JOURNAL OF MATERIALS SCIENCE 15 (1980)3129—-3140

Morphology and lattice distortions of
nitrided iron and iron-chromium alloys

and steels

E.J. MITTEMEIJER, A.B.P. VOGELS, P. J. VAN DER SCHAAF
Laboratory of Metallurgy, Delft University of Technology, Rotterdamseweg 137,

2628 AL Delft, The Netherlands

Specimens prepared from iron, iron—chromium alloys (0 to 4 wt% Cr) and commercial
steels (C45, 41Cr4, 15CrNi6 and 24CrMo13) were powder nitrided at 818 K for

0.25 to 32 h. After cooling to room temperature the resulting morphology, lattice
distortions and compositional variations were determined by X-ray diffraction analysis,
metallographic methods and electron microprobe analysis. in the diffusion zone of iron
and iron—chromium (0.54 wt% Cr}, «"-(Fe 4 N,)- and v'-(Fe,N}-nitrides were observed,
whereas specimens of the iron—chromium alloys with a higher chromium content showed
a finely dispersed submicroscopical precipitation of CrN in the matrix and precipitates of
Cr,N at the grain boundaries. With increasing nitriding times for the iron—chromium
alloy with the highest chromium content {3.82 wt% Cr) a discontinuous precipitation
starting from the grain boundaries occurred. For the first time recrystallization phenomena
in the diffusion zone were observed, indicating that the inward diffusion of nitrogen
introduces large lattice distortions. Large distortions were determined from X-ray dif-
fraction line shift and line broadening respectively. The behaviour of macro- and micro-
strain as a function of nitriding time was interpreted in terms of the volume changes
caused by nitriding and subsequent precipitation. The residual surface stresses were
calculated from the macrostrains applying the Vpigt—Reuss-mean model. The
experimentally determined ratio of the macrostrains in the {100) and the (110) directions
was in good agreement with the value predicted from the model. The corresponding ratio
of the microstrains was significantly larger than this theoretical prediction, which can be
attributed to precipitates growing along (100) planes in the matrix (such as " -nitride
and CrN). In contrast with the macrostrain, a strong relation was found between the
microstrain and the chromium content of the specimen.

1. Introduction

At present, nitrided steels have many techno-
logically important applications [I]. Nitriding
vields the best fatigue resistance of any surface
treatment and, in particular after nitrocarburizing,
good tribological and anticorrosion properties.
However, a considerable gap exists between the
achievement of successful application and under-
standing. It is felt that the fatigue properties are
principally determined by the lattice distortions in
the nitrided zone, but detailed knowledge on the
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behaviour on nitriding of the macro- and micro-
strains is still lacking,.

In view of the above, the present investigation
was initiated to produce a description of the
Iattice distortions due to nitriding. Pure iron,
iron—chromium alloys (containing up to 4 wt% Cr)
and several steels (C45, 41Cr4, 15CrNi6 and
24CrMo13 with a chromium content in the range 0
to 4 wt% Cr) were investigated, since chromium is
the main alloying element in many steels devel-
oped for nitriding.

3129



Xray diffraction methods (macro- and micro-
strain; phase _identification), metallographic
methods (optical microscopy; hardness measure-
ment) and electron microprobe analysis (com-
position variations) were employed.

2. Experimental procedure

2.1. Specimen preparation

Specimens in the form of discs (diameter about
20mm; thickness about 2mm) were prepared
from iron with residual elements at low levels
(total amount <0.02wt%), also iron—chromium
alloys (containing 0.54, 1.06, 2.00 and 3.82wt%
Cr) and several quenched and tempered steels
(austenitized (2h, 840°C); water quenched;
tempered (2h, 600°C); air cooled). For com-
positions, see Table I.

After mechanically polishing (final stage 1um
diamond), nitriding was carried out in “Effge”
powder (Goering & Co), in a closed box (kitted
with “Lenit-Hartschutz”, Soth) in a furnace at
818K (£ 2K). In this method [2] the powder
CaCN, (calciumcyanamide) reacts with H,O,
delivered at the nitriding temperature by an
enclosed activator, according to

CaCN2 + 3H20 - Ca0 + COz + 2NH3.

Nitrogen is produced by dissociation of NH; and
carbon is produced according to the Boudouard
equilibrium. The method can be compared with
other nitrocarburizing methods, e.g. salt-bath
nitriding [3]. A calibrated Pt/PtRh (13%Rh)
thermocouple placed within the box was used to
indicate the start of nitriding. Annealing times in
the range 0.25 to 32h were employed. After
nitriding the boxes were air-cooled.

