function increases with increasing
aging time. Up to an aging time of 247 h, the position of the main, CP peak can be reliably determined
with the described fitting procedure as it is manifested as either a separate peak or a clear shoulder
(see error bars in Figure 4-3).

full fit
— fitted K , component

O measured data

CP peak

intensity (a.u.)

96 98 100 102
diffraction angle 26 (°)

Figure 4-1. Comparison of the measured 211 diffraction profile (Co-Ka radiation) of an
Fe-2.0 at.%Cr specimen, nitrided at 580°C for 36 h with a nitriding potential of 0.1 atm™, with the corresponding
KaitKe fit, and the fitted K, -component (see section 4.2.3.3). The K,;-peak position for pure, unstrained ferrite
(0-Fe) has been indicated by a vertical line. The specimen is in an intermediate state of aging; both a CP and a CC
peak are present in the diffractogram, as indicated by arrows (cf. evolution of ferrite peaks in Figure 4-2).

The evolution of the ferrite reflections, exemplarily presented for the 211 reflection, upon further
nitriding (i.e. aging, cf. above discussion and section 4.2.2) at 580 °C reveals two processes (see
Figure 4-2): i) the main CP peak shifts (back) towards higher diffraction angles (see also Figure 4-3)
and its integrated intensity decreases with increasing treatment time until it has fully vanished at the
finally observed stage after 385 h, and ii) a separate peak showing considerable broadening (as
compared to the main CP peak) develops centered at approximately the position of pure, unstrained
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a-Fe (Figure 4-2). This second peak subsequently increases in integrated intensity and begins to
sharpen upon continued nitriding (=aging).

The maximum initial shift of the ferrite (XRD) reflections towards lower diffraction angles
(Figure 4-2), and correspondingly the largest ferrite-matrix lattice expansion (Figure 4-3), i.e. just
after full saturation of the Fe-2.0 at.%Cr specimen with N (i.e. precipitation of all Cr as CrN, c.f.
Figure 4-5 in [12]) was observed after 1 h of nitriding at 580 °C with a nitriding potential of 0.1 atm"
” (see also discussion in section 4.4.1). This implies that nitriding times longer than 1 h can be
considered as aging times.

——385h
[——247h
——103h
36h

intensity

98 99 100 101 102
diffraction angle 26 (°)

Figure 4-2. Evolution of the CoK,;-211 ferrite—matrix reflection, recorded from the surfaces of Fe-2.0 at.%Cr
thin foils homogeneously nitrided at 580 °C with a nitriding potential of 0.1 atm™ for the nitriding/aging
times indicated in the figure. The Ka,-peak position for pure, unstrained ferrite (a-Fe) has been indicated by
a vertical line. The profiles were normalized with respect to their integrated intensity.

The light optical micrograph taken from the cross section of the specimen after the final stage of
nitriding/aging is shown in Figure 4-4. No indication of an extended DC reaction (which would lead
to more pronounced etching contrast) is observed; only very few regions close to a grain boundary
may have transformed according to DC. It is concluded that the above described changes in the XRD
pattern pertain to the CC process.

TEM analysis was performed on the specimen after 1 h of nitriding at 580 °C, i.e shortly after all
Cr has precipitated as CrN, as validated by no further weight gain of the specimen. At this stage, the
maximum peak shift of the ferrite reflection towards lower diffraction angles has occurred (see Figure
4-3). In this initial state, i.e. before distinct coarsening, extremely fine, coherent precipitates (platelets
of approx. 5 nm diameter and less than 1 nm thickness) are present (see bright- and dark-field
micrographs in Figure 4-5(a)). After pronounced aging, i.e. after 385 h of nitriding/aging at 580 °C,
when only a relatively broad peak remains in the XRD pattern at the position of pure, unstrained o-
Fe, the precipitates have grown considerably in diameter (to approx. 50 nm, see Figure 4-5(b)) and
have lost their coherency with the matrix (note the disappearance of the intensity streak through the
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200-type reflections (as observed for the nitrided state; Figure 4-5(a)) and the appearance of distinct

CrN spots in the selected area diffraction pattern (SADP) (Figure 4-5(b)).

0.012 +

0.009 - %

0.006 =

lattice parameter change (A)

0.000 _—
0 96 192 288
nitriding time (h)
Figure 4-3. Evolution of the lattice-parameter change, as compared to the lattice-parameter of pure,
unstrained a-Fe, determined from the 211 ferrite, CP main peak position (after 103 h the peak is present as a
shoulder, cf. Fig. 2) of Fe-2.0 at.%Cr alloy, nitrided/aged at 580 °C with a nitriding potential of 0.1 atm™ as

function of nitriding/aging time. After a total of 247 h of aging, the shoulder due to the main, CP peak becomes
indistinguishable/vanishes in the measured diffraction profiles (see text in section 4.3.1).

protective Ni plating

i &BC region

T

Figure 4-4. Light optical micrograph taken from the cross-section of a Fe-2.0 at.%Cr thin foil after nitriding for
385 h at 580 °C with a nitriding potential of 0.1 atm™. Only minor DC regions occur along the grain boundaries.

43.2. Fe-4.5 at.%Cr alloy

A comparison of the fitted and measured diffraction patterns of nitrided and aged Fe-4.5 at.% Cr
alloy is provided by Figure 4-6. The specimen is in an initial stage of aging, such that contributions
of CP ferrite (at lower diffraction angles) and DC ferrite (at higher diffraction angles) are clearly
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present in the profile (for a detailed discussion see section 4.4.3). The results obtained by evaluation
of other ferrite reflections of the Fe-4.5 at.%Cr specimen are in agreement with those obtained by
evaluation of the 211 reflection. Due to the larger peak separation at higher diffraction angles (and to
allow for direct comparison with results shown for the Fe-2.0 at.%Cr alloy in Figure 4-2), only the
results of the 211 reflection are presented. Up to an aging time of 150 min., the structural broadening
of each Coke-component was fitted with three pV-functions, as for the Fe-2.0 at.%Cr alloy: for the
aged specimens these functions can be assigned to the main peak of CP ferrite, its tail towards higher
diffraction angles (cf. Ref. [12]), and the peak of DC ferrite. For longer aging times, two pV-functions
for the structural broadening of each component sufficed for a successful fitting: the influence of the
tail of the CP microstructure had vanished. The occurrence of a distinct diffraction peak of the DC
ferrite, more outspoken than the CC ferrite peak in case of the Fe-2.0 at.%Cr alloy (compare Figure
4-2 and Figure 4-7), allows for (much) better determination of all peak parameters and thus
quantitative peak data are presented for both the CP main peak and the DC peak in the following.

Figure 4-5. a) TEM bright field micrograph (left) with [001].r. zone axis, SADP (inset), and dark field micrograph
(right) of a Fe-2.0 at.%Cr specimen homogeneously nitrided at 580 °C for 1 h with a nitriding potential of 0.1 atm
%, The bright and dark field micrographs show the formation of platelets along <100> o, directions. The SADP
(inset) is compatible with nitride platelets of NaCl-type crystal structure exhibiting a Baker-Nutting orientation-
relationship with the ferrite matrix [48]. The aperture for the DF image shown at the right-hand side of a) has been
indicated by a white circle in the SADP and was positioned on the streak through the 200, spot originating from
one variant of the CrN precipitate platelets. b) TEM bright field micrograph (left) with [001],.re zone axis, SADP
(inset), and dark field micrograph (right) of Fe-2.0 at.%Cr specimen nitrided at 580 °C for 385 h (i.e. aged) with
a nitriding potential of 0.1 atm™. The aperture for the DF image has been indicated by a white circle in the SADP
and was positioned on the intersection of the streaks originating from two variants of the CrN precipitates. The
white arrows in the SADP indicate the position of intensity maxima along the streak which correspond to the
200c~-type spots.

The maximum initial shift of the ferrite main-peak (Figure 4-7), and correspondingly the largest
ferrite matrix-lattice expansion (Figure 4-8), occurs (just) after full saturation of the Fe-4.5 at.%Cr
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specimen with N, i.e. after nitriding for 135 min at 500°C with a nitriding potential of 0.1 atm™ (see
also discussion in section 4.4.1).

full fit
fitted KOL1

component
O measured

intensity (a.u.)

96 98 100 102
diffraction angle 26 (°)

Figure 4-6. Comparison of the measured 211 diffraction profile (Co-Koa radiation) of an
Fe-4.5 at.%Cr specimen, nitrided at 500°C for 135 min with a nitriding potential of 0.1 atm™, with the
corresponding K, +K, fit, and the fitted K, -component (see section 4.2.3.3). The Ka,-peak position for pure,
unstrained ferrite (0-Fe) has been indicated by a vertical line. The specimen is in an initial state of aging; both
a CP and a DC peak are present in the diffractogram, as indicated by arrows (cf. evolution of ferrite peaks in
Fig. 7). The larger noise in the measured data points as compared to the Fe-2.0 at.% Cr specimen (Fig. 1) is
aresult of the more textured nature of the Fe-4.5 at.%Cr specimen implying a lower intensity of the 211 ferrite
reflection.

The evolution of the 211 ferrite reflection upon further nitriding (i.e. aging) is shown as a function
of nitriding time (i.e. aging) in Figure 4-7. Two processes are discerned: i) the CP-main peak shifts
(back) towards higher diffraction angles (see also Figure 4-8) and its integrated intensity decreases
with increasing treatment time until it has vanished at the finally observed stage after 300 min (see
Figure 4-9), and ii) the second peak at higher diffraction angle, centered at approximately the position
of pure, unstrained a-Fe, increases in integrated intensity with increasing treatment time. Unlike the
second peak present in the diffraction patterns of the nitrided and aged Fe-2.0 at.%Cr thin foils (Figure
4-2) that is considerably broadened as compared to the main CP-peak, the second peak developing in
the diffraction patterns of nitrided Fe-4.5 at.%Cr thin foils is relatively sharp (similar to the main CP-
peak), from its initial appearance in the early stages of nitriding/coarsening, and shows only little
change in broadening upon continued treatment.
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Figure 4-7. Evolution of the CoK,-211 ferrite-matrix reflection, recorded from the surfaces of
Fe-4.5 at.%Cr thin foils homogeneously nitrided at 500 °C with a nitriding potential of 0.1 atm™ for the nitriding
times indicated in the figure. The Ko,-peak position for pure, unstrained ferrite (a-Fe) has been indicated by a
vertical line. The profiles were normalized with respect to their integrated intensity.
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Figure 4-8. Evolution of the lattice-parameter change as compared to the lattice-parameter of pure, unstrained o-
Fe, determined from the 211 ferrite peak position of the CP main peak (later times present as a shoulder, cf. Fig.
7) of Fe-4.5 at%Cr alloy, nitrided/aged at 500 °C with a nitriding potential of 0.1 atm™ as function of
nitriding/aging time.



60 Chapter 4

109 , CP (main) peak e
©o DC peak -
0.8
2 25
2061
2 | 8
= s
0 04] Fo
= AR
© .,
o 0.24/ =
0.0 e it
120 180 240 300

nitriding time (min)

Figure 4-9. Evolution of the relative intensities of the CP main peak and the DC peak determined from the 211
ferrite reflections of Fe-4.5 at.%Cr alloy, nitrided/aged at 500 °C with a nitriding potential of 0.1 atm™, as function
of nitriding/aging time. Lines are drawn to guide the eye.

Corresponding light optical micrographs taken from cross sections prepared from the
Fe-4.5 at.%Cr specimen after each nitriding step (Figure 4-10) demonstrate the development of DC
regions throughout the microstructure (note that already after 135 min., due to the large driving force
for DC in this alloy, already a partial DC has occurred); the DC continues until the whole specimen
has transformed to DC (see the microstructure as observed after 225 min in Figure 4-10). It is
concluded that the above described changes in the XRD patters pertain to the DC process. After
prolonged aging for another 72 h at 500°C with a nitriding potential of 0.1 atm™ to a total
nitriding/aging time of 78 h, separate CrN reflections could be identified in the XRD pattern (see
Figure 4-11).

a) 135 min b) 150 min

Figure 4-10. Light optical micrographs taken from the cross-sections of a Fe-4.5 at.%Cr thin foil specimens after
nitriding at 580 °C with a nitriding potential of 0.1 atm™ for the indicated nitriding (aging) times. The coarse
lamellar DC microstructure is more prone to etchant attack, due to a large amount of incoherent interfaces, and
thus shows a more pronounced etching contrast as compared to CP regions. Development of the DC regions within
the diffracting volume of the specimen after nitriding for longer times is compatible with the gradual rise of a new
ferrite reflection from the DC region and gradual disappearance of the ferrite reflection from the CP region (see
Figure 4-7).
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Figure 4-11. Diffractogram (CoK, radiation) recorded from the surface of an Fe-4.5 at.%Cr thin foil
homogeneously nitrided at 500 °C with a nitriding potential of 0.1 atm™ for 78 h. The separate (see

text in section 4.4.3) reflections of the ferrite matrix and the CrN precipitates have been indicated.
4.4. Discussion

4.4.1. Initial state

Before nitriding, the Fe-2.0 at.%Cr and Fe-4.5 at.%Cr alloys are single phase solid solutions of
Cr in o-Fe. The substitutionally dissolved Cr atoms, that are slightly larger than the Fe atoms, induce
an expansion of the ferrite lattice and thus a larger lattice parameter as compared to pure, unstrained
a-Fe [37]; cf. the diffraction-peak positions of the Fe-Cr solid solution specimens (indicated as recr.)
and of the pure a-Fe specimens (vertical line) (Figure 4-2 and Figure 4-7).

Upon nitriding of the Fe-2.0 at.%Cr and Fe-4.5 at.%Cr specimens the volume misfit between the
ferrite matrix and the initially developing finely distributed, coherent nitride precipitates is
accommodated fully elastically. In this condition, the ferrite matrix and the coherent nitride
precipitates diffract coherently [12, 14, 18]; i.e. the observed ferrite reflections represent coherent
diffraction by the whole assembly. The magnitude of the misfit-induced expansion of the assembly,
and thus of the corresponding peak shift of the ferrite reflections towards lower diffraction angles, as
compared to the unnitrided condition, depends on the volume fraction of precipitates, the
precipitate/matrix (volume) misfit and the elastic properties of matrix and precipitates. Adopting the
procedure given in Ref. [12], the thus predicted 211 lattice-plane spacing changes, Ad,y, for the
specimens of the current study in this initial state (i.e. directly after homogeneous nitrogen saturation
of the specimens; this is the state of the Fe-2.0 at.%Cr thin foil after 60 min of nitriding at 580 °C
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(Figure 4-2) and of the CP microstructure in the Fe-4.5 at.%Cr thin foil after 135 min of nitriding at
500 °C (Figure 4-7) can be compared with the 211 lattice-plane spacing changes determined from the
measured peak positions in Table 4-1.

