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Precipitate Formation in Low-Temperature Nitrided
Cold-Rolled Fe94Ni4Ti2 and Fe93Ni4Cr3 Films

N.G. CHECHENIN, A.R. CHEZAN, C.B. CRAUS, D.O. BOERMA, P.M. BRONSVELD,
J.Th.M.DE HOSSON, and L. NIESEN

Using various experimental techniques, the formation and evolution of precipitates, the dilation of
the matrix, and the nitrogen uptake and release were investigated in cold-rolled Fe94Ni4Ti2 and
Fe93Ni4Cr3 materials subjected to nitriding in a gaseous mixture of NH3 1 H2 and to reduction in an
H2 atmosphere at low (300 8C) to moderate (600 8C) temperatures. Transmission electron microscopy
(TEM) revealed that in both alloys the precipitates are thin platelets. In the Ti-containing alloy, the
precipitates were also small in the lateral dimensions. The difference in size, aspect ratio of the
precipitates, and misfit and coherency on the interface consistently explain the substantial differences
in dilation of the matrix and nitrogen uptake for the Ti- and Cr-containing alloys under examination.
The results provide evidence for the formation of mixed Fe-Ti-N precipitates (Guinier–Preston (GP)
zones) in the early stages of nitriding.

I. INTRODUCTION Another uncertainty in the process of precipitate formation
is whether, or under what conditions, the precipitates areSINCE the early 1930s, the effect of nitrides in a metal
located at the grain boundaries or in the bulk. A discontinu-matrix on the hardness, durability, and other useful properties
ous (at the grain boundaries) precipitation of CrN has beenof iron alloys has been an important field of interest. It was
observed[18] in thick FeCr (1.9 and 3.6 wt pct Cr) samples,realized that an increase in hardness was due to a very fine
nitrided in the a region at 560 8C. Also, the growth of CrNdispersion of nitrides of alloying elements that distorted the
precipitates at grain boundaries has been reported for alloyscrystal lattice of iron so much as to lead to slip interference,[1]

containing more than 5 wt pct Cr, nitrided at 600 8C.[3]
that is, to the interaction of dislocations with coherency

Precipitation at grain boundaries has the negative effect ofstrain fields around precipitates. The microstructure of iron
reducing the hardness and increasing brittleness of thealloys before and after nitriding has been studied intensively
nitrided samples. Cold working prior to nitriding was shownin the past decades, specifically with the advances in trans-
to prevent the formation of precipitates at the grain bound-mission electron microscopy (TEM). It has been concluded
aries and to enhance the mechanical properties for a nitridedfrom early TEM and X-ray diffraction (XRD) studies that,
Fe-Ti (0.18 wt pct) alloy.[7]

because of a large affinity to nitrogen, some of the alloying
The fcc-precipitates CrN and TiN are found to followelements, such as Cr,[2,3] Ti,[4–8] V,[9,10] or Mo,[11,12] easily

the Bain orientation relationship (OR) with the bcc matrix,form thin and stable precipitates on the {100} faces of the
namely, (100)bcc//(100)fcc and [001]bcc//[011]fcc. The mis-bcc Fe lattice and, thus, influence the mechanical properties
fits at the interface plane (100), «// 5 (aMN /!2 2 aaFe)/of the alloy. The reported thickness of the precipitates varies
aaFe 5 0.046 (TiN) and 0.0204 (CrN), are small, but in thefrom one monolayer to tens of nanometers. However, the
perpendicular direction, the misfits, «', 1/1 5 (aMN 2 aaFe 5initial stage of precipitate formation is still under debate. In
0.48 (TiN) and 0.45 (CrN), are large. Two units of aFepublications of the Newcastle researchers,[11,13–16] a substitu-
lattice match, with one fcc unit somewhat better, and threetional-interstitial pre-precipitation phase Fe-M-N is assumed
units of aFe match well with two fcc units, as shown into occur in a nitrided Fe-M alloy before a stable MN phase
Table I. Nevertheless, the average fit to metal atoms is poorprecipitates, where M 5 Cr, Ti, V, or Mo and are alloying
in the perpendicular direction. The large difference betweenelements in a concentration below ,5 at. pct. Such embry-
parallel and perpendicular misfits promotes platelike shapesonic precipitates are local inhomogeneities, called mixed
of the (semi)coherent precipitates.clusters or Guinier–Preston (GP) zones. There are doubts,