2.2. Metallography

Optical microscopy was performed with a Neo-
phot2 (Carl Zeiss, Jena). Polarized light was
applied to differentiate between optically isotropic
and optically anisotropic phases. To enhance
contrast physical etching by a vapour deposited
interference filter was used.

TABLE I Compositions of steels

The microhardness profiles were determined
applying a Vickers micro-hardness tester, according
to Hanemann, adapted to the Neophot-2 micro-
scope (applied load 4.5 g).

2.3. Microprobe analysis

Applying ARL and Jeol electron microprobes, the
nitrogen and carbon concentrations were deter-
mined as a function of the distance below the sur-
face from the characteristic NK« and CKa lines
respectively. To minimize contamination, a plate
cooled by liquid nitrogen was installed near the
specimen. Moreover, in the case of the carbon
measurements an oxygen jet was aimed at the spot
investigated on the specimen.

For quantitative results the measured intensities
have to be related to the intensities measured from
standard specimens. In the literature diverging or
only qualitative results have been reported [4—6]
which may be due to a lack of good standards
(especially for nitrogen [6]). In the present work
an Fe;C standard was employed for the carbon
analysis. For the nitrogen analysis a y-Fe,N stan-
dard was prepared by gas-nitriding, as described
elsewhere [7], under appropriate conditions [8].

2.4, Diffractometry

For the purpose of phase identification, fast scans
over the range 25 to 130° 26 were made (scan-speed
about 2°20 min') employing a Siemens type F
w-diffractometer equipped with a graphite mono-
chromator in the diffracted beam and using CoKa
radiation.

For the determination of the macrostrain (from
the line shift) and the microstrain (from the line
broadening) the {200} and {220} line profiles of
the iron-matrix were recorded with low scan-speeds
(usually about 0.1°20 min™) to obtain sufficient
counting accuracy. Large portions of the back-
ground at both sides of the peak were recorded.
The background was interpolated linearly between
both extremities. The aycomponent was eliminated
by computation [9]. For the elimination of the
broadening due to the instrumental aberrations

Steel Composition (wt%)

C Si Mn P S Cr Ni Mo
C45 0.45 0.40 0.80 0.035 0.025 — - -
41Cr4 041 0.25 0.70 0.035 0.035 1.05 - -
15C1Ni6 0.15 0.25 0.40 0.035 0.035 1.55 1.55 —
24CrMol3 0.24 0.35 0.59 0.050 0.050 3.20 0.40 0.61
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Figure | Cross-section of a
specimen of iron nitrided for 8 h
at 818K (oblique incidence; X
oil immersion).
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and the X-ray spectrum used, the corresponding
line profiles were recorded from standard speci-
mens, chemically identical to the specimens to be
investigated, which were subjected to the same
(heat) treatment but with the exclusion of nitrid-
ing,

3. Morphology

A cross-section of a nitrided iron specimen is
shown in Fig. 1. The nitrided zone is usually sub-
divided into the compound layer, directly below
the surface, and the diffusion zone [3]. -

3.1. The compound layer
X-ray diffraction analysis indicated the presence of
€-Fe,_3N(C), v'-Fes4N and Fe30, (a very thin layer
at the surface). Using polarized light it was pos-
sible to distinguish between e- (optically aniso-
tropic) and v'- (optically isotropic) nitride (Fig. 2).
An example of the microprobe analysis of a
nitrided steel is shown in Fig. 3. In the nitrogen
concentration profile the e- and 7'-nitride regions
can be observed. From the carbon concentration
profite it follows that carbon enrichment is
observed only in the e-layer, which, as noted in
[10], improves the resistance to scuffing and wear.
The ranges observed for the nitrogen and carbon
concentrations in the surface regions of the powder
nitrided steels of this study (Fig.3) correspond
with values obtained with salt-bath nitriding [3]
and gaseous nitrocarburizing [11]. Further, apply-
ing an Auger depth profiling technique, it was

recently shown [12] that no carbon could be
detected in the surface region of powder nitrided
iron. In accordance with [13]| it is concluded
that the main influence of the presence of carbon
in the nitriding atmosphere consists of improved
nitriding kinetics.