Table 4-1. Measured and predicted change of the lattice spacing of the {211} lattice planes of the ferrite matrix in
fully nitrided Fe-2.0 at.%Cr (580 °C, 1 h, 0.1 atm™) and fully nitrided Fe-4.5 at.%Cr (500 °C, 135 min, 0.1 atm™)
alloys: Adc is the calculated {211} lattice-plane spacing change of the ferrite matrix due to CrN precipitation [12],
Adlissoived N corresponds to the calculated {211} lattice-plane spacing change of the ferrite matrix due to an
equilibrium amount of dissolved N in ferrite under the present nitriding conditions [46, 47] and Admeasured
corresponds to the measured lattice-plane spacing change of the {211} lattice planes of the ferrite matrix.

. Ad totai= Adcrn+ Ad Admeasured
AllOy AdcnN [A] Ad dissolved N [A] dissolved N [A] [A]
Fe-2.0 at.%Cr 0.0047 0.0009 0.0056 0.0053
Fe-4.5 at.%Cr 0.0105 0.0003 0.0108 0.0120

A full comparison of measured and predicted lattice-parameter changes (diffraction-peak shifts)
requires recognizing the following contributions to the lattice-parameter change:

i): The ferrite lattice contracts by the depletion of Cr from the solid solution during CrN
precipitation: the {211} lattice-plane spacing changes Ad,y in Table 4-1 (due to elastic misfit
accommodation; see above) have been given relative to pure a-Fe.

The following (minor) contributions occur, but have not been quantified:

ii): As the current specimens were not denitrided, an additional dilatation due to (equilibrium and
excess) N dissolved in the ferrite matrix (for details about excess N see e.g. Ref. [11]) can occur for
the specimens (as observed after cooling to room temperature). In Table 4-1, the effect on the {211}
lattice-plane spacing by dissolution of the equilibrium amount of N in ferrite (Ad dissolved N) has been
given. For the Fe-2.0 at.%Cr specimen, the measured peak shift (Admeasured) is a little smaller than
would be expected taking into account the dilatation both by CrN precipitation and by dissolution of
the equilibrium amount of N in ferrite (Ad wta1). This suggests that due to the relatively high nitriding
temperature of 580 °C, already after 1 h of nitriding some relaxation has occurred (i.e. the
precipitation-induced misfit is only partially elastically accommodated). On the other hand, the Fe-
4.5 at.%Cr specimen was nitrided at the relatively low temperature of 500 °C, and thus, less relaxation
is expected. Indeed, the measured peak shift (Admeasured) for this specimen is (even) larger than would
be expected taking into account the dilatation both by CrN precipitation and by dissolution of the
equilibrium amount of N in ferrite (Ad 1otar). This additional peak shift is likely due to the presence of
excess N as indicated in [11].

ii1): Precipitation of a”-Fe16N2 from dissolved N will occur from N-supersaturated ferrite at room
temperature (see e.g. Ref. [38-40]). This additional precipitation process at room temperature will also
lead to additional line shifts and broadening changes [41-43]. However, the misfit between ferrite and
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a”-Fei6N2 is considerably smaller (&, = 0.0300 (lattice parameters of o”’-FeisN2 from Ref. [39]))
than the misfit between ferrite and CrN (&, = 0.1464 [12]) and thus its influence on the measured
lattice-parameter change is minimal.

iv): An additional misfit between CrN and ferrite results from the differences in thermal expansion
coefficient of CrN precipitates and ferrite matrix (e = 0.0065 for cooling from 580 °C to 25 °C).
Also this contribution to the lattice-parameter change can be neglected compared to the magnitude of
the elastically accommodated volume misfit present after full initial precipitation of CrN in the alloys
(see above).

In addition to the observed peak shifts due to elastic precipitate/matrix misfit accommodation, the
asymmetric tail of the main reflection (towards higher diffraction angles) represents the severely
distorted nature of the regions in the vicinity of the precipitates [12, 44, 45].

44.2. Continuous Coarsening

The nitride precipitates in the Fe-2.0 at.%Cr alloy upon annealing show considerable growth in
length from the initially, fully coherent state to the incoherent state, as evidenced by TEM (cf. Figure
4-5(a) and (b)). The coarsening process is accompanied by a loss of elastic accommodation of the
precipitate/matrix (volume) misfit and thereby the overall, long-range, elastic lattice expansion
decreases (Figure 4-3). This is accompanied by a “back”-shifting of the CP ferrite main peak towards
the unstrained position as revealed in Figure 4-2. Cr stays depleted from the ferrite matrix and thus
does not contribute further to the peak shift as a function of aging time. Other (subordinate) causes of
peak shift as a function of aging time are the following (cf. discussion in section 4.4.1):

i): During relaxation of the precipitate/matrix volume misfit and the coarsening of the nitride
platelets (reduction in interfacial area) the amount of excess N in the alloy decreases (desorption) and
thus its (already minor) contribution to the peak shift decreases with increasing annealing time.

ii): The thus decreased amount of dissolved N with increased annealing time can lead to a
decreased development of a”-FeisN2 precipitates at room temperature. Also this (already minor)
contribution to the peak shift decreases with increasing annealing time.

ii1): The minor contribution of the thermal misfit does not change. Its corresponding peak shift
thus remains minimal (see section 4.4.1).

In an end stage of coarsening and apart from the immediate vicinity of the precipitates, the misfit
will be (nearly) fully relaxed and thus the ferrite matrix shows a lattice spacing close to that of pure
ferrite. Therefore, the emerging CC-peak develops at the approximate position of pure a-Fe. However,
the heterogeneity of the relaxation process and its locally varying degree of completion involve the
presence of a pronounced amount of microstrain and thus the occurrence of an appreciable amount of
diffraction-line broadening as exhibited by the CC-peak. Obviously, upon increasing (aging) time, the
strain variation decreases leading to a sharpening of the corresponding reflection (Figure 4-2).
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The developing incoherency of the precipitate/matrix interface randomizes the phase relation of
X-rays scattered by the matrix and those by the precipitates and thus incoherent diffraction of matrix
and precipitates now occurs [14, 18]. Indeed, the TEM SADP in Figure 4-5(b) now reveals separate
diffraction spots from matrix and precipitates. In the XRD patterns, individual precipitate reflections
cannot be observed due to the low volume fraction.

4.4.3. Discontinuous Coarsening

If the alloy contains sufficient alloying element and if the misfit and the amount of
precipitate/matrix interfacial area is high enough, then discontinuous coarsening is favored over the
(usual) continuous coarsening. Indeed DC governs the coarsening process in the nitrided Fe-4.5
at.%Cr alloy (see Figure 4-10). The overall DC reaction in the nitrided Fe-4.5 at.%Cr specimen can
be expressed as (see Refs. [24, 26, 27]):

(a’ + .B’)ﬁne cp ™ (a + B)coarse DC lamellae

where, a’ denotes the strained, N-supersaturated ferrite matrix, ' the strained, coherent CrN
precipitates, a the relaxed ferrite lamellae without supersaturation and [ the relaxed, coarse
incoherent CrN precipitate lamellae. The energy difference of the continuously precipitated and
discontinuously coarsened states, i.e. the driving force for DC, for the present specimens is comprised
of three contributions [27]; reduction of the interfacial area (reduction of interfacial energy), the loss
of ferrite matrix (nitrogen) supersaturation (i.e. loss of excess N; reduction in chemical energy), and
the relaxation of the long-range strain-fields due to the coherent to incoherent transition (release of
strain energy).

Actually, in specimens where DC can occur, both continuous and discontinuous coarsening take
place simultaneously but with different reaction rates [21, 28-30]: The DC reaction can be rate
controlled by diffusion of the atoms along the mobile grain boundary that sweeps through the
specimen and in the wake of which the cellular microstructure develops, whereas the CC reaction is
governed by volume diffusion processes, necessary for the growth and dissolution of precipitates.
Consequently, the rate of the DC reaction is (much) higher than that of the CC reaction. Indeed,
whereas an end stage of CC at 580 °C is reached after hundreds of hours, a final state of DC at 500
°C is reached after hundreds of minutes (cf. Figure 4-2 and Figure 4-7). Therefore, in addition to the
development of relatively slowly relaxing and thus only partly relaxed regions surrounding the
continuously coarsened precipitates, in advance of the reaction front of the DC reaction, fully relaxed
matrix regions (ferrite lamellae) occur behind the DC reaction front. Thus, in a specimen that
undergoes DC, in principle two types of ferrite regions contribute to the second diffraction peak at
higher diffraction angle (cf. section 4.3.2): i) the continuously coarsened regions (decreasing in
volume upon continued aging) corresponding with a broad peak (cf. section 4.4.2), and ii) the fully
stress-relieved ferrite in the discontinuously coarsened part (increasing in volume upon aging)
corresponding with a sharp peak. At an end stage of aging (i.e. after 300 min of aging at 500 °C) the
contribution of continuously coarsened regions has become minimal (cf. Figure 4-10). Then, the
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emerging second peak is dominated by the discontinuously coarsened ferrite and is therefore sharp.
Also, due to the presence of a clear boundary (see Refs. [29, 30]) between the ferrite in the
continuously coarsened region and the ferrite in the discontinuously coarsened regions, both will
always diffract incoherently. For the DC microstructure, i.e. with incoherently diffracting precipitates
of relatively large dimensions, separate precipitate reflections of CrN and (DC-) ferrite matrix occur
(see Figure 4-11).

4.5. Conclusions

The interpretation of the behavior of the (X-ray) diffraction peaks recorded from ferrite in nitrided
Fe-Me alloys (Me forms misfitting, coherent precipitates of MeN in early stages of nitriding), from
the initial, fully continuously precipitated state to the continuously or discontinuously coarsened state,
can be summarized as follows (see also schematic in Figure 4-12):

In the initial, just fully nitrided state, the ferrite reflections have shifted towards lower diffraction
angles as a result of the elastic accommodation of the precipitate-matrix misfit. The assembly of
matrix and precipitate particles diffracts coherently. The magnitude of the CP-peak shift can be
quantitatively predicted from the amount of precipitates and the degree of misfit. Additionally, the
severely distorted regions surrounding the precipitates lead to a tail of the peaks towards higher
diffraction angles.

Upon aging, coarsening of the initially coherent precipitates can occur in two distinctly different
ways: continuous coarsening and discontinuous coarsening. Both processes can occur simultaneously.
The higher the alloying element/precipitate content, the larger the contribution of the discontinuous
coarsening.

Upon continuous coarsening the average precipitate-particle size increases under gradual loss of
the coherency with the matrix, involving the development of a heterogeneous state of strain relaxation
in the matrix: the CP-matrix diffraction maximum gradually shifts (back) towards higher diffraction
angles due to the loss of the long-range matrix dilatation; the CC-reflection is strongly broadened due
to the spatially varying state of relaxation/remaining lattice strain of the individual precipitates. As the
volume fraction of the fully relaxed regions increases upon prolonged aging, the broadening of the
CC-reflection decreases and its relative intensity increases upon approaching the fully coarsened state,
when precipitates and matrix diffract incoherently.

Upon discontinuous coarsening, the matrix at the reaction front abruptly changes from misfit
strained to fully relaxed, involving that already at the start of coarsening a sharp ferrite peak emerges
at the position of pure unstrained ferrite. Upon increasing aging time, the relative intensity of this
reflection increases, while that of the initially continuously precipitated and relatively very slowly
continuously coarsening matrix decreases. Due to the comparatively large volume fraction of
precipitates in alloys undergoing DC and the incoherent diffraction of matrix and precipitate lamellae
of the relaxed DC microstructure, separate reflections of nitrides and ferrite can be detected.
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Figure 4-12. Schematic presentation showing the evolution of the X-ray diffractogram of Fe-Me alloys upon
nitriding and subsequent continuous and discontinuous coarsening, see section 4.5 for details. In all the
diffractograms, the position of the pure a-Fe peak has been indicated with a vertical line. Arrows in c) and d)
indicate the evolution of position and intensity of component peaks, together constituting the total diffraction
profile, as a function of aging time.
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Misfit Induced Changes of Lattice Parameters in Two-Phase
Systems: Coherent/Incoherent Precipitates in a Matrix

Maryam Akhlaghi, Tobias Steiner, Sai Ramudu Meka and Eric Jan
Mittemeijer

Abstract

Elastic accommodation of precipitation induced or thermally induced misfit leads to lattice-parameter
changes in crystalline multi-phase systems. Formulae for calculation of such misfit induced lattice-
parameter changes are presented for the aggregate (matrix + second phase particles) and for the
individual matrix phase and the individual second phase, recognizing the occurrence of either
coherent diffraction or incoherent diffraction by matrix and second phase particles. An overview and
(re)interpretation on the above basis is presented of published lattice-parameter data, obtained by X-
ray diffraction analyses of aggregates of matrix plus second phase particles. The experimental data
are shown to be in good to very good agreement with predictions according to the current treatment.
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5.1. Introduction

5.1.1. micro-and macrostrains; coherent and incoherent diffraction

The complex interplay of the chemical Gibbs energy change driving solid state phase-
transformations and the deformation energy associated with the elastic/plastic accommodation of the
misfit of parent and product phases, hinders the prediction of the course and the kinetics of phase
transformations [1-3]. Accordingly, unusual, non-equilibrium phenomena can occur: occurrence of
metastable phases, non-monotonous variation of transformation rate, and unusual morphologies [4-
9]. Therefore, it is essential to acquire fundamental understanding of the effects of developing misfit-
strain energies on the thermodynamics and kinetics of phase transformations. Only thus the resulting
microstructure and /properties of engineering components can be optimized [10-12].