Our approach to the subject of precipitate formation differshowever, if such zones have really been observed[4,17] and
from the previous ones in several aspects, namely, in samplewhether the idea of such clusters is necessary to explain the
preparation (thin foils, 99 pct reduction in thickness by coldexperimental observations.
rolling without annealing before nitriding), in nitriding
(lower temperatures and precise control of the nitriding con-
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Table I. Misfits and Orientation Relationship between fcc Precipitates and bcc Matrix

Interface aMN, nm «//* «',1/1** «',1/2† «',2/3‡ OR

TiN/aFe 0.424 0.046 0.48 20.26 20.015 (100)bcc//(100)fcc, [001]bcc//[011]fcc
CrN/aFe 0.414 0.0204 0.45 20.28 20.039 (100)bcc//(100)fcc, [001]bcc//[011]fcc

*«// 5 (aMN /!2 2 aa Fe)/aa Fe

**«',1/1 5 (aMN 2 aa Fe)/aa Fe

†«',1/2 5 (aMN 2 2aa Fe)/2aa Fe

‡«',2/3 5 (2aMN 2 3aa Fe)/3aa Fe

clusters of Fe-Ti-N in an early stage of nitriding. There is,
however, no evidence for the formation of GP zones in Fe-
Cr-N. Throughout, the influence of the Ni present in our
samples has not been considered. Because the Ni is atomi-
cally dissolved and has an interaction with N that is even
weaker than the interaction between N and Fe, we believe
that the influence of Ni on the precipitation processes is
minor.

II. EXPERIMENTAL

A. Specimen Preparation

Slices (0.5-mm thick) of bulk Fe94Ni4Ti2 and Fe93Ni4Cr3

alloys were polished and chemically cleaned prior to cold
Fig. 1—Streaking in DP for Fe93 Ni4 Cr3. Nitriding was in the a regionrolling in two perpendicular directions down to a foil thick-
of the Lehrer diagram: (a) 400 8C, 24 h, and RN 5 26.5; (b) 500 8C, 2 h,ness of 1 to 6 mm. A high-temperature annealing was not
and RN 5 27.3; (c) 600 8C, 1 h, and RN 5 28.1, in a multicrystallite area.applied, neither before or after rolling. Therefore, a severe Streaking was not observed after nitriding at 300 8C.

pileup of defects, induced by such a strong plastic deforma-
tion, was assumed to be in the samples prior to the nitriding.
Subsequently, foils were nitrided during a period between magnetic hyperfine field. Conventional TEM was performed
1 and 24 hours at a temperature in the range 300 8C to with a JEOL* 200CX microscope using an accelerating
600 8C in a clean, closed oven, described in Reference 19,
with a gaseous mixture of NH3 1 H2 of 1 atm circulating *JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
by convection. Normally, nitriding at low temperatures near

voltage of 200 kV. High-resolution TEM (HRTEM) was300 8C is hampered by the presence of trace amounts of
carried out with a JEOL 4000EX/II electron microscopeoxygen or water in the system, causing oxidation rather
with an accelerating voltage of 400 kV. Before inspectionthan nitriding. By continuously leading the gas over sodium
in TEM, the samples were thinned by two-beam Ar+-ionmetal, this problem is not present in the system we used.
milling until perforation. After milling, the samples wereThe partial gas pressures and the temperature were controlled
exposed to air for a period of less than 5 minutes. Neverthe-with an accuracy of 1 mb and 1 8C, respectively. The process
less, in some cases, oxidation of the surface was observedis called a nitriding (aN) because the temperature, T, and
in TEM diffraction patterns (DPs). The results of positronnitriding potential, RN 5 ln [p (NH3)/p(H2)3/2], where the
annihilation, carried out on selected samples, are in a goodpressures of ammonia, p(NH3), and hydrogen, p(H2), are in
correspondence with the present results and have beenPascals, correspond to the a region of the Fe-N Lehrer phase
published elsewhere.[22]

diagram,[19,20,21] where no formation of stoichiometric Fe
nitrides is expected. After nitriding, some of the samples
were reduced in a hydrogen atmosphere at T 5 300 8C to III. RESULTS
700 8C.