Near the surface, the e-layer is usually porous
(Fig. 1). For the nucleation of the pores it has been
suggested [14] that, due to the very high pressure
of molecular nitrogen in equilibrium with the
nitrogen in the e-phase, nitrogen atoms associated
with dislocations (Cottrell-atmospheres) combine
into nitrogen molecules which may be stable in
spite of the local compressive stress. This idea
implies that the pores will be found preferentially
near the surface where the nitrogen concentration
is largest (Fig. 3), as is observed (Fig. 1). The
presence of pores also implies a large surface area
available for oxidation. Some metallographic
indications were obtained for the presence of
oxides in the pores.

3.2. The diffusion zone
In the iron specimens, both the metastable
o-(FegNy)nitride  [15] and the equilibrium
v'-(Fe4N)-nitride were observed (small and large
precipitates respectively in Fig. 4). These precipi-
tates formed during cooling to room temperature
from the supersaturated interstitial solid solution
of nitrogen in iron.

On nitriding, no change in carbon concentration
was observed in the diffusion zones of the nitrided
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Figure 2 Cross-section of a specimen of iron nitrided for
8h at 818K (polarized light, quartz compensator 1/8A;
oil immersion; vapour deposited ZnTe interference filter
of optical thickness of %A; A= 546 nm). The e-layer is
light (optically anisotropic) and the different grains can
be distinguished, whereas the y'-layer is dark (optically
isotropic). In the diffusion zone the light precipitates are
«-nitride (optically anisotropic). Note that practically no
o'-precipitates are seen in the recrystailized zone.

steels and no carbon could be detected in the dif-
fusion zone of nitrided iron (see also Section 3.1.).

To our knowledge, recrystallization phenomena
in the diffusion zone of nitrided iron, directly
below the compound layer, were observed for the
first time (Fig. 1). The zone of small crystallites
observed was absent before nitriding. It might be
argued that specimen preparation caused deforma-
tion in the surface of the specimen, thus inducing
recrystallization. The only possible deformation
before nitriding was due to the mechanical polish-
ing treatment (final stage: 1um diamond). How-
ever, the diffraction lines observed after polishing
before nitriding were sharp, indicating negligible
deformation in the surface region of the specimen.

The recrystallization phenomena can be under-
stood as follows. On nitriding, large lattice distor-
tions arise from the inward diffusion of nitrogen.
It has recently been shown [7] that during nitrid-
ing many dislocations are created to accommodate
the misfit introduced by the nitrogen concentra-
tion profile. At the nitriding temperature these
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Figure 3 Nitrogen and carbon concentrations as a func-
tion of the distance below the surface for a C45 specimen
nitrided for 16 h at 818K as determined by electron
microprobe analysis. The regions of e- and '-nitride in
the compound zone have been indicated. The nitrogen
concentration in the diffusion zone directly below the
v'-nitride region is larger than the value which may be
expected from phase equilibrium data [23]. This is caused
by the offshoots from the y'-region into the diffusion
zone (spot size microprobe =~ 1 um).

distocations may form dislocation walls [16]. This
polygonization process may in itself lead to
recrystallization (via subgrain-boundary formation)
or independent simultaneous recrystallization
processes may occur, as has been observed in thin
film bimetallic diffusion couples [17].

The o'-nitrides nucleate on the diffusion-
induced dislocations [7]. Therefore the notion of
a recrystallized zone, where naturally a low dis-
location density is expected, is supported by a
very low number of o’-nitrides in this zone (Fig.
2).

In agreement with the above model for
recrystallization in nitrided iron, recrystallization

Figure 4 Diffusion zone of a specimen of iron nitrided for
81 at 818K (oblique incidence; oil immersion). The small
precipitates are o”(Fe,(N,)-nitride, the large precipitates
are v'(Fe,N)-nitride.



Figure 5 Cross-section of a specimen of iron—chromium
(3.82 wt% Cr) nitrided for 8h at 818 K (monochromatic
light (530 nm); bright field; vapour deposited ZnTe inter-
ference filter of optical thickness of 3A; A = 546 nm). The
bright, light precipitates along the grain boundaries are
Cr,N-precipitates. The light band corresponds to the dif-
fusion zone matrix with submicroscopical finely-dis-
persed CrN. Note that Cr,N is already present at grain
boundaries which, at that stage, is mainly unnitrided
material, which indicates that grain boundary is much
faster than volume diffusion.

is observed directly below the compound layer
where the nitrogen concentration gradient, and
consequently the lattice distortion, will be largest.
Differences in the degree of homogenization be-
fore and after the migrating recrystallization front
may also add to the driving force for this process
(difference in chemical Gibbs free energy). It is
further remarked that migrating boundaries them-
selves enhance the homogenization process as the
contribution of grain-boundary diffusion becomes
more important [17].