The elastic strain field in the matrix surrounding very small (smaller than 1 nm) misfitting
particles/point defects can be exposed by high resolution transmission electron microscopy and by X-
ray diffraction (diffuse scattering; static Debye-Waller factor [13]). Larger sized misfitting particles
can be associated with more extended misfit-strain fields, which evoke contrast in diffraction-contrast
images recorded by transmission electron microscopy [14] and broadening of diffraction lines [15,
16]; see in particular chapter 4 of [17].

Application of continuum, elasticity theory to describe the elastic accommodation of the misfit
of the (parent) matrix and the (product) second-phase particles [18-20] allows calculation of
microstrains, say variance of the local strain <e>> [15, 16, 21], and of the average (hydrostatic)
macrostrain <e>[22]. The microstrain expresses itself by (profound) diffraction-line broadening. The
hydrostatic macroscopic strain causes (distinct) change of the (average) lattice constant of a phase.
Countless observations of diffraction-line broadening due to microstrain have been reported; in fact
analysis of diffraction-line broadening has become a standard method of microstructural
characterization [17]. However, and perhaps amazingly, only very few experimental works have been
devoted to change of the (average) macroscopic lattice parameter by misfit strain [23-28]. This can
be due to a relatively small volume misfit in the investigated systems and/or a high rate of relaxation
of the misfit in comparison to the rate of transformation and/or a too low rate of acquisition of
diffraction patterns. Against the above background, this manuscript presents a review of misfit
induced (average, macroscopic) lattice-parameter changes, as predicted and as observed. In this
context in particular the distinction of cases of coherent and incoherent diffraction by second-
phase/matrix assemblies is emphasized.

The coherent or incoherent nature of the diffraction by a second phase (as precipitate particles)
with the diffraction by the matrix need not coincide with the occurrence of a coherent or incoherent
nature of the interfaces between the second phase particles and the matrix. Coherency/incoherency of
diffraction depends on whether or not constructive interference of waves scattered by separate parts
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of the diffracting material (matrix and second phase) occurs. For a detailed discussion on the origin
of coherent and incoherent diffraction of a second phase particle and the matrix the reader is referred
to [2, 16]. The effect of lattice-parameter variation/ the distribution of lattice spacings in a diffracting
material on the occurrence of coherent or incoherent diffraction (and intermediates thereof) is
considered most generally in [29].

Provided matrix and second phase particles diffract independently, i.e. incoherent diffraction of
matrix and of second phase particles occurs, the changes of the lattice parameters of the matrix and
of the second phase particles can be determined from measurements of the positions of the (separate)
X-ray diffraction peaks of the matrix and of the second phase. If a coherent nature of the second phase
particles/matrix interfaces prevails, then, depending on the length of the diffraction vector and the
extent of misfit-strain variation, coherent diffraction by second phase particles and matrix can occur.

5.2. Lattice-parameter changes due to elastically accommodated misfit

A continuum theory for the fully elastic accommodation of the misfit of a point imperfection in a
matrix has been presented by Eshelby [18, 19]. The theory was developed in particular to predict the
dependence of the lattice parameter of a crystalline solid solution on solute/point defect content (cf.
Vegard s law [30]). However, for this application the theory failed, as electronic interaction on the
atomic/point- defect scale can be dominant over elastic straining effects [31]. The theory is more
likely applicable to the case of precipitation of misfitting entities of larger dimensions, as second phase
particles (i.e. a block of atoms), which is more likely to exhibit elastic characteristics as for bulk
materials. The source of misfit can be precipitation/structure-change induced or thermally induced
(e.g. by cooling) specific volume differences (section. 5.2.4).

In the following subsections, formulae are presented that describe the changes of the relative
volume/lattice-parameters of the matrix, of the misfitting particles and of the assembly, i.e. matrix
plus misfitting particles.

5.2.1.  Change of the lattice parameter of the matrix

Insertion of misfitting inclusions B into holes of a matrix 4 leaves the whole assembly in a state
of self-stress. Considering 1) a finite matrix 4 containing, in the strain-free condition, holes of radius
r and ii) particles B, of strain-free radius 15, the relative volume increase of the matrix 4 due to the
insertion of the misfitting inclusions B into the holes of the matrix 4 can be written as [31]:

AV, 16 o
A= 2nbh Ce(ryyn

(5-1
v, 3"k,
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with . - 3Ks (5-2)
© 7 3Ky + 4u,

where 7 is number of inclusions B per unit volume, ¢ represents the linear misfit parameter (explained
in section 5.2.4) and K and p represent the bulk modulus and the shear modulus, respectively. The
volume fraction of inclusions yg can be taken as y; = 4m(rz)3n/3. For the case of a matrix of cubic
crystal structure with a (strain-free) lattice parameter a,, AV, /V, can be approximated by 3Aa,/ay,
and Eq. 5-1 can be rewritten as [23]:

4upCq £

A =
9= 3K, (L +e)3)B%

(5-3)

It is important to note that the matrix is of finite dimensions. In an infinite matrix, the volume
change of the matrix due to the introduction of misfitting inclusions is zero (the matrix only
experiences shear strains); then, the volume change of the assembly is fully confined to the second
phase particles. The matrix dilatation that is predicted for a matrix of finite size is a consequence of
the image forces required to achieve a stress-free surface of the finite assembly [31].

5.2.2.  Change of the lattice parameter of the misfitting phase

A misfitting inclusion with a radius larger or smaller than that of the hole in the matrix, upon
insertion into the hole, will experience hydrostatic compression or tension, respectively. For the case
of a finite assembly of matrix 4 plus misfitting inclusions B, the fractional volume change of the
inclusions can be written as [32]:

AVg

—E P ceern (5-4)
7o

=-3¢(1—-Co) + 16
T T T

For the case of second phase particles of cubic crystal structure with a (strain-free) lattice
parameter ag, AV /Vp can be approximated by 3Aag/ag, and it follows for the change of the lattice
parameter, Aag, of the misfitting second phase:

4upCs €

Aag = |—e(1=Cg) + —— 3Kg (1+£)3y3

(5-3)

The total relative volume change of the inclusions results from the sum of the fractional volume
change of the inclusions in an infinite assembly (first term in Eqgs. (5-4) and (5-5)) and the fractional
volume change of the inclusions due to the image forces acting (also) on the inclusions in a finite
assembly (second term in Egs. (5-4) and (5-5)).
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5.2.3. Change of the lattice parameter of the assembly (matrix plus misfitting
phase)

The relative volume change of the whole, finite assembly comprising the finite matrix and the
misfitting inclusions can be given as [31]:

A c e riyin = an S8 e(rl)n (5-6)
K A C6 A

with C = 3K, (5-7)
67 3Ky + 4y

AV 3 16
v - 4TCee(ra)3n + ?rr

For an aggregate of cubic crystal structure and a (strain-free) lattice parameter of the matrix, a,
thus approximating AV /V by 3Aa/a, the resulting change of the lattice parameter, Aa, of the
aggregate for a volume fraction yg of inclusions B is given by:

C6 &

A= AT e -8

The total relative volume change of the assembly, analogous to the case of the relative volume
change of only the inclusions, results from the sum of the fractional volume change of the inclusions
in an infinite assembly (first term in Eq. (5-6) (this volume change is confined to the inclusions; cf.
section 5.2.1)) and the fractional volume change of the assembly due to the image forces required to
achieve a stress-free surface of the finite assembly (second term in Eq. (5-6)).

5.2.4. The misfit parameter

The linear misfit parameter appearing in the above equations can be given an explicit, analytical
expression in the following cases:

1) Thermal misfit: This misfit originates from a change in the temperature of the two (or multi)
phase composite (matrix + second phase particles) due to the difference in linear thermal expansion
coefficients of matrix (a, ) and the second phase precipitate (ag). This type of misfit can be described
by the linear thermal misfit parameter, €7:

er = (ap—ap)(Th — Tp) (5-9)

where T}, and T, stand for elevated heat-treatment temperature and the considered, low (e.g. room)
temperature, where measurements are made, respectively.
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ii) Precipitation-induced misfit: This misfit originates from the different specific volumes of
(solute and solvent) atoms in the second phase (precipitate) and the (solute and solvent) atoms in the
matrix. This type of misfit can be described by the linear volume misfit parameter, €y, :

370 _ %0
UB_J”A
310

€y
N

where v and v are the volumes of the strain-free precipitate particle and the volume occupied by
the atoms of the precipitate particle as previously incorporated in the matrix, respectively.

(5-10)

5.3. Observations and discussion

At elevated (aging/annealing) temperature (T3), development of a misfitting, second phase
can occur from a supersaturated matrix. The volume misfit (€,) of the two phases can initially be
accommodated elastically under preservation of a coherent interface. Upon prolonged annealing,
leading to an increasing size of the second phase particles, this misfit can no longer be
accommodated fully elastically, and the interface can become (semi or) incoherent [9, 11, 33, 34].

Upon cooling from elevated temperature (T}) to room temperature (7;-) (i.e. the temperature at
which X-ray measurements are usually performed), irrespective of whether the precipitation-
induced misfit at elevated temperature is accommodated elastically or plastically, thermal misfit
arises which has to be accommodated either elastically [23] or plastically [35]. In many cases,
upon fast cooling of the specimens, the thermal misfit accommodation occurs mainly elastically
(even if an incoherent matrix/second phase particle occurs) and it can remain in that state for long
time due to very slow rates of plastic relaxation processes at low (room) temperature.

As long as the (transformation or thermal) misfit is accommodated elastically, its effect on
the expansion/contraction of the system consisting of matrix and misfitting second phase particle
can be quantified considering the model description presented in section. 5.2. Thus, in the
following three types of systems consisting of a matrix with misfitting second phase particles are
dealt with (see Table 5-1), which differ in the origin of misfit (transformation induced or thermally
induced) and in the type of diffraction (coherent or incoherent diffraction of matrix plus second
phase particles). Values used for the physical constants and misfit parameters are presented in
Table 5-2 and Table 5-3, respectively.
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Table 5-1. Types of systems consisting of a matrix with misfitting second phase particles, categorized on the basis
of the type of elastically accommodated misfit (column 2) and of the type of precipitate/matrix diffraction (column
3; cf. section 5.1). Equations to be used for the calculation of lattice-parameter changes of the assembly (Eq. (5-
8)), the matrix (Eq. (5-3)) and the second phase particle (Eq. (5-5)) (column 4) and system examples (column 5).

type of

tvpe of type of elastically recipitate/ lattice-
yp accommodated precipit parameter case studies
system misfit matrix change
diffraction g
nitrided Fe-Me alloys (Akhlaghi et al.,
i 2015
1 transfqnnatlon coherent Eq. (5-8) . )
misfit Co clusters in decomposed Cu-Co alloy
(Michaelsen, 1995)
. Eas. (5-3)and  2ged (at RT) Fe-N alloy (Mittemeijer &
2 transrfloirsrg?tlon incoherent as- (5-3) van Gent, 1984, Mittemeijer, 1981,
(5-5) Ferguson & Jack, 1983)
aged AlSi alloy (Mittemeijer et al., 1981,
Egs. (5-3)and VAl Mourik et al., 1985, van Mourik et
3 thermal misfit incoherent al., 1988, van Mourik et al., 1983)

(-5 nitrided and aged Fe-Cr alloys (Steiner et

al., 2015)

Table 5-2. Values of the physical constants used in the model calculations of lattice-parameter changes.

lattice-constants [A]

K [GPa]

4 IGPa

a*10
K]

Fe 2.8664 (bee)
(ICDD, 2002)

166
(Wawra, 1978)

82
(Wawra, 1978)

12.1
(Smithells, 1976)

CrN 4.1400 (NaCl) 360 2.3
(ICDD, 2002) (Grossman et al., 1999) (Samsonov, 1964)
VN 4.1392 (NaCl) 300 8.1
(ICDD, 2002) (Dzivenko et al., 2010) (Samsonov, 1964)
Cu 3.6150 (fce) 140 48 17
(ICDD, 2002) (Wang et al., 2009) (Smithells, 1976)  (Smithells, 1976)
Co 3.5442 (fce) 140
(Taylor & Floyd, 1950) (Wang et al., 2009)
5.7200 (bcet)
+
FeioNs 166

6.2900
(ICDD, 2002)

(Wawra, 1978)




78 Chapter 5

Al 4.0494 (fcc) 75 26 23.5
(ICDD, 2002) (Smithells, 1976) (Smithells, 1976)  (Smithells, 1976)

Si 5.4309 (diamond) 98 3
(ICDD, 2002) (Madelung et al., 2001) (Roberts, 1981)

Table 5-3. Values of the misfit parameters used in the model calculations of lattice parameter changes. Values of
thermal misfits are underlined and the other values are corresponding to precipitation-induced misfit.

matrix
inclusion Fe Cu Al
0.1464
CeN 0.004 (AT=375 °C) ) )
0.005 (AT= 475 °C)
0.1461
VN 0.002 (AT= 375 °C) - -
Co - -0.0173 -
FeisN; 0.0299 - -
Si - . 0.003 (AT= 127°C)

5.3.1. Coherent diffraction by the assembly matrix plus second phase particles;
transformation misfit

53.1.1. Misfitting coherent alloying element nitrides in ferrite

Upon nitriding of ferritic Fe-Me (Me: Cr, V, Ti) alloys, tiny nitride precipitates (MeN)
develop [36-40]. At least initially these nitrides possess coherent interfaces with the matrix.
Matrix/nitride-particle misfit in this system, as considered at room temperature, originates from
i) the specific volume misfit induced by nitride precipitation from a supersaturated matrix as a
consequence of elastic accommodation of the misfit while the precipitate/matrix interface remains
coherent and ii) the thermal misfit induced by cooling after nitriding. The specific volume misfit
between MeN precipitates and the ferrite matrix can be calculated from Eq.(5-10), where v3 and
v3 can now be taken as molar volumes of MeN precipitates and matrix, respectively. After
completed precipitation, the molar volume of MeN precipitate can be calculated from the volume
of the precipitate unit-cell divided by the number of metals atoms occupying one unit cell of the
precipitate and the molar volume of matrix (in this case, containing only Fe atoms) can be
calculated from the volume of matrix unit-cell divided by the number of iron atoms occupying
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one unit cell of the matrix. In this case the thermal misfit (corresponding to the difference of the
thermal expansion coefficients of the Fe-matrix and the developed nitrides) is negligible as
compared to the precipitation induced misfit (i.e. &, = 0.1464 and e = 0.004 for cooling from
400 °C to room temperature for nitrided Fe-Cr alloy and &, = 0.1461 and e = 0.002 for cooling
from 400 °C to 25 °C for nitrided Fe-V alloys [41, 42].