A. Characterization of the Shape and Size of Precipitates

Nitriding of Fe93Ni4Cr3 and Fe94Ni4Ti2 samples in theB. Characterization Techniques
region below the g 8/a or g /a borders in the Lehrer diagram

The nitrogen content in the foils was determined by leads to the formation of MN precipitates, leaving the matrix
weighing, using a Mettler Instrumenten MT5 electronic in the bcc or in the bct structure, as has already been dis-
balance with a precision of 1 mg. The phase composition cussed in Section I. The platelets, coherently grown on {100}
and texture in the samples were characterized by XRD, using cube faces of the a -Fe lattice, with a thickness of one to
a PHILIPS* PW1710 spectrometer for q -2q scans. several monolayers, appear as {200} streaks in the TEM

DP (Figures 1 through 3) in accordance with the Bain OR.*PHILIPS is a trademark of Philips Analytical, Almelo, The Netherlands.
The length of the streaks is inversely proportional to the
thickness of the precipitate (Appendix) so when the thicknessMössbauer spectrometry was used to characterize the local

environment of Fe atoms in the lattice by studying the is more than a few lattice parameters, the length of the streaks
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(a)

Fig. 2—Streaking in DP for Fe94Ni4Ti2. Nitriding conditions were as fol-
lows: (a) 300 8C, 21 h, and RN 5 25.08; (b) 400 8C, 20 h, and RN 5
26.78, (c) 500 8C, 1 h, and RN 5 27.3; (d ) 300 8C, 21 h, and RN 5
25.08, and then reduced at 600 8C, 16 h, in H2 atmosphere. Compared
with the Cr-containing alloy, streaking in the Ti-containing alloy starts at
a lower nitriding temperature and time, but is weaker and more diffuse.
Reduction at 600 8C makes the streaking sharper.

(b)

Fig. 4—(a) DF image, taken with g2 5 g(110)aFe in the [001]-zone area of
a FeNiTiN sample, showing parallel fringes. The sample was a nitrided
{400 8C, 1 h, RN 5 26.8} and then reduced {700 8C, 2 h, pure H2}. (b)
A schematic drawing of TiN precipitate in the a -Fe matrix, illustrating the
origin of the moiré effect.

temperatures, the streaks are too faint to be observed, while
at 400 8C and t 5 42 hours, the streaking was already quite
intense. At 500 8C, the streaking was observed after 1-hour
a nitriding (Figure 4(b) in Reference 23), and after 2 hours,
it was present all through the DP (Figure 1(b)).

Figure 1(c) illustrates that the streaking in the case of
FeNiCr samples is relatively strong, i.e., even in areas with
multiple crystallite orientations. The sample was nitrided at
600 8C for 1 hour. The DPs are shown for an area containing
three major crystallites with [001] orientation, slightly
rotated with respect to each other. As discussed in Section
IV, the fact that the streaking is pronounced and strictly
follows the crystallite orientation proves that, at the given
conditions in the Cr-containing alloys, the precipitates still
form as thin platelets in the grain interiors and not (only)

Fig. 3—HRTEM image of TiN precipitates in the aFe matrix. The sample at grain boundaries.was a -nitrided at 400 8C, 2 h and then reduced at 600 8C, 5 hours. The
Further, a more careful inspection of the streaks in Figurebackground is due to the fringes of {110} aFe planes within [001]-pole

image. The precipitates are of intermediate size and follow the Bain OR. 1(c) showed that the smooth variation of the streak intensity
Note that the thickness and the width of the precipitates are comparable. is peaked not in {200}aFe spots, as in Figures 1(a) and (b),

but at positions that correspond to {200} reflections for the
CrN lattice. We conclude that platelets in the sample nitrided
at 600 8C for 1 hour are thick enough to start producingbecomes too small to be observed. The TEM observations of

the various stages of precipitate formation can be summa- their own {200} CrN reflections, though still too thin to
generate sharp spots. From the length of the streaks, werized as follows.