X-ray diffraction and metallographic analyses
of the nitrided iron—chromium alloy containing
0.54 wt% Cr showed the same nitrides as observed
in npitrided iron. With a larger chromium content
(1.06 wt% Cr), no precipitates were observed by
microscopy in the grains of. the diffusion zone.
However, X-ray diffraction analysis indicated the
presence of CiN. Hence it is concluded that, on
nitriding, submicroscopical CrN-precipitates are
formed. Further precipitates along grain boun-
daries were observed (Fig. 5). The use of polarized
light (CrN is optically isotropic; Cr,N is optically
anisotropic), suggests that these precipitates are
Cr,N.

The chromium nitrides, in contrast with the
iron nitrides discussed above, precipitate at the
nitriding temperature.

With increasing nitriding times for the iron—

chromium alloy containing 3.82 wt % Cr, a discon-
tinuous precipitation, starting from the grain
boundaries, occurred. This process continued until
the surface layer of the matrix was completely
transformed (Fig. 6). X-ray diffraction analysis
suggested the conversion CrN — Cr,N: a ridge of
intensity was observed in the range where the
{21 1}—CoKa—Cr,N reflection is expected (iron
can be included in the Cr,N lattice). Below the
surface layer of the matrix, optical reflectivity
measurements indicated a nitrided layer, presum-
ably containing submicroscopical CrN precipiates.

The driving force for the conversion CrN -
Cr,N may be due to the significant reduction in
interfacial energy, as the CrN-precipitates are
finely dispersed (submicroscopical) in contrast
with the Cr,N-precipitates, and also the CryN can
be stabilized in the surface region by the compres-
sive residual stress (see Section 5.1.) since its
specific volume is considerably less than that of
CrN (see Fig. 7b and Section 4). In the absence of
these factors it can be shown from standard
thermodynamic data [18] that at 818K, CriN is a
more stable nitride than Cr,N.

Mortimer, Grieveson and Jack [19] have pre-
viously studied precipitation in iron—chromium
alloys. For their nitriding conditions, they
observed, in iron—chromium alloys containing
more than 5wt% Cr, that nitriding below 600° C
produced growth from the grain boundaries. They
identified the new precipitates as CtN instead of
Cr,N. Further work is needed to clarify this point.

Jack [20] has proposed that precipitation of
nitrides in ferritic alloys proceeds through a mixed
substitutional—interstitial solute—atom cluster
(Guinier—Preston-zone) stage and an intermediate
precipitate (of the type a’-Fe4N,) stage. This has
not been confirmed for iron—chromium alloys
{19] but indications for an intermediate precipi-
tate stage have been obtained on nitriding pure
chromium {21].

3.3. Microhardness profile

Obviously the porous zone corresponds to low
hardness. In the compound layer the 7y -nitride
shows the greatest hardness.

In the nitrided specimens of iron, iron—
chromium alloy with 0.54wt% Cr and C45, the
hardness in the diffusion zone gradually decreased
with increasing distances from the surface thus re-
flecting the (at the nitriding temperature inter-
stitially solved) nitrogen concentration profile,
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Figure 6 The cross-sections of specimens of iron—chromium (3.82 wi% Cr) nitrided for (a) 4 h, (b) 8 h, (c) 16 h and (d)
32h, respectively at 818 K (oblique incidence; oil immersion). With increasing nitriding times a discontinuous precipita-

tion takes place, starting from the grain boundaries.

now in the form of iron nitrides which precipitated
during cooling to room temperature. In the other
specimens, the precipitates were formed at the
nitriding temperature. Then the total amount of
alloying element can be precipitated as nitride and
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thus a constant hardness level will be present in
the upper part of the diffusion zone (see also
Section 5.2, and Fig. 8). As expected, the constant
hardness level increased with the chromium con-
tent of the alloy (1.06 wi% Cr: 605 HV; 2.00 wt%
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Figure 7(a) The relative volume change due to interstitially solved nitrogen in the iron matrix as compared to pure iron,
as a function of the atomic percentage nitrogen solved (line a), and the relative volume changes if all nitrogen is precipi-
tated as - or y'-nitride (lines b and c respectively). (b) The relative volume changes due to precipitation of CrN and
C1,N compared with the substitutional iron—chromjum solid solution, as a function of alloy composition (lines a and b

respectively).