This system is an example of coherent diffraction by the entity matrix plus precipitates in the
presence of coherent interfaces between the Fe matrix (of bec crystal structure) and the MeN
precipitates (of NaCl crystal structure). Hence, the overall expansion of the assembly (composed
of MeN nitride precipitates and ferrite matrix), expressed in terms of the change in the lattice
parameter deduced from the position of the “ferritic” peak maxima, can be calculated using Eq.(5-
8), as a function of the volume fraction of alloying element nitrides. Experimental values for such
changes of lattice parameter upon nitriding, of Fe-Cr and Fe-V alloys, were obtained by
employing X-ray diffraction on homogenously nitrided (thus macroscopically strain-free) Fe-Me
specimens [43]%. The volume fraction of (CrN and VN) nitride precipitates was determined (by
weight-change measurements) from the N content of denitrided thin foils (i.e. after removing
from the specimen, by denitriding, the dissolved (excess) N and the excess N adsorbed at the
nitride-platelet faces during nitriding [44, 45]). The volume fraction of precipitates was varied by
varying the nitriding time (for times larger than the minimal time to achieve a homogenously
nitrided specimen) and/or varying the amount of Me (Cr,V) in the alloy. Results are shown in
Figure 5-1 (the single dots). The predictions on the basis of Eq. (5-8) (solid lines in Figure 5-1)
are in good agreement with the experimental data. Evidently, in this case Eq. (5-3) (implying
incoherent diffraction of matrix and precipitates; dashed lines in Figure 5-1) does not at all
correctly predict the ferritic (X-ray) lattice-parameter changes observed for the nitrided Fe-Cr and
Fe-V alloys.

5.3.1.2. Misfitting coherent cobalt precipitates in copper

A thin film of a metastable Cu(Co) solid solution can be prepared by co-deposition of Cu and
Co by magnetron sputtering up to a maximum of 12 at.% Co. For Co contents larger than 12 at.%,
clusters/tiny precipitates of Co occur in the alloy [46, 47].

The X-ray diffraction patterns recorded from such Cu-Co alloy films of different Co
concentrations show the occurrence of a single fcc Cu(Co) phase up to 65 at.% Co. Only beyond
this Co-concentration, additional hep (Co) reflections can be observed (see Fig. 5 in [47]).

4 Indeed no separate nitride reflections could be discerned; the strongly broadened ferritic peaks
represent coherent diffraction by the distorted (by elastic misfit-strain accommodation) ferrite matrix
and the nitride precipitates (for details see [43]).
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Evidently, the Co inclusion/particles present in the Cu-Co alloy films with more than 12 at.% Co
and up to 65 at.% Co diffract coherently with the matrix.

0.035 0.035

= denitrided Fe-Cr alloy = denitrided Fe-V alloy
'(: prediction (assembly, Eq. 8) =3 prediction (assembly, Eq. 8)
@ 00304 ---- prediction (matrix, Eq.3) D 0030+ ---- prediction (matrix, Eq. 3)
2 2
© E
S 00254 5 0025
5 . 3
° 7]
£ 0020 £ 0.020]
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CrN precipitates in ferrite matrix (vol. %) VN precipitaes in ferrite matrix (vol.%)

Figure 5-1. Experimental "ferrite" lattice-parameter change (dots; data from [43] as a function of vol.% of (a) CtN
precipitates and (b) VN precipitates and the predictions on the basis of Eq. (5-8) (solid line) and Eq. (5-3) (dashed

line). The error in the experimental lattice parameter values obtained after fitting the measured diffractograms is +
0.0003 A.

The experimentally obtained lattice parameter changes of the fcc Cu(Co) films as function of
volume fraction of Co precipitates are shown as single dots in Figure 5-2 for Co concentrations
between 12-65 at.%. The predictions of the lattice-parameter value changes of the aggregate Cu
matrix (Cu-12 at.% Co solid-solution) and second phase, Co particles as function of the volume
fraction of Co precipitates in the Cu (12 at.% Co) matrix according to Eq. (5-8) (coherent
diffraction of matrix and inclusions) and Eq. (5-3) (incoherent diffraction of matrix and
inclusions) are shown in Figure 5-2. Evidently, the experimentally determined lattice-parameter
values and the predictions on the basis of Eq. (5-8) (solid black line in Figure 5-2) are in very
good agreement, implying occurrence of coherent diffraction of matrix and precipitates. In this
case predictions according to Eq. (5-3) (incoherent diffraction of matrix and precipitates; (dashed
line in Figure 5-2) are not at all in agreement with the experimental data.

In this case of very small transformation misfit (see Table 5-3), it should be recognized that
adoption of a Végard-like relationship for the dependence of the lattice parameter of the Cu(Co)
solid solution on solute (Co) content would lead to a similar relationship as the one calculated for
the coherently diffracting assembly (Eq. (5-8)) and shown in Figure 5-2. However, only the
physical background of the model leading to Eq. (5-8) is compatible with the occurrence of fcc
Co precipitates in the Cu (12 at.% Co) matrix.
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Figure 5-2. Experimental Cu-12 at.% Co lattice-parameter change (dots; data from [47]) as a function of vol. % of
Co precipitates in Cu(12 at.% Co) matrix and the predictions on the basis of Eq. (5-8) (solid line) and Eq. (5-3)
(dashed line). For the application of Eq. (5-8), it is assumed that Co in the Cu matrix has precipitated as fcc Co
particles.

5.3.2. Incoherent diffraction of the matrix and second phase particles;
transformation misfit

5.3.2.1. Misfitting incoherent nitrides in ferrite

Upon nitriding of pure a-Fe (ferrite) in an atmosphere of a certain nitriding potential, N
dissolves in the ferrite matrix. The formation of this solid solution leads to an increase of the
lattice parameter of the ferrite matrix. By quenching after nitriding the solid solution can be
retained. The system then is metastable. During aging of the o-Fe matrix supersaturated with
dissolved N at room temperature, formation of a.""-Fe1sN2 precipitates occurs in association with
depletion of N from the ferrite matrix. Experimentally, a decrease of the ferrite lattice parameter
is observed at room temperature during development of the o precipitates [24, 48-50]. Upon
prolonged aging, after completed precipitation of a’’, a constant lattice parameter value is
established that is larger than the as expected for a pure a-Fe (the equilibrium solubility of N in
a- Fe at room temperature is practically nil) (see Figure 4 in [49], Figure 1 in [48] and Figure 7
in [50].

The values of the constant lattice parameter of the ferrite matrix at this stage of prolonged
aging at room temperature, i.e. after all N has precipitated, as recorded from specimens containing
different amounts of nitrogen, are shown as a function of the volume fraction of developed a”
precipitates in Figure 5-3. Predictions for the change of the ferritic lattice parameter are also
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shown in Figure 5-3: (i) for the case of incoherent diffraction of matrix and precipitates (Eq.(5-
3); dotted line in Figure 5-3) and (ii) for the case of coherent diffraction of the assembly matrix
plus precipitates (Eq.(5-8); full Figure 5-3). The experimental results very well agree with the
predictions according to Eq.(5-3): Evidently, in this case of prolonged ageing, the a-Fe matrix
and the o -nitrides precipitates diffract incoherently. The separate o ‘reflections are very weak®,
because of the small amounts of N (and thus a"") in the specimens and cannot be observed by
conventional laboratory XRD (as is the case here; synchrotron radiation would be required as
shown by [51].

0.0030 -

m aged (at RT) Fe-N alloy

— prediction (assembly, Eq. 8)

009259 _ . prediction (matrix, Eq. 3)

0.0020

0.0015

ferrite lattice parameter change (A)

0.0010 )
- .‘ o
. " .-
0.0005 e
00000 = ey
0.0 05 1.0 1.5 20 25 3.0 35 40

Fe1gN> precipitates in ferrite matrix (vol.%)

Figure 5-3. Experimental Fe-matrix lattice-parameter change (dots; data from [24. 50]) as a function of vol.% of
o ‘precipitates and the predictions on the basis of Eq. (5-8) (solid line) and Eq. (5-3) (dashed line).

As mentioned above, before completed precipitation of a”’, i.e. in the intermediate stages of
aging, the lattice parameter of ferrite decreases continuously as the ferrite-lattice contraction by
the depletion of N, dissolved on the interstitial (octahedral) sites of the ferrite matrix, is larger
than the ferrite-lattice expansion due to the formation of misfitting o’ precipitates diffracting
either coherently or incoherently with the matrix. Thus, during precipitation of a’’, a (possibly
occurring) change of the diffraction conditions from coherent to incoherent will only lead to a
change in magnitude of the resulting lattice-parameter decrease. Corresponding calculations for
the change of the ferritic-lattice parameter as a function of the fraction transformed (i.e. the
precipitated fraction of N), for a fixed N-content of the specimen, are shown in Figure 5-4: (i) for
the case considering both the effect of the depletion of dissolved N from the solid-solution (Eq.

3> The o’ crystal structure can be conceived as a superstructure developing in nitrogen ferrite by
ordering of N on the sublattice of octahedral interstices. The intensity of the o’ structure specific
superstructure reflections is governed by the weak scattering power of the nitrogen atoms.
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(1) in [48]) and incoherent diffraction of matrix and precipitate (Eq. (5-3); dashed line in Figure
5-4), (ii) for the case considering both the effect of the depletion of dissolved N from the solid-
solution (Eq. (1) in [48]) and coherent diffraction of assembly matrix plus precipitates (Eq.(5-8);
full line in Figure 5-4) and (iii) for the case considering only the effect of the depletion of
dissolved N from the solid-solution (Eq. (1) in [48]); dotted line in Figure 5-4). Evidently,
ignorance of the effect of misfit strain on lattice-parameter change, results in a strongly erroneous
(too small) precipitated fraction of N as derived from the decrease of lattice parameter.
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Figure 5-4. Lattice-parameter change of the nitrided ferrite matrix upon precipitation of a"" as a function of the
fraction N precipitated for a specimen of ferrite containing 0.24 at.% N. Calculations on the basis of Eq. (5-8)
(solid line) and Eq. (5-3) (dashed line), with considering the effect of nitrogen depletion of the ferrite matrix. The

change of the ferrite-lattice parameter due to only N depletion is also shown (dotted line; calculated using Eq.
(1) in [48].

5.3.3. Incoherent diffraction of the matrix and second phase particles; thermal
misfit

5.3.3.1. Misfitting incoherent silicon in aluminum

During high temperature annealing/aging of an Al matrix supersaturated with dissolved Si,
precipitation of (incoherent) Si occurs. Initially, lattice expansion of the Al matrix happens due
to partial elastic accommodation of the precipitate/matrix misfit (cf. Eq (5-3)) and depletion of Si
from the solid solution (see Fig. 9 in [32]). This same process also results in lattice contraction
for the Si precipitates (cf. Eq. (5-5); see Fig. 7 in [32]). Upon prolonged aging at high temperature,
this precipitation induced misfit relaxes fully, i.e. is accommodated entirely plastically. Then a
case of incoherent diffraction of matrix and precipitates in the presence of incoherent interfaces
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between the Al matrix (with fcc crystal structure) and the Si precipitates (with diamond cubic
crystal structure) is established.

Now, upon rapid cooling of such a relaxed two phase (pure Al matrix + incoherent Si-
particles) specimen to room temperature, thermal misfit develops, owing to the difference of the
thermal expansion coefficients of Al matrix and Si precipitates; this misfit (e = 0.003 for
cooling from 152 °C to room temperature) is accommodated elastically. The changes of the lattice
parameters of the matrix and the precipitates were measured as a function of the volume fraction
of developed precipitates (Si), utilizing the separate diffraction peaks from matrix and precipitates
as recorded from fast cooled (to suppress any relaxation of the thermal misfit during cooling) two
phase specimens of different Si contents. The thus experimentally obtained lattice-parameter
change for the Al-matrix is shown as a function of the volume fraction of Si precipitates in Figure
5-5(a) (dots). The prediction (now) on the basis of Eq. (5-3) (dashed line in Figure 5-5(a)) is in
good agreement with the experimental data. Evidently, in this case Eq.(5-8) (5-8) (implying
coherent diffraction of matrix and precipitate; solid line in Figure 5-5(a)) does not at all correctly
predict the lattice-parameter change of the aluminum matrix. An only reasonable agreement
occurs for the theoretical (Eq. (5-5)) and experimental values for the lattice-parameter change of
the silicon precipitates (Figure 5-5(b)); significant experimental errors are inherent to the
determination of the minority-phase lattice parameter of the Si precipitates, in particular for the
alloy of lowest Si content of 2.8 (vol.%) (cf. Figure 5-5(b)).

5.3.3.2. Misfitting incoherent alloying element nitrides in ferrite

As described in section 5.3.1, upon nitriding Fe-Cr alloys misfitting CrN particles develop
which initially have a coherent interface with the matrix leading to an overall lattice expansion as
observed from the change of the “ferrite” lattice parameter (cf. Figure 5-1). Upon aging (at the
nitriding temperature), coarsening of the precipitates occurs (see Fig. 5 of [52]) in association
with the development of incoherent matrix/precipitate interfaces: plastic accommodation of the
precipitation induced misfit. Consequently, the system (now) exhibits incoherent diffraction of
matrix and precipitates (i.e. matrix and coarsened precipitates now diffract separately: indeed both
matrix and precipitate reflections are detected (see Fig. 11 of [52]).