Cr: 780HV; 3.82wt% Cr: 930 HV, see also below).
Iron—chromium specimens containing significant
amounts of both submicroscopical CiN and
discontinuous precipitate showed a marked
difference in hardness between the matrix and the
transformed region, the matrix being considerably
harder (matrix: about 930HV; transformed
region: about 540 HV).

4. Volume changes
On nitriding, the outer shell of the specimen is
expanded compared with the core of the specimen.

As a result, a macrostrain, corresponding to a com-

pressive residual surface stress, will be invoked in
the diffusion zone. Further precipitation phenom-
ena may induce local variations in the lattice para-
meter (microstrains). Therefore, a relation exists
between the volume changes occurring on nitriding
and the lattice distortions.

In Fig. 7a the relative volume change due to
nitrogen solved interstitially in the iron matrix, as

compared to pure iron, is shown as a function of
the atomic percentage nitrogen solved (line a).
Lattice parameter data for this calculation were
taken from [22]. Also, the relative volume changes
are shown in the case of all the nitrogen being pre-
cipitated as - or 7'-nitride (lines b and c respec-
tively. Lattice parameter data for these calculations
were taken from [23]. According to the literature
[24], the nitrogen content of iron nitrided at
818K is 0.27 to 0.34 at %N. It then follows from
Fig. 7a that a volume change of the order of 0.2%
occurs on nitriding. It is seen that only minor vol-
ume changes occur if o'~ and -nitrides precipitate
from a supersaturated solid solution of nitrogen in
iron. Therefore, it may be concluded that the
macrostrain due to nitriding does not change sig-
nificantly when precipitation of iron nitrides
occurs from the nitrogen—iron solid solution (in
particular for ageing experiments at room tempera-
ture where only v'-precipitates form [7]). In
addition, it follows from the calculations that the
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Figure 8 The microstrain in the (110) direction perpen-
‘dicular to the surface against the constant hardness level in
the upper part of the diffusion zone for nitrided (1 h and
16 h, respectively, at 818 K) specimens of several steels
(I1 = 41Cr4; Il = 15CiNi6; IV = 24CrMo13).

misfit between the bottom of the compound zone
(y'dayer) and the top of the diffusion zone
(nitrided iron) is about 53% (for nitriding at
818K). This misfit may be the reason for the
cracks observed sometimes in the interface be-
tween compound and diffusion zones. The misfit
between the bottom of the e-layer in the com-
pound layer, corresponding to e-FesN(C), and the
v-layer, is about 0.1%. Therefore the e- and
v"Jayers will remain closely bound.

The volume changes occurring on nitriding
iron—chromium alloys can be calculated analog-
ously from lattice parameter data given in [25].
In Fig. 7b the relative volume changes due to pre-
cipitation of CrN and Cr,N, as compared to the
substitutional iron—chromium solid solution, are
shown as a function of alloy composition (lines a
and b respectively). If all chromium present is
precipitated as nitride (in this investigation this has
been observed for chromium contents of 1.06 wt%
and larger; see Section 3), then it can be concluded
that much larger volume effects (and hence lattice
distortions) can be expected than when nitriding
iron (see Fig.7a and b): volume changes in the
range 0.5 to 2% occur.

5. Lattice distortions
Two kinds of lattice distortions in the diffusion
zone are distinguished.
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(i) A macrostrain is introduced because the
lattice dilatation by nitriding in the outer shell of
the specimen is counterbalanced by a compressive
residual surface stress. The macrostrain corres-
ponds to an (average) change of the lattice para-
meter and can be derived from measurement of
the X-ray diffraction line shift.

(ii) Microstrains are introduced because nitride
precipitates bring about local fluctuations of the
lattice parameter around the (new) average lattice
parameter. A measure for the average microstrain
can be derived from the Xray diffraction line
broadening data.

It is noted that the X-ray diffraction method
only allows the determination of elastic strains.
Further, the information obtained is only an aver-
age over the part of the diffusion zone directly
below the compound layer. The co;npound layer
was not removed from the specimens. This had the
advantage that possible relaxation effects were
avoided. It could further be shown that the line
shift which resulted from this geometry, because
the axis of the diffractometer did not lie in the
surface of the iron matrix, was negligible compared
with the effects observed.