Upon cooling of this relaxed two-phase composite (Fe matrix + incoherent CrN nitrides) to
room temperature, thermal misfit develops, owing to the difference of the thermal expansion
coefficients of Fe matrix and CrN nitrides; this misfit (¢ = 0.005 for cooling from 500 °C to
room temperature) gets accommodated elastically. The change of the lattice parameter of the
ferrite matrix by elastic accommodation of this thermal misfit has been measured by X-ray
diffraction and has been predicted on the basis of Eq. (5-3). A very good agreement occurs (Table
5-4). The change of the lattice parameter of the precipitates has also been measured by X-ray
diffraction and has been predicted on the basis of Eq. (5-5). As predicted, the experimental change
of the lattice parameter of the precipitates has a sign opposite to that of the matrix (cf. Table 5-4).
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The quantitative agreement here is less good, which can be ascribed to uncertainty concerning the
strain-free lattice parameter of CrN [53] and limited accuracy in the experimental determination
of the lattice parameter of the minority phase.
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Figure 5-5. (a) Experimental Al-matrix lattice-parameter change (dots; data from Table 1 (experiments were
performed between 425-448 K) in [23]) as a function of vol.% of Si precipitates and the predictions on the basis of
Eq. (5-8) (solid line) and Eq. (5-3) (dashed line) (b) Experimental Si-precipitate lattice-parameter change (dots;
data from Table 1 (experiments were performed at 425 K) in [32]) as a function of vol.% of Si precipitates and the
prediction on the basis of Eq. (5-5) (dashed line).

Table 5-4. Change of the Fe-matrix lattice parameter and that of the CrN-precipitates for a homogenously nitrided
(till saturation) Fe-4.5 at.% Cr specimen as measured after aging at 500 °C for 78 h, and as predicted on the basis
of Eq. (5-3) and Eq. (5-5), respectively.

phase Aa prediction [A] Aa experiment [A]
a-Fe +0.0005 (Eq. (5-3)) -+ 0.0006 (Steiner ef al., 2015)
CrN -0.0045 (Eq. (5-5)) - 0.0020 (Steiner ef al., 2015)

5.4. Conclusions

Formulae have been presented for calculation of lattice-parameter changes induced in misfitting
matrix/second phase-particles systems.

Diffraction analysis of such lattice-parameter changes requires distinction of (i) coherent
diffraction by the matrix/second phase-particles aggregate and (ii) incoherent diffraction of matrix
and second phase particles.
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A number of examples presented for cases of precipitation induced specific volume misfit and
cooling induced thermal misfit show good to very good agreement of theoretical predictions and
experimental observations.

The discussed misfit induced lattice-parameter/volume-changes are often ignored in the
diffraction (and also in the dilatometric) analysis of phase-transformation kinetics. This can lead
to seriously flawed kinetic data.
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Chapter 6

Dependence of the nitriding rate of ferritic and austenitic
substrates on the crystallographic orientation of surface grains;
gaseous nitriding of Fe-Cr and Ni-Ti alloys

M. Akhlaghi, M. Jung, S.R. Meka, M. Fonovic, A. Leineweber and E.J.
Mittemeijer

Abstract

Gaseous nitriding of ferritic Fe-Cr and austenitic Ni-Ti solid solutions reveals that the extent of
the uptake of dissolved nitrogen depends on the crystallographic orientation of the surface grains
of the substrate. In both ferritic and austenitic substrates, the surface nitrogen concentration and
the nitriding depth decrease upon increasing the smallest angle between the surface normal and
the normal of a {100} plane of the surface grain considered. This phenomenon could be ascribed
to the residual compressive macrostress developing during nitriding which varies as a function of
crystallographic orientation of the (surface) grains due to the elastically anisotropic nature of
ferrite and austenite solid solutions investigated in this study.
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6.1. Introduction

Nitriding is a thermochemical surface treatment employed to pronouncedly enhance the wear,
fatigue and corrosion resistances of metallic, especially steel components [1, 2]. To arrive at
fundamental understanding of the nitriding behavior of multicomponent ferritic (bcc) steels,
research has been focused on ferritic model alloys such as iron-based binary Fe-Cr alloys [3-9].
Upon nitriding of Fe-Me (Me: Cr, V, Al, Ti, Mo) alloys, the nitrogen dissolves interstitially in
the matrix and, after surpassing the solubility product of Me-nitride, precipitation of nanosized,
(semi-) coherent MeN nitride platelets develop in the matrix, leading to distinct enhancement of
particularly mechanical properties [10-15].

In the case of austenitic (fcc), stainless steels, the nitriding treatment is usually performed at
low temperatures (< 450°C) and for relatively short times, in order to avoid distinct diffusion of
Me and thus formation of MeN precipitates; in this way a high level of N supersaturation can be
realized, while preserving Me (in this case Me usually is Cr) in dissolved state. Austenite with
such high level of N supersaturation is known in the literature as expanded austenite (previously
indicated by the unfortunate name S-phase) [16-27]. The extremely high content of N (i.e. far
above the amount compatible with equilibrium) absorbed by the alloyed austenitic matrix, has
been attributed to the trapping of N, at octahedral interstitial sites, by alloying element atoms
dissolved in the matrix with high affinity for N (such as Cr and Ti) [18, 25, 28]. A similar,
expanded austenite (fcc) phase was also observed during low-temperature nitriding/carburizing
of nonferrous Ni-based [29-31] and Co-based [32] alloys.

The surface nitrogen content and the thickness of the case of expanded austenite were shown
to depend on the crystallographic orientation of the grain considered with respect to the specimen
surface: the nitrided depth and the surface nitrogen content are the larger the smaller the angle is
between the surface normal and the normal of the {100} lattice plane [16, 30, 33]; the smallest
nitrided zone depth and the smallest surface nitrogen content occur for the grains with a {111}
plane parallel to the surface. The following explanations for this phenomenon have been offered:

(i) Some researchers have attributed this phenomenon to a supposed intrinsic anisotropy of
the nitrogen diffusivity [16, 18]. However, the diffusivity in cubic lattices is essentially isotropic
[34].

(ii) The rate of the nitriding reaction between a nitriding medium and a solid substrate can
depend on the crystallographic structure of the solid surface exposed to the nitriding medium [35,
36]. As a result, the nitrogen fluxes passing through the surface adjacent grains of different
crystallographic orientations can be different.

(iii) Finally, the magnitude of the residual (compressive) macrostress parallel to the surface
of the heterogeneously nitrided specimens [9, 30, 37] can depend on the crystallographic
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orientation of the grain adjacent to the surface with respect to the surface (note the anisotropy of
the intrinsic, single crystal elastic constants). As a consequence, the nitrogen solubility level of
the surface [26] and the nitrogen diffusivity [38] can depend on the crystallographic orientation
of the surface adjacent grains with regards to the surface.

Against the above background, and recognizing that there appears to be no reason that the
effect discussed should be restricted to austenitic substrates only, in the present work, low
temperature gaseous nitriding experiments have been carried out on substrates of both ferritic Fe-
Cr and austenitic Ni-Ti alloys. This study shows, for the first time, the occurrence of the surface-
grain, crystallographic orientation dependent nitriding rate of ferritic alloys. A general
explanation for the phenomenon discussed is offered, which is based on the effect of the residual,
nitriding induced macrostress on the nitrogen solubility for differently oriented surface grains of
an intrinsically elastically anisotropic polycrystalline substrate.

6.2. Theoretical background
6.2.1.  Stressed-solid /gas-phase thermodynamic equilibrium

The chemical potential of the nitrogen dissolved in a stress-free (iron) matrix phase (ug=°) is
related to the chemical potential of nitrogen in the standard state (uy) and the activity of the
dissolved nitrogen (ag=) [39]:

UG = un + RTInag=° = uy + RTIN(CS=%y =) (6-1)

where R is the gas constant and 7'is the absolute temperature. The nitrogen activity can be written
as the product of the corresponding nitrogen concentration (C3=°) and the nitrogen activity
coefficient (y3=°).

The chemical potential of nitrogen dissolved in the stressed solid matrix phase (u$*°) is
described as:

u&® = uy + RTnag™® = g + RTIM(CE*0y3™0) (6-2)
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where ad*? is the activity of nitrogen in the stressed matrix phase and and yg”" are the

corresponding nitrogen concentration and nitrogen activity coefficient. Eq. (6-2) can be rewritten
according to [40, 41] as:

Ca;to g#0

HEEO = pixy + RTIN(CE=0Y§™) — Tyor, (63)

where Vy is the partial molar volume of nitrogen in the matrix phase and g}, is the hydrostatic
component of the state of stress acting on the matrix-phase grain considered.

Once equilibrium has been attained at the surface of a (hydrostatically) stressed specimen and
of a stress-free specimen with the same nitriding atmosphere of defined nitriding potential (at a
certain temperature; [1]), the chemical potentials of N in the stress-free specimen (,uf\’lzg) and of

N in the stressed specimen (,uﬁz?]) are necessarily the same and equal to the chemical potential of
N in the gaseous nitriding medium (uﬁ?:q):
= 0 gas
,uﬁ,eq ﬂﬁieq I'LN eq (6-4)

Accordingly, it follows from Egs. (6-1) and (6-3) [41, 42]:

Cﬁig Vo
=exp|—= 6-5
CN ,eq p< RT > ( )

where CZ=0 oq and cg3e eq are the equilibrium N solubilities in the matrix phase in the presence and
in the absence of stress, respectively.

In the following discussion it will be argued how different values for the (hydrostatic
component of the state of) stress can occur for differently oriented surface adjacent grains.

Upon nitriding a residual, biaxial, rotationally symmetric compressive state of stress develops
due to the volume misfit of the nitrided case and the unnitrided core of the specimen [43]: gy =
ayy = 0/ and 0, = 0 with x, y and z as the principal axes for the state of stress (equal to the
principal axes for the state of strain for cubic crystals) with the x and y axes in the plane of the
surface and the z axis perpendicular to the surface. Usually, the residual stress g, is considered
to be the same in every surface adjacent grain of the loaded specimen. However, for intrinsically
elastically anisotropic materials, the (state of) stress will actually vary from grain to grain by the
elastic interaction of each grain with its surroundings: so-called elastic grain interaction [44, 45].
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Now, consider hypothetically a set of non-interacting surface adjacent single crystals with a
(hkl) plane parallel to the surface, of variable rotation around the surface normal, called “(kk/)
set” in the following. Then, the state of stress as described in the specimen frame of reference (x,
¥, z) is the same for each crystal of the (kk/) set, independent of its angle of rotation around the
surface normal, as gyy = oyy. For the relationship between g/, and &, (= strain in the surface-

normal direction) it straightforwardly follows:

a;, (hkl) = e, (hkl) (6-6)

1
28,5 % (hkl)

with szy “ as a single crystal elastic constant in the specimen frame of reference which is related
to the intrinsic single crystal elastic constants in the crystal frame of reference (for cubic
crystalline materials) by [46]:

1
Si3" (kD) = Stz + (S11 = S12 = 5 544) Tk (67

with Ty, as the so-called orientation factor given by [44]:

h2k? + h21% + K212
T =2 iz 1 12)2

(6-8)

Considering the same set of (4k/) crystals in the real, massive polycrystalline specimen, the
in reality occurring elastic interaction of each grain with its specific surroundings will lead to
different values for g;, and €, for each grain of the (kkl) set. (e.g. see Ref. [47, 48]). It will now
be assumed that the averaging of the grain interaction in the specimen [45, 49] brings about that
the principle features of the intrinsic elastic anisotropy do prevail in the polycrystalline aggregate
[50], so that Eq. (6-7) remains valid by interpreting 0,, and &, as average values for the (hkl) set.
Hence, in this paper different (average) states of stress are adopted for different (k) sets.

The dependence of 1/(2532 (hkl)) is shown in Figure 6-1 as a function of 'y, for pure bee
(ferritic) iron and pure fcc Ni. Evidently (note that both o/, (see above) and 1/ Zszy % (hkl) are
negative), for the same value of ¢, the absolute value of the o, is smallest for (hkl)=(100)

(Thx;=0) and largest for (hkl)=(111) ([pz;=0.33).

Finally, it should be recognized that the treatment leading to Eq. (6-5) is valid for a hydrostatic
state of stress (so that the stress is a scalar). At the moment no practically applicable,
comprehensive treatment of the thermodynamics of stressed solids exists (for a rigorous
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consideration, based on so-called “network solids”, incompatible with common practice, see Ref.
[51]). It is proposed here, for the case of a non-hydrostatic state of stress, to apply Eq. (6-5) by
equating o with the equivalent hydrostatic stress given by the average of the principal
components of the stress tensor, i.e. 0, = (0yx + 0yy + 0,,)/3, which here becomes (see above):

2
o = 50—//

pure Fe
pure Ni

1/(2 8™, (x 10"*Pa)

-0,6

2 S —
000 005 010 015 020 025 030 0,35

orientation factor (I, )

Figure 6-1. The elastic compliance dependent term, as a function of orientation factor (I'ny varies from

1
2 57%%(hk1y
0 for (100) plane parallel to the surface to 0.33 for (111) plane parallel to the surface) for pure ferrite and pure Ni.
The elastic compliances are considered as follows: for pure ferrite; S;;= 7.57 TPa !, S;,= -2.82 TPa ' and S,,=
8.62 TPa™! and for pure Ni; S;;=7.69 TPa"', S;,=-2.92 TPa "', S, ,= 8.36 TPa "'[60].

Because oy, = ga/ , will in general be different for different (hkl) sets, it follows that different

equilibrium nitrogen solubilities occur at the surface for the different (kk/) sets (see Eq. (6-5)).
Then also the depths of the nitrided zones of different (h47) sets will be different as the diffusional
flux increases with increasing nitrogen concentration gradient. The remainder of this paper
presents experimental validation for these conclusions.

To determine oy, for each (hkl) set, the strain €, as caused by the stress parallel to the surface
as consequence of the macroscopic misfit of nitrided case and unnitrided core, is measured for
each (hkl) set and oy, = EU/ , then follows by application of Egs. (6-6)-(6-8). The strain &, (hkl)
can be determined from (i) the average lattice spacing of the (%k/) planes parallel to the surface
as determined for the (hkl) set of the macroscopically stressed specimen (a heterogeneously
nitrided specimen), d, (hkl), and (ii) the corresponding lattice spacing of a macroscopically

nitrided specimen devoid of the planar state of stress considered (reference specimen; further see
section 6.4.2), dy(hkl), as follows:
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d, (hkl) — do (hk)

6-9
do(hkl) ¢

e, (hkl) =

6.3. Experimental
6.3.1. Specimen preparation

Melts of two alloys of Fe-Cr (Fe-2 at.% Cr and Fe-4.5 at.% Cr) and a melt of Ni-Ti alloy (Ni-
5 at.% Ti) were prepared in Al2Os crucibles, under a protective argon gas (99.999 vol.%)
atmosphere, from pure Fe (99.98 wt.%) and pure Cr (99.999 wt.%), and pure Ni (99.98 wt. %)
and pure Ti (99.999 wt.%), respectively. Subsequently, casts of Fe-Cr (of cylindrical shape with
a diameter of 10 mm and a length of 100 mm) and of Ni-Ti (of rectangular shape with width
dimensions of 15 mm and 30 mm and a length of 150 mm) were obtained by pouring the melts in
appropriate Cu molds. The results of chemical analyses of the produced casts have been presented
in Refs. [31, 52]. The cast Fe-Cr ingots were encapsulated in a quartz tube filled with argon gas
and were homogenized at 1000 °C for 1 h. The cast Ni-Ti ingots were homogenized in a horizontal
quartz tube furnace at 1050 °C for 24 h under a protective flowing (50 ml/min) hydrogen
atmosphere by placing the ingot in the middle of the furnace together with a Zr plate as oxygen
getter. Afterwards, the Fe-Cr and Ni-Ti casts were cold-rolled to sheets of 1 mm thickness.

Specimens with lateral dimensions of 10 x 15 mm? and 25 x 20 mm? were cut from these
Imm thick sheets of Fe-4.5 at.% Cr and Ni-Ti alloys, respectively. In order to obtain relatively
large grains (approx. 50 um), the Fe-4.5 at.% Cr specimens were recrystallized at 800 °C for 3 h
after encapsulating the specimens in a quartz tube filled with Ar gas and the Ni-Ti specimens
were recrystallized at 850 °C for 3 h in a hydrogen atmosphere, followed by slow cooling to room
temperature for both types of specimens. A thin foil of the Fe-2 at.% Cr alloy, to be homogenously
nitrided (of section 6.5), was produced as described in Ref. [52].

Immediately prior to nitriding, the surfaces of all specimens were ground and polished (final
polishing step: 1 pm diamond suspension) and subsequently cleaned with ethanol in an ultrasonic
bath.

6.3.2.  Nitriding experiments

Controlled gaseous nitriding was performed in a vertical quartz-tube furnace with an inner-
tube diameter of 28 mm in an ammonia/hydrogen gas flux. The flow rate of each gas component
was adjusted separately using mass-flow controllers. The Fe-Cr alloy specimens were nitrided at
450°C using a nitriding potential (rn; see Ref. [1]) of 0.104 atm™"2 for 216 h (Fe-2 at.% Cr thin
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foil) and for 1 h, 3 h, 6 h, 15 h and 30 h (1 mm thick specimens of Fe-4.5 at.% Cr). The Ni-Ti
alloy specimens were nitrided at 400 °C for 65 h using a nitriding potential of 500 atm™2. The
nitriding potentials were chosen such that no iron or nickel nitrides could develop (i.e. the
development of only a diffusion zone occurs in all nitrided alloys [1]). Nitriding experiments for
the thick specimens were ended by quenching the specimens to room temperature which was
achieved by dropping the specimens into nitrogen-flushed water. To avoid breakage of the thin
foil of Fe-2 at.% Cr during water quenching, the nitrided thin foil was lifted up into the low
temperature zone of the furnace where the foil was allowed to cool slowly in the nitriding
atmosphere.

6.3.3. Specimen characterization
6.3.3.1. Light microscopy

To characterize the nitrided zone of the Ni-Ti and the Fe-Cr specimens, pieces from the
nitrided specimens were cut normal to the specimen surface, and were electroplated with a nickel
layer using a Watts bath at 70°C. Purpose of the Ni-plating is to protect the nitrided layer during
the following specimen preparation process. Subsequently, the specimen was embedded in
Struers PolyFast. The cross-section was then ground and polished (final polishing step using 1
um diamond suspension) and etched using an aqueous solution composed of 1 part of 10 wt.%
NaCN in water and 1 part of 10 wt.% (NH4)2S20s in water for 35 s at room temperature in the
case of Ni-Ti specimen, and using 1% Nital (1 vol.% HNOs in ethanol) at room temperature
during about 10 s for the Fe-2.0 at.%Cr thin foil and for about 30 s for the Fe-4.5 at.%Cr 1 mm
thick specimens. Optical micrographs from the etched cross-sections were recorded to measure
the nitrided zone depth on each grain in the cross-section using a Zeiss Axiophot microscope
equipped with an Olympus ColorView IITu digital camera. An accurate determination of nitrided
zone depth on various grains in the cross-section of nitrided Fe-Cr specimens was impossible by
light-optical micrography due to the unclear interface between the nitrided and unnitrided regions.
Therefore, optical micrographs recorded from these specimens are not presented in this paper.

6.3.3.2. X- ray diffraction (XRD)

XRD patterns was recorded from the surface of the 1 h nitrided Fe-4.5 at.% Cr specimen using a
PANalytical X Pert diffractometer in Bragg-Brentano configuration equipped with a Co tube and a
graphite monochromator in the diffracted beam. XRD pattern was recorded from the surface of the
65 h nitrided Ni-5 at.% Ti specimen using a PANalytical X’Pert diffractometer in Bragg-Brentano
configuration equipped with a Cu tube and a Johannson monochromator in the primary beam. The
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lattice spacings corresponding to the (4kl) reflections were calculated from their peak positions
determined by fitting pseudo-Voigt functions using the software TOPAS (Version 4.2, Bruker AXS).

6.3.3.3. Electron probe microanalysis (EPMA)

To determine the elemental (Cr, N and Fe) concentrations of the nitrided zone of the Fe-Cr
specimens and the elemental (Ti, N and Ni) concentrations of the nitrided zone of the Ni-Ti
specimens, electron probe microanalysis (EPMA) was performed. To obtain the element contents
at each measurement point, the intensities of the characteristic X-ray emission peaks were
measured and divided by the corresponding intensities obtained from standard samples of pure
Fe, Cr, Ti, Ni and y'-FesN (for N-K,). Elemental concentrations were calculated from the intensity
ratios applying the @(pz) approach [53] (note that in the case of nitrided Ni-Ti alloy, due to the
overlapping of the N-Kq and Ti-L: emission lines, for the accurate determination of N content,
the procedure described in Ref. [31] was applied). For these measurements, a Cameca SX100
microprobe (acceleration voltage U = 15 kV, current I = 100 nA, spot size about 1 pm) was used.

6.3.34. Electron backscatter diffraction (EBSD)

Electron Backscatter Diffraction (EBSD) was performed on the polished surface of an
unnitrided Fe-4.5 at.% Cr (1mm thick) specimen (final polishing step: 0.05 um OPS-suspension)
and the cross-sections of a nitrided Fe-2 at.% Cr thin foil and the nitrided Fe-4.5 at.% Cr and Ni-
Ti specimens (final polishing step: 0.05 pm OPS-suspension) with a Zeiss Leo 438 VP scanning
electron microscope equipped with an EDAX TSL EBSD measurement system. The data were
analyzed using the software OIM version 5. For determining the crystallographic orientation
adjacent to the surface of grains, (i) for EBSD measurements performed on the surface of
unnitrided specimens, the specimen surface normal direction (ND) was considered as reference
direction and (ii) for EBSD measurements presented on the cross-section of nitrided specimens,
the specimen rolling direction (RD) was considered as reference direction. In this way, it was
possible to identify the same grains (adjacent to the surface of specimen) in both the surface and
the cross-section of the same specimen (see also Ref. [30]).

6.4. Results and evaluation

6.4.1. Dependence of surface nitrogen content and nitrided zone depth on
crystallographic orientation of surface grains
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6.4.1.1. Ni-Ti (fcc) specimens

Formation of an expanded-austenite layer has been observed during nitriding of Ni-Ti alloy
specimen [31]. The thickness of this layer formed in different grains adjacent to the surface varies. In
order to trace the surface-grain orientation dependence of the extent of nitriding, the crystallographic
orientation of each surface adjacent grain with respect to the surface was determined by EBSD (cf.
section 6.3.3.4) and expressed by the orientation factor, I'n with (247) being the lattice plane parallel
to the surface (cf. Eq. (6-8)). The orientation factor provides a measure of how large the deviation of
the (100) planes of a particular grain from the surface is. Thus, for example, orientation factor values
0f 0.1, 0.2 and 0.3 represent (100) planes inclined at angles of 19°, 30° and 44.5°, respectively, with
respect to the specimen surface. As illustrated in Figure 6-2, the nitrided zone depth is distinctly larger
for the grain with a (100) plane nearly parallel to the specimen surface (i.e. the grain with a (117)
plane parallel to the surface; I'=0.04) than for the grain with a (111) plane parallel to the specimen
surface (I'=0.33). Moreover, the nitrogen-concentration depth profiles measured by EPMA across
three surface adjacent grains of this specimen, with orientation factors of 0.19, 0.28 and 0.32, reveal
that not only the nitrided depth but also the nitrogen content in the solid at the surface depends on the
orientation of the surface adjacent grains (Figure 6-3): it is concluded that both the surface nitrogen
content and the nitrided depth decrease with increasing orientation factor. It is noted that similar
observations have been made for austenitic steel (e.g. [26, 27]).

——‘]J e &V- Jw
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grain grain grain
(334) (161°7) 111) 50 um
G

Figure 6-2. Light optical macrograph taken from the cross-section of nitrided Ni-5 at.% Ti alloy nitrided at 400°C
for 65 h using ry= 500 atm "2, Thickness of the expanded austenite layer is different for differently oriented grains.
The thickness of the expanded austenite layers developed in (334), (117) and (111) oriented grains are 9.8 pm, 13.2
pum and 9.2 pm, respectively.

6.4.1.2. Fe-Cr (bec) specimens

EPMA measurements carried out on the surface of a 3h nitrided Fe-4.5 at.% Cr specimen
(Figure 6-4) indicate that the nitrogen surface content is different for different surface adjacent
grains of this ferritic specimen: The lowest surface nitrogen content is observed for surface
adjacent grains with a (111) plane parallel to the surface (I'=0.33).
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The crystallographic orientation of each surface adjacent grain with respect to the surface was
determined by EBSD from the surface of nitrided specimens and expressed by the orientation
factor, . Thus, the quantitative relationship between the nitrogen content in the solid at the
surface as a function of the orientation factor was determined for specimens nitrided for different
times. The results are shown in Figure 6-5. Evidently, the surface nitrogen content decreases with
increasing orientation factor. With increasing nitriding time, a saturation level of N is approached
and at the same time, the differences between the surface nitrogen contents for the differently
oriented grains reduce (compare also Figure 6-6(a) and (b); see section 6.5 for discussion).
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Figure 6-3. Nitrogen-depth profiles measured by EPMA for differently oriented grains (with the different
orientation factors (I')) on a cross-section of a Ni-5 at.% Ti specimen nitrided for 65 h at 400°C using rn= 500 atm
12, Both the surface N content and the nitrided zone depth are different for differently oriented grains.

Several nitrogen-concentration depth profiles were determined by EPMA for differently
oriented grains, on cross-sections of Fe-4.5 at.% Cr specimens nitrided for 1 h and 30 h (Figure
6-6). According to Figure 6-6(a), the depth of the nitrided zone is larger for the grain with a (100)
lattice plane (closely) parallel to the surface (I'=0.05) as compared to the grain with a (111) lattice
plane (closely) parallel to the surface (I'=0.31). As for the (fcc) Ni-Ti specimens, it can be
concluded that also for the (bcc) Fe-Cr specimens, both the surface N content and the nitrided
depth decreases with increasing orientation factor. This is the first time that this effect has been
observed for ferritic specimens.
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Figure 6-4. EPMA and EBSD (with incorporated corresponding [001] inverse pole figure (IPF)) measurements
performed on the surface of a nitrided Fe-4.5 at.% Cr specimen (450°C, ry= 0.1 atm™? for 3h). The dotted white
line shows the line scan of EPMA measurement. Nitrogen content is low in grains with blue color (i.e. with the
(111) plane parallel to the surface).
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Figure 6-5. Nitrogen content measured on the surface of various grains of Fe-4.5 at.% Cr as a function of the
orientation factor of the corresponding grains, as measured from specimen nitrided for different times. Nitriding
experiments were performed at 450°C and rx=0.1 atm™"? for 1 h, 3 h, 6 h, 15 h and 30 h. Single N content for each
grain was obtained by averaging EPMA data points measured within each grain (measured points on the grain
boundaries were neglected; nucleation of precipitates is faster at grain boundaries as compared to areas far from
grain boundaries). To exemplify the error of the measured averaged N content for each grain, error bars for two
nitriding times (1 h and 3 h ) have been shown. The polynomial fits have been given only to guide the eye.
Evidently, the surface N content decreases with increasing orientation factor.
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Figure 6-6. Nitrogen-depth profiles measured for differently oriented grains (with the different orientation factors
(1) on the cross-section of a Fe-4.5 at.% Cr specimen nitrided for a) 1 h and b) 30 h. Both the surface N content
and the nitrided zone depth are different for differently oriented grains.

6.4.2. Dependence of residual stress on crystallographic orientation of surface
grains

Values of the strains €, (hkl) for grains with (100) lattice planes and grains with (111) lattice
planes parallel to the surface (i.e. a (100) set and a (111) set) of a 65 h nitrided Ni-5 at.% Ti
specimen and for grains with (100) lattice planes and grains with (211) lattice planes parallel to
the surface (i.e. a (100) set and a (211) set) of a 1 h nitrided Fe-4.5 at.% Cr specimen have been
determined from d, (hkl) and dy(hkl) according to Eq. (9). Values of d, (hkl) as measured from
the positions of the intensity maxima of the (200) and (111) surface adjacent expanded austenite
component reflections in the X-ray diffractogram of the 65 h nitrided Ni-Ti specimen (see Fig.
5b in [31]), are also shown in Table 6-1. Values of d, (hkl), lattice spacings as measured from
the positions of the intensity maxima of the (200) and (211) ferrite reflections in the X-ray
diffractogram of the 1 h nitrided Fe-Cr specimen, are also shown in Table 6-2. Values of dy(hkl)
must represent a (hypothetical) homogenous specimen which is devoid of the planar state of
stress. Values of dy(hkl) have been calculated for the Ni-Ti and Fe-Cr specimens as follows:

6.4.2.1. Ni-Ti (fcc) specimens

Values of dy(hkl) for a homogenous, stress free specimen, containing the same amount of
dissolved N and dissolved Ti as in the matrix of the nitrided region of the surface grains of the
heterogeneously nitrided specimen, have been calculated as follows:
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do(hkl) = dpure Ni(hkD) + Adgis— n(hkD) + Adgis—1i (hkl) (6-10)

where dpyre ni(hkl) is the lattice spacing of pure Ni [54] and Adgjs— n(hkl) and Adgis—  (hkD)
are the lattice-spacing changes of pure Ni due to dissolved N and dissolved Ti, respectively.