5.1. Macrostrain

The macrostrain, €, perpendicular to the surface, as
derived from the {200} and {220} X-ray diffrac-
tion peak positions for iron matrix crystals with a
{100} and a {110} plane respectively parallel to
the surface, is shown as a function of nitriding
time in Fig.9 for specimens of iron, C45 and an
iron—chromium alloy (3.82wt% Cr). For iron and
(45, the spacing changes have been calculated rela-
tive to the peak positions of unnitrided iron and un-
nitrided C45 respectively. For the iron—chromium
alloy, the spacing changes have been calculated
relative to the peak position of unnitrided iron
instead of unnitrided iron—chromium because all
chromium is precipitated (after nitriding for 1h a
constant hardness level is observed in the upper
part of the diffusion zone).

From Fig. 9 it is seen that for the three types of
specimen the macrostrains are relatively large at
small nitriding times (== 1h). With increasing nitrid-
ing times the macrostrains diminish and become
effectively zero for iron and iron—chromium,
while a constant level is reached with C45.
Although at present these phenomena are not
completely understood, the following remarks can
be made.
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Until the diffusion zones become saturated
with nitrogen, the macrostrains will increase due
to volume expansion as discussed in Section 4. As
expected (Fig. 7a and b), the macrostrain will be
larger for the iron-—-chromium alloy than for iron.
The lowering of the macrostrain of the iron—
chromium alloy (3.82wt%Cr) for larger nitriding
times may be due to the occurrence of discon-
tinuous precipitates; note that a possible conversion
CiN - Cr,N is accompanied by a volume contrac-
tion, as compared to the volume at an early stage
of nitriding (Fig. 7b). Obviously, after homo-
genously nitriding, the constraint by the non-
nitrided core and the corresponding macrostrain
will be absent. However a negligible macrostrain
in pure iron is observed (Fig. 9) long before the
specimen could be nitrided homogenously (as
could be seen from the nitriding times applied and
the diffusion coefficient of nitrogen in iron [26]
and as was demonstrated by the microhardness
profiles measured). At present, more detailed
experiments are in progress with pure iron and
iron—carbon alloys to investigate the diminishing
macrostrain in pure iron (relation to diffusion
generation of dislocations [7]) and the effect of
cementite in the iron matrix. An experiment with
a FeC (0.4 wt% C)-specimens (gas-nitrided for4.5h
at 843 K and subsequently cooled to room tem-

16

——> t{h)

perature) showed that in pearlite mainly o”-nitrides
were present whereas in ferrite both o”- and 7'-
nitrides were observed, According to Fig. 7a, o’
nitrides imply a larger volume effect than +'-
nitrides. This can contribute to the occurrence of
larger macro- and microstrains (see Section 5.2.) in
C45 compared with pure iron.

Specimens of commercial steels also showed a
decreasing macrostrain on prolonged nitriding
(Table II). The effect appears to be independent of
the nature of the nitriding process employed as
very recently the same trend was observed after
gaseous nitrocarburizing [27]. In view of the rela-
tion usually assumed between the fatigue resist-
ance and the residual surface stress [28] this
observation may be of practical importance; if the
fatigue resistance is determined dominantly by the
macrostrain (but see Section 5.2.) it may be sug-
gested that short nitriding times should be prefer-
red. However, experiments with a salt-bath
nitrided steel did not show a reproducibly dimin-
ishing trend for the fatigue resistance with nitrid-
ing time [29].

Usually the macrostrains observed are larger in
the (100) direction than in the (110) direction.
This can be understood qualitatively as iron is
weakest in the (100) direction. As an exception,
specimens of the iron—chromium alloy (3.82 wt%
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TABLE 11 The macrostrain e and the microstrain e in the direction perpendicular to the surface for iron-matrix
crystallites with a (1 00) plane and a (1 10) plane, respectively, parallel to the surface, and the residual surface stress o
as calculated from the macrostrain using the Voigt—Reuss-mean model (Equation 1).

Steel Nitriding (X 10%) —o (MPa) e(X 10%)

time (h) 100 110 100 110 100 110

45 1 2.0 1.0 490 390 2.4 1.4

16 1.1 0.7 270 280 2.1 1.2

1 33 1.7 810 670 5.9 3.1

41Crd 16 1.7 1.5 420 590 5.4 2.4

. 1 5.6 25 1380 990 9.7 5.5

15CiNi6 16 2.5 1.9 620 750 7.3 3.4

1 2.4 28 600 1110 12.8 6.1

24CrMol3 16 1.3 14 330 560 9.3 41

Cr) unexpectedly show a macrostrain in the (110)
direction larger than the one in the (100) direc-

tion (Fig. 9). This may be related to the dis-

continuous precipitation. For quantification
the Voigt-Reuss-mean (Hill) model can be applied
[30]. The residual surface stress ¢ follows (see
also [7] and [13])

25(s11 t 281) + 5512544 ! 1)
65 + 5544 ’

where the symbols s;; denote the elastic com-
pliances,

o = e(sn +sS+

_ 1
§ = 8137 8127 2544
and

S = (h2k2 + h212 + k212)/(h2 + k2 + 12)2’

S 15
x
N N s (100)
/ ® (110)
H AN - FeCr (3.82 wt%% Cr)
! *\ ——— 45
AN
" » N Fe
0
/‘ N N
/ AY
/ N \

with %, k and [ as the Miller indices. Using elastic
data for iron [32], it follows from Equation 1
that €;90/€110 = 1.6 in good agreement with the
experimental average {€19o/€110>=1.5 of Table
I1. In Table II the compressive residual surface
stresses calculated according to Equation 1 are
also presented. Compared with the literature data
for the residual surface stress in steels nitrided in
various ways [28], values obtained by powder
nitriding for the residual surface stress in commer-
cial steels are of the same order of magnitude.

5.2. Microstrain

From the analaysis of the X-ray diffraction line
broadening the (small) crystallite size and the
lattice distortion (microstrain) can be determined.

N —_—
®- - - — -

- Figure 10 The microstrains e perpendicular
~ to the surface and for iron-matrix crystals
v -——————— - T - with a {100} and a {1 10} plane respec-
T ——— ——————— === == ° tively parallel to the surface, as a function
=t o =4 of nitriding time (at 818 K) for specimens

1 1 1 1 i . .
2 4 8 16 of iron, C45 and an iron—chromium alloy
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In this work, a recently developed single-line
integral breadth method was applied (for details
see [331, where also the validity of this technique
for nitrided steels is justified experimentally).

The nitrided specimens gave rise to strain
broadening only. In Fig. 10 the microstrain e per-
pendicular to the surface in iron matrix crystals
with a {100} and a {110} plane respectively para-
llel to the surface is shown as a function of nitrid-
ing time for iron, C45 and iron—chromium
(3.82wt%Cr). The microstrains result from the
precipitation processes. In iron and C45 iron
nitrides and in iron—chromium, chromium nitrides
are present in the diffusion zone (Section 3). As
expected Fig. 7a and b) the largest microstrains
are observed in the iron—chromium alloy. The
lowering of the microstrain of the iron—chromium
alloy (3.82 wt % Cr) may be due to the occurrence
of discontinuous precipitation. Coarser precipitates
usually cause smaller microstrains. With respect
to the larger microstrain observed in C45 com-
pared with pure iron, see also the discussion in
Section 5.1.

The microstrains of the nitrided steels are sum-
marized in Table II. The microstrains after nitrid-
ing for 1h are somewhat larger than after 16h
nitriding. It may be expected that a relation exists
between the constant hardness level in the upper
part of the diffusion zone of the nitrided alloy
(Section 3.3.) and the microstrain. From the
present results an approximately linear depen-
dence is found (Fig. 8).

As with the macrostrains, the distortions are
larger in the (100) direction than in the (1 10) direc-
tion. It has been suggested for the case of cold-
worked specimens that the Voigt—Reuss-mean
(Hill) model should be applied to the microstrains
also [34]. From Table II the experimental aver-
age {€q190/e110’ = 2.0 follows, which, in contrast
to the macrostrain ratio, is significantly larger than
the theoretical prediction of 1.6 (Section (5.1.).
The large experimental value of {ejgo/e110’
can be understood because precipitates as ”-nitride
and CrN grow preferentially on {100} planes 19,
20], thus enhancing the strain anisotropy already
implied by the inherent elastic behaviour of the
iron matrix.

In contrast with the macrostrains, a strong rela-
tion is observed between microstrain and chrom-
ium content (Table II). It is also observed that the
microstrains are up to 10 times larger than the
macrostrains. It is concluded that the fatigue

properties are not fully characterized by the
residual surface stress (as determined from the
macrostrain) as is often done (e.g. [28]): the
microstrain can be at least equally important.
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