Table 6-1. Values used for the calculation of €, (strain in the surface-normal direction, Eq. (6-9)) for grains
with (100) lattice planes and for grains with (111) lattice planes parallel to the surface of the 65 h nitrided
Ni-5 at.% Ti specimen. The error in the lattice-spacing values (column 1), obtained by fitting the measured
diffractograms, is + 0.0001 A.

(hkl) d, dpure Ni Adgis-n Ad gis—i d.
A) A) A) A) A)

100 1.8250 1.7619 0.0372 0.0050 1.8041

11 20817  2.0345 0.0319 0.0058 20722

Table 6-2. Values used for the calculation of €, (strain in the surface-normal direction, Eq. (6-9)) for grains
with (100) lattice planes and for grains with (211) lattice planes parallel to the surface of the 1 h nitrided Fe-
4.5 at.% Cr specimen. The error in the lattice-spacing values (column 1), obtained by fitting the measured
diffractograms, is £0.0001 A.

dJ_ dpure Fe Addis— N Addis— Adh d-
(hkl)

A) A) A) @& A) A)
100 1.4442 1.4332 0.0004 0.0008 0.0034 1.4378
211 1.1755 1.1702 0.0002 0.0008 0.0010 1.1722

For calculation of Adgjs— y(hkl) for the (100) and (111) sets, the amounts of dissolved
nitrogen atoms in the Ni-rich matrix of these two sets are required. The average nitrogen contents
measured in the nitrided region (thickness about 6 pm) of a (100) grain and in the nitrided region
(thickness about 4 pm) of a (111) grain of the specimen nitrided for 65 h, as determined by EPMA,
are 6.2 at.% and 4.6 at.%, respectively (see Figure 6-3: the red curve corresponds to a (100) grain
and the blue curve corresponds to a (111) grain). The corresponding changes of the Ni-lattice
spacing, Adgq; 1, for the (100) and (111) sets follow from a lattice-parameter increase of
+0.012 A per at.% of dissolved N [31].

The values of Adgjs_ 7i (hkl) for the (100) and (111) sets, for 5 at.% Ti dissolved in Ni matrix,
follow from a lattice-parameter increase of +0.0020 A per at.% of dissolved Ti [55].
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6.4.2.2. Fe-Cr (bcc) specimens

Values of d(hkl) for ahomogenous specimen, devoid of the planar state of stress, containing
the same amounts of CrN precipitates, dissolved N and (remaining) dissolved Cr as in the matrix
of the nitrided region of the surface grains of the heterogeneously nitrided specimen, have been
calculated as follows:

do(hkl) = dpure re(hkl) + Adgis— n(hkl) + Adgis—  (hkD) + Ady (hkD) (6-11)

where dpyre pe(hkl) is the lattice spacing of pure Fe [54] and Adg;s— n(hkl) and Adgis—¢ (hkl)
are the lattice -spacing changes of pure Fe due to dissolved N and (remaining) dissolved Cr in the
matrix, respectively. Ady(hkl) represents the lattice-spacing change due to a hydrostatic
component of stress (see below).

For calculation of Adg;s n(hkl) for the (100) and (211) sets, the amounts of dissolved
nitrogen atoms in the ferrite matrix of these two sets are required. The maximum amount of
dissolved nitrogen after complete nitriding of an Fe-4.5 at.% Cr specimen (implying all Cr has
precipitated) at 450°C and = 0.1 atm®® is 0.42 at.% (as deduced from weight-uptake
measurements as described in Ref. [52]). The average nitrogen contents measured in the nitrided
region of a (100) grain and in the nitrided region of a (211) grain of the specimen nitrided for 1
h, as determined by EPMA, are 1.4 at.% and 0.7 at.%, respectively (see Figure 6-6(a): the red
curve corresponds to a (100) grain and the green curve corresponds to a (211) grain).
Correspondingly, the amounts of dissolved N in the surface region of the (100) grain and in the
surface region of the (211) grain are now estimated as [(1.4/(4.5+0.42))x0.42) at.%]=0.12 at.%
and [(0.7/(4.5+0.42))x0.42) at.%]=0.06 at.%, respectively. The corresponding changes of the
ferrite-lattice spacing, Adgis— y for the (100) and (211) sets, follow from a lattice-parameter
increase of +0.0079 & per at.% of dissolved N [56].

For calculation of Adgis_ cr(hkl) for the (100) and (211) sets, the amounts of remaining
dissolved Cr in the ferrite matrix of these two sets are required. These data can be obtained by
subtracting the Cr content contributing to the CrN precipitation from the total Cr content of the
alloy (4.5 at.%). Thus, the amounts of remaining dissolved Cr in the surface regions of the (100)
and the (211) grains are 3.2 at.% and 3.9 at.%, respectively. The corresponding changes of the
ferrite-lattice spacing , Adgis— cr for the (100) and (211) sets follow from a lattice-parameter
increase of +0.0005 & per at.% of dissolved Cr [57].

The nitrided regions contain tiny, misfitting coherent CrN precipitates which evoke a (tensile)
hydrostatic stress component in the ferrite matrix [52, 58], also in the reference specimen, which
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leads to a corresponding change of the lattice spacing, Ady, (hkl). Therefore, in order to determine
the sole effect of the stress parallel to the surface as caused by the macroscopic misfit of nitrided
case and unnitrided core in the actual heterogeneously nitrided specimen, Ady, (hkl) has to be
incorporated in the calculation of dy(hkl) (see Eq.(6-11)). For the current case (coherent
precipitates of CrN in the ferrite matrix), Ady, (hkl) can be straightforwardly calculated using the
model described in Ref. [52]. To this end, the average amount of CrN precipitates in the nitrided
regions of the surface adjacent grains with (100) and (211) planes parallel to specimen surface
must be known. These data follow from the nitrogen content contributing to the CrN precipitation
(i.e. the total measured nitrogen content minus the amount of dissolved nitrogen; see above) in
the nitrided regions of the (100) grains and the (211) grains: 1.28 at.% N for the (100) grains and
0.64 at.% N for the (211) grains.

The thus determined values of dpyre ni(hkD), Adgis— n(hkD), Adgis—ti(hkl) and finally
do(hkl) for the (100) and (111) sets of Ni-Ti specimen are shown in Table 6-1. The thus
determined values of dpyre re(hkl), Adgis— n(hklD), Adgis—cr(hkl), Ady(hkl) and finally
dy(hkl) for the (100) and (211) sets of Fe-Cr specimen are shown in Table 6-2.

The elastic strains &, (hkl) can now be calculated applying Eq. (6-9). The results have been
gathered in Table 6-3, together with the corresponding values of 1/ (ZSf zy % (hkl)) (calculated for
pure nickel and iron according to Eq. (6-7)) and the values of the acting biaxial stress obtained by
use of Eq. (6-6). The finally resulting values of the equilibrium N solubility ratio, C, 1‘5;2 /C ﬁzg
(calculated by application of Eq. (6-5)), for the (100) and (111) sets of the Ni-Ti specimen and
for the (100) and (211) sets of Fe-Cr specimen have been given in the last column of Table 6-3.
It is remarked that these results should be considered to be of at most semi quantitative in view
of the assumptions made (see section 6.2).

It follows that the larger value of equilibrium N solubility is predicted (from the determined
stress value) to occur for grains with {100} planes parallel to the surface of Ni-Ti and Fe-Cr
specimens, as compared to grains with {211} or {111} planes parallel to the specimen’s surface.
This well agrees with the experimental observations.

6.5. General discussion

The results presented in sections 6.4.1 and 6.4.2. indicate that the stress and the surface
nitrogen solubility in both nitrided fcc Ni-Ti and nitrided bec Fe-Cr alloys depend on the
crystallographic orientation of the surface adjacent grains, such that with increasing value of T'hkl,
the stress and the surface nitrogen concentration decrease. Thereby, the correspondence of stress
and equilibrium nitrogen solubility for a (hkl) set, as described by Eq. (6-5), is experimentally
validated qualitatively.
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Table 6-3. Values used for calculation of equilibrium nitrogen ratio (Eq. (6-5)) for grains with (100) lattice planes
and grains with (111) lattice planes parallel to the surface of the 65 h nitrided Ni-5 at.% Ti specimen and for grains
with (100) lattice planes and grains with (211) lattice planes parallel to the surface of the 1 h nitrided Fe-4.5 at.%
Cr specimen. For calculation of equilibrium N ratio (Eq. (6-5)), the partial molar volume of nitrogen in iron (Vy)
was deduced from the expansion of the ferrite lattice due to nitrogen dissolution [61] as 5.12 cm*/mol and the
partial molar volume of nitrogen in nickel was deduced from the expansion of the Ni lattice due to nitrogen
dissolution [31] as 6.73 cm*/mol.

1 2Sxyz Ca::O
alloy (k) e Mn °// Nea
(GPa) (MPa) CReq

(100) ni 0.0116 -171 -1984 0.2

Ni-5 at.% Ti
(111) N 0.0046 -626 2880 0.1
(100) fe 0.0045 -177 =797 0.6
Fe- 4.5 at.% Cr
(211) fe 0.0028 -384 -1075 0.5

A consequence of the proposed interpretation of the current experimental results is that in a
homogeneously nitrided specimen, i.e. without a biaxial state of stress imposed by the misfit of
nitrided case and unnitrided core (as in the heterogeneously nitrided specimens considered until
now), the results for nitrogen surface concentration should be the same for the different (4k7) sets.

This prediction was verified by the following experiment: a thin foil of Fe-2 at.% Cr (of
section 6.3.1) alloy was homogeneously nitrided (i.e. the same amount of N occurs at all depths).
A thin foil specimen of modest Cr content shows so-called, “weak Me-N interaction” and as a
consequence, the specimen is gradually enriched in N simultaneously at all depths [1, 59]. The
thus obtained homogeneously nitrided thin foil with no residual macrostress (as verified by sin?y
stress measurement [45] performed in this project) indeed showed the absence of surface-grain
orientation dependence of the surface nitrogen content for two grains crossing the specimen
thickness and of largely different orientations (I'=0.02 and I'=0.30); see EPMA and EBSD results
shown in Figure 6-7, thereby providing full support for the interpretation offered above.

It is noted that the decrease upon continued nitriding of the differences between the surface
nitrogen contents for the differently oriented surface adjacent grains, as shown in Figure 6-5 and
Figure 6-6(a) and (b), is fully compatible with the present explanation: towards specimen
homogenization, i.e. for increasing nitriding time, the residual stress in the surface region
naturally decreases and thereby the difference in stress level of the (4k]) sets also decreases.
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Figure 6-7. N-depth profiles measured along two grains with largely different orientations (with respect to the
surface of the specimen; '=0.02 and I'=0.30) on the cross-section of nitrided Fe- 2at.% Cr thin foil (450°C, r=0.1
atm ""2and 216 h). EBSD orientation map and [100] inverse pole figure (IPF) were also recorded.

6.6. Conclusions

The extent of nitriding (surface nitrogen concentration and nitrided depth) depends on the
crystallographic orientation of the surface grains of the substrate. This effect not only was observed
upon nitriding of austenitic (Ni-Ti) solid solutions but, for the first time, also upon nitriding of ferritic
(Fe-Cr) solid solutions.

The effect could be ascribed to the occurrence of a state of residual planar stress invoked in the nitrided
surface region:

@) The value of this stress parallel to the surface is different for grains of crystallographic
orientations different with respect to the surface.

(ii) A simple thermodynamic theory relates the values of stress parallel to the surface to
the change of the equilibrium solubility of nitrogen.
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In the absence of stress, as holds for homogenously nitrided specimens, no differences between the
variously oriented surface grains with respect to their equilibrium solubility of nitrogen are expected
and do not occur indeed.
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Summary

The initial microstructure of the unnitrided specimen has a significant influence on the nitriding
response of binary Fe-Me (Me: Mo or Al) alloys specimens. This effect was not investigated until
now for the case of nitrided terary Fe-Mei-Me: alloys The role of the initial microstructure was
studied upon nitriding Fe-4.1 at.% Cr-7.9 at% Al specimens (chapter 2). To this end, the
recrystallized and cold-rolled specimens were nitrided at low nitriding temperature of 400 °C.
Application of such low nitriding temperature inhibits recrystallization of the cold-rolled specimen
during the nitriding process, thereby exposing the role of the dislocations on the nitride-precipitation
process. Nitrogen-depth profiles as measured on the cross-sections of the recrystallized and the cold-
rolled specimens reveal that development of mixed precipitates occurs during nitriding of the
recrystallized specimen: i.e. the development of metastable, ternary, cubic, NaCl-type CrixALN
nitrides was observed. However, in the case of cold-rolled specimen, successive precipitation of
binary nitrides of Al and Cr occurs. The difference in distribution of nitrogen in the nitrided regions
of recrystallized and cold-rolled specimens is shown in Figure 7-1. The crystal structure of the
precipitates developed in both types of specimens is of the cubic, NaCl-type. The absence of stable
hexagonal AIN nitride has been attributed to the decrease of misfit-strain energy being larger than the
increase of chemical energy by incorporation of Al into the developing binary CrN nitride, i.e., the
nucleation barrier for the development of stable hexagonal AIN is larger than that for the development
of metastable ternary CrixAlxN nitride. The formation of the separate binary nitrides in the cold-rolled
specimens has been attributed to the role of dislocations serving as easy, heterogeneous nucleation
sites.
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Figure 7-1. Nitrogen concentration-depth profiles (EPMA recorded from the cross-section of a) recrystallized and
b) cold-rolled Fe-Cr-Al specimens nitrided for 144 h. The nitrogen taken up above the dashed line of highest level
(indicated with double arrow in (a)) is called excess nitrogen. Enrichment of nitrogen at the grain boundaries in (a)
depicts the heterogeneous nucleation of nitrides at the grain boundaries. Dashed horizontal lines in (b) represent
the nitrogen levels expected for different possible scenarios of nitride development.

Upon precipitation of misfitting coherent nitrides during nitriding of thin-foils of binary Fe-
Me (Me: Cr and V) alloys, a hydrostatic tensile lattice-stain component results from the elastic
accommodation of volume misfit of nitrides and ferrite matrix. The change of the ferrite-matrix
lattice parameter can be traced upon precipitation of the nitrides by X-ray diffraction
measurements. The theory originally developed for the case of imperfections (by Eshelby) in
solids can be applied for quantitatively describing the lattice-parameter changes of the matrix, the
nitrides and the aggregate (matrix+ nitrides) as function of volume fraction and type of nitrides.
As dissolved nitrogen has also an extra influence on expansion of matrix lattice, the dissolved
nitrogen atoms were driven out of the specimen by applying denitriding (i.e., hydrogen reduction),
as has been shown schematically in Figure 7-2. The coherent diffraction of the aggregate,
consisting of matrix and coherent precipitates, occurred for nitrided Fe-Me (Me: Cr and V) alloys.
Good agreement between the experimental results and the model predictions was realized (Figure
7-2) (chapter 3). Upon aging of the homogenously nitrided Fe-Cr thin-foils, backshift of the
diffraction-peak maximum towards higher diffraction angles has been observed (chapter 4). Upon
aging of the nitrided Fe-Cr alloys, coarsening of CrN nitrides leads to change of the misfit-
accommodation mode from elastic to plastic. This misfit relaxation can occur gradually during
continues coarsening or can occur abruptly upon discontinuous coarsening of CrN nitrides. The
tracing of the misfit-relaxation process is possible applying X-ray diffraction.
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Figure 7-2. The change of X-ray reflection maximum due to nitriding and subsequent denitriding. Comparison of
model predicted and experimental data for the difference of the lattice parameter of denitrided Fe-V specimens and
the lattice parameter of pure, single-phase ferrite as function of the amount of precipitated nitride phase.

In general, it is possible to predict the change of the lattice parameters of the matrix, the
second-phase and the assembly in two-phase systems using Eshelby model. The comparison
between the change of lattice parameters experimentally obtained by X-ray diffraction and the
change of lattice parameter theoretically reveals good agreement. For applying the model, it is
important to indicate the type of diffraction (coherent/incoherent) and the type of misfit
(precipitation induced misfit/thermal misfit). An overview on such misfit induced changes of
lattice parameters in two phase systems has been presented in chapter 5 and has been summarized

in Table 7-1.

Table 7-1. Types of systems consisting of a matrix with misfitting second-phase particles, categorized on the basis
of the type of elastically accommodated misfit (column 2) and of the type of precipitate/matrix diffraction (column
3).

type of  type of elastically  type of precipitate/

case studies
system accommodated misfit matrix diffraction

nitrided Fe-Me alloys

1 transformation misfit coherent Co clusters in decomposed Cu-Co
alloy

2 transformation misfit incoherent aged (at RT) Fe-N alloy

3 thermal misfit incoherent aged AlSi alloy

nitrided and aged Fe-Cr alloys

The extent of the uptake of dissolved nitrogen during nitriding of ferritic Fe-4.5 at.% Cr and
austenitic Ni-5 at.% Ti is a function of the crystallographic orientation of the surface grains.
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Therefore, not only the surface nitrogen content, but also the nitrided depth developing on each
surface grain is different from one grain to another. For cubic materials, the surface-nitrogen
concentration and the nitride depth decrease upon increasing the smallest angle between the
surface normal and the normal of a {100} plane of the surface grain considered. This phenomenon
has been attributed to the different state of biaxial stress developing in each differently oriented
surface grain due to the elastically anisotropic nature of ferrite and austenite. Because of the
difference in magnitude of biaxial stress acting on the differently oriented grains, the equilibrium
solubility of nitrogen in the different grains is different. As can be seen in Figure 7-3, the lowest
and highest amounts of nitrogen absorption occurred for grains with their {111} and {100} planes
parallel to the specimen surface, respectively (Chapter 6).

nitrogen content [at. %]

L) I
500 600 700 800 900 1000
distance (pm)

I
0 100 200 300 400

Figure 7-3. EPMA and EBSD (with incorporated corresponding [001] inverse pole figure (IPF)) measurements
performed on the surface of a nitrided Fe-4.5 at.% Cr specimen (450°C, = 0.1 atm™"? for 3h). The dotted white
line shows the line scan of EPMA measurement. Nitrogen content is low in grains with blue color (i.e. with the

(111) plane parallel to the surface) and high in grains with red color (i.e., with the (100) plane parallel to the
specimen surface).
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Zusammenfassung in deutscher Sprache

Das zu Beginn vorhandene Gefiige des unnitrierten Werkstiicks hat einen bedeutenden
Einfluss auf das Nitrierverhalten binédrer Fe-Me (Me: Mo oder Al) Legierungen. Dieser Effekt
wurde bisher nicht an terndren Fe-Mei-Mea-Legierungen untersucht. Die Auswirkungen des
Anfangsgefiiges auf das Nitrierverhalten wurde beim Nitrieren von Fe-4.1 at.% Cr-7.9 at.% Al
Proben untersucht (Kapitel 2). Zu diesem Zweck wurden rekristallisierte und kaltgewalzte Proben
bei einer niedrigen Nitriertemperatur von 400 °C nitriert. Die Anwendung solch niedriger
Nitriertemperaturen verhindert die Rekristallisation der kaltgewalzten Proben wihrend des
Nitrierens, wodurch der Einfluss der Versetzungen auf die Nitridausscheidung sichtbar wird. An
Querschliffen  von  rekristallisierten und  kaltgewalzten  Proben  aufgenommene
Stickstofftiefenprofile zeigen die Entstehung von gemischten Nitriden wihrend des Nitrierens
rekristallisierter Proben: das heil3t, es wurde die Entstehung von metastabilen, ternédren, kubischen
CrixAlN Nitriden mit einer Kiristallstruktur vom NaCl-Typ beobachtet. Im Fall von
kaltgewalzten Proben wurde jedoch die aufeinander folgende Ausscheidung von bindren Al- und
Cr-Nitriden beobachtet. Die unterschiedliche Stickstoffverteilung in der Nitrierschicht von
rekristallisierten und kaltgewalzten Proben ist in Abbildung 8-1 gezeigt. Die Kristallstruktur der
in beiden Arten von Proben gebildeten Ausscheidungen ist vom kubischen NaCl-Typ. Die
Abwesenheit des stabilen hexagonalen AIN-Nitrids wird der Tatsache zugeschrieben, dass die
Absenkung der Verzerrungsenergie grofer ist als die Zunahme der chemischen Energie durch die
Aufnahme von Al in das sich bildende bindre CrN Nitrid, d.h., die Keimbildungsbarriere zur
Bildung des stabilen hexagonalen AIN ist grofer als diejenige zur Bildung von metastabilem Cri-
xAlxN-Nitrid. Die Bildung von separaten bindren Nitriden in den kaltgewalzten Proben wurde der
Wirkung von Versetzungen als gilinstige, heterogene Keimstellen zugeordnet.
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Abbildung 8-1. An Querschliffen von a) rekristallisierten und b) kaltgewalzten Fe-Cr-Al-Proben nach dem
Nitrieren fiir 144 h aufgenommene Stickstoffgehalt-Tiefenprofile (Elektronenstrahlmikrosonden-
untersuchungen, ESMA). Der oberhalb der obersten gestrichelten Linie (in a) als Doppelpfeil gezeigt)
aufgenommene Stickstoff wird ,,Excess-Stickstoff genannt. Anreicherung von Stickstoff an Korngrenzen in
a) zeigt die heterogene Keimbildung der Nitride an Korngrenzen. Gestrichelte horizontale Linien in b) zeigen
die zu erwartenden Stickstoffgehalte in verschiedenen Szenarien der Nitridbildung.

Bei der Ausscheidung von kohérenten Nitriden mit Fehlpassung wahrend des Nitrierens von
diinnen Folien bindrer Fe-Me (Me: Cr und V) Legierungen resultiert eine hydrostatische
Zugkomponente der Gitterdehnung durch die elastische Aufnahme der Volumenfehlpassung von
Nitriden und Ferritmatrix. Die Anderung des Gitterparameters der Ferritmatrix kann wéhrend der
Ausscheidung der Nitride mit Rontgenbeugungsmessungen verfolgt werden. Die urspriinglich
(von Eshelby) fiir Fehlstellen in Festkorpern entwickelte Theorie liefert eine quantitative
Beschreibung der Gitterparameterdnderungen der Matrix, der Nitride und des Aggregats (Matrix
+ Nitride) als Funktion des Volumenanteils und der Art der Nitride. Da geldster Stickstoff eine
zusitzliche Aufweitung des Matrixgitters hervorruft, wurden die geldsten Stickstoffatome aus der
Probe durch Denitrieren entfernt (d.h. Wasserstoffreduzierung), wie schematisch in Abbildung 8-
2 gezeigt. Kohidrente Beugung des Aggregats, bestehend aus Matrix und kohérenten Nitriden, trat
bei nitrierten Fe-Me (Me: Cr und V) Legierungen auf. Eine gute Ubereinstimmung der
experimentellen Ergebnisse mit den Modellvorhersagen wurde gefunden (Abbildung 8-2)
(Kapitel 3). Wéhrend des Alterns von homogen nitrierten Fe-Cr diinnen Folien, wurde eine
Riickverschiebung der Beugungsmaxima zu hoheren Beugungswinkeln beobachtet (Kapitel 4).
Die wihrend des Alterns von nitrierten Fe-Cr-Legierungen auftretende Vergroberung der CrN-
Nitride verdndert die Aufnahmeart der Volumenfehlpassung von elastisch zu plastisch. Diese
Fehlpassungsrelaxation kann graduell durch kontinuierliche Vergroberung oder abrupt durch
diskontinuierliche Vergroberung der CrN-Nitride erfolgen. Diese Fehlpassungsrelaxation kann
tiber Rontgenbeugungsmessungen verfolgt werden.
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Abbildung 8-2. Die Verdnderung des Rontgenreflexmaximums durch Nitrieren und anschlieBendes Denitrieren.
Vergleich von Modellvorhersagen und experimentellen Daten der Differenz des Gitterparameters von denitrierten
Fe-V Proben und des Gitterparameters von reinem, einphasigem Ferrit als Funktion der Menge an Nitridphase.

Im Allgemeinen ist es moglich, die Verdnderung des Gitterparameters der Matrix, der
Zweitphase und des Aggregats in Zweiphasensystemen mit Hilfe des Eshelbymodells
vorherzusagen. Der Vergleich der experimentell mittels Rontgenbeugung bestimmten
Gitterparameterdnderung und der theoretischen Vorhersage des Gitterparameters zeigt eine gute
Ubereinstimmung. Fiir die Anwendung des Modells ist es wichtig die Art der Beugung
(kohérent/inkohédrent) und die Art der Fehlpassung (ausscheidungsbedingt/thermisch) anzugeben.
Eine Ubersicht solcher fehlpassungsinduzierter Verinderungen des Gitterparameters in
Zweiphasensystemen wird in Kapitel 5 gegeben, eine Zusammenfassung zeigt Tabelle 8-1.

Tabelle 8-1. Systeme bestehend aus Matrix und Zweitphasenpartikeln mit Fehlpassung, gruppiert nach der Art des
elastisch aufgenommenen Fehlpassung (Spalte 2) und der Art der Ausscheidungs/Matrix-Beugung (Spalte 3)

Art des Art der elastisch Art der
aufgenommenen ausscheidungs/Matrix Fallstudien
Systems
Fehlpassung Beugung
nitrierte Fe-Me Legierungen
1 Umwandlungs- Kohdirent .
fehlpassung Co-Cluster in ;ersetzter Cu-Co
Legierung
Umwandlungs- . . . .
2 inkohérent Gealterte (bei RT) Fe-N Legierung
fehlpassung
. Gealterte AlSi Legierung
3 Thermische inkohérent itri
Fehlpassung Nitrierte und gealterte Fe-Cr

Legierungen
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Die Menge an Stickstoff, die wiahrend des Nitrierens von ferritischem Fe-4.5 at.% Cr und
austenitischem Ni-5 at.5 Ti aufgenommen wird, ist eine Funktion der kristallographischen
Orientierung der Oberflachenkérner. Daher unterscheiden sich nicht nur der Stickstoffgehalt an
der Oberflache, sondern auch die Nitriertiefe jedes Oberflichenkorns. In kubischen Materialien
nehmen der Stickstoffgehalt an der Oberflache und die Nitriertiefe mit zunehmendem Winkel
zwischen Oberflichennormale und der Normale einer {100}-Ebene des jeweiligen
Oberflachenkorns ab. Dieses Phdnomen wurde dem sich in den unterschiedlich orientierten
Oberfliachenkérnern durch die elastische Anisotropie des Ferrits und Austenits unterschiedlich
ausbildenden biaxialen Spannungszustand zugeordnet. Durch den Unterschied in der Hohe der
auf verschieden orientierte Korner wirkenden biaxialen Spannung unterscheiden sich die
Stickstoff-Gleichgewichtsloslichkeiten der jeweiligen Korner. Wie in Abbildung 8-3 gezeigt, tritt
die jeweils niedrigste und hochste Stickstoffaufnahme in Kdrnern mit {111} und {100} Ebenen
parallel zur Oberflache auf (Kapitel 6).

nitrogen content [at. %]

0,5 T T T T T T T
0 100 200 300 400

1
500 600 700 800 900 1000
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Abbildung 8-3. ESMA und EBSD (mit zugehdriger [001] inversen Polfigur (IPF)) Messungen auf der Oberflache
einer nitrierten Fe-4.5 at.% Cr Probe (450 °C, i=0.1 atm™, 3 h). Die gestrichelte weiBe Linie gibt den Ort der
ESMA-Linienanalyse an. Der Stickstoffgehalt ist in blauen Ko6rnem niedrig (d.h. mit einer (111) Ebene parallel
zur Oberflache) und in roten Kornern hoch (d.h. mit einer (100) Ebene parallel zur Oberfléche).
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