Streaking in FeNiCr samples was observed after 24 hours estimate the average thickness to be h ' 6d{200}CrN ' 1.2 nm
under these nitriding conditions.of nitriding at 400 8C (Figure 1(a)). At shorter times or lower
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The streaking in FeNiTi samples appeared at lower
temperature/shorter time conditions than in the FeNiCr case
(Figures 2(a) and (b)). Faint traces of diffused streaking were
observed even at T 5 300 8C and t 5 1 hour. Surprisingly, the
streaks were usually much less intense (Figures 2(c) and
1(a)). Even at 500 8C (Figure 2(d)), the streaking in FeNiTi
samples was relatively faint. The lower temperature/shorter
time onset of precipitate formation for TiN, as compared to
CrN, correlates with the larger (negative) free energy of TiN
formation. However, the diffuseness of the streaking caused
by TiN precipitates is not what one would expect. It is
also interesting to note that, after reduction in a hydrogen
atmosphere at 600 8C, the streaking becomes sharper (com-
pare Figures 2(a) and (d)). The appearance of the streaks is
analyzed in the Appendix. From the width of the streaks,
we conclude that the TiN precipitates are small particles

Fig. 5—XRD spectra for the Ti-containing alloy a nitrided at 500 8C and0.2- to 0.3-nm thick and 1.5-nm wide, i.e., containing only
annealed at 1000 8C in vacuum. Note the 3-D TiN precipitate reflection.,30 to 50 Ti sites. This is in accordance with Reference 6,

who also estimated about 50 TiN molecules per platelet.
The CrN precipitates are also platelets of a thickness between

with g(110)aFe at 105 (100 k) magnification of an area with a0.2 and 1.2-nm thick, depending on the treatment, but with
[001] zone axis in a sample which was a nitrided (400 8C,larger lateral dimensions because they produce narrow
1 hour, RN 5 26.8) and then reduced at the relatively highstreaks. In Section IV, we argue that these observations
temperature of 700 8C for 2 hours in pure H2. The TiNindicate a difference in the kinetics of precipitate formation,
precipitates are observed as parallel moiré fringes, indicatingleading to a different shape and size of the TiN and CrN
a preferred orientation with respect to the a -Fe matrix. Theprecipitates.
periodicity of the moiré fringes was 0.9 nm. At a higherDirect observation of thin platelets in HRTEM as coherent
magnification of 500 k, a HRTEM pattern (not shown) ofor semicoherent particles is difficult for several reasons: (1)
this same sample clearly demonstrated the (110) planes ofa small size, (2) a small misfit in the major interface plane
a -Fe, similar to the fringes in Figure 3. Direct comparison(Table I), (3) a large concentration of residual defects, (4)
of the 100 and 500K images indicated that the moiré fringesa small difference in atomic mass compared to the matrix,
were rotated over an angle of 36 deg with respect to the a -and (5) interference with an Fe3O4 oxide layer at the surface.
Fe (110) plane fringes, which can be explained as follows.Imaging of a precipitate with HRTEM has already been
We expect that TiN precipitates are arranged according todemonstrated for a CrN precipitate, oriented with its habit
the Bain OR (Table I). In the schematic drawing of Figure

(100)CrN plane parallel to the (100)a -Fe plane and 4(b), the beam direction, B, is parallel to the [001] direction
(011)CrN//(001)a -Fe normal to the electron-beam direc- of the a -Fe matrix. The platelets can grow with their inter-
tion.[23] In Figure 3, a HRTEM image is shown for a nitrided face plane either parallel or perpendicular to B. In the former
and reduced FeNiTi sample (400 8C, 2 hours, RN 5 26.8 1 case, the beam is, for example, parallel to the [101] direction
600 8C, 5 hours, H2). The overall feature of the figure is the in the TiN precipitate. In this geometry, the (110) plane of
fringes of the {110} aFe planes seen in the [001] orientation, the matrix with a d spacing of 0.203 nm makes an angle of
which compose the background of the figure. The areas 9.74 deg with the (111) plane of the precipitate with a d
marked by white lines contain particles, which were ascribed spacing of 0.245 nm. Moiré fringes are determined by the
to TiN precipitates with intermediate lateral dimensions reciprocal vectors, g1 (110 a -Fe) and g2 (111 TiN) the spac-
(1.5 3 5 nm for the largest one), oriented with the (001) ing is dM 5 1/.g1 2 g2., and the angle of rotation is g 5
aFe/TiN interface plane normal to the electron-beam direc- sin21 (sin a g2/.g1 2 g2.). The calculated values of the fringe
tion. The continuity of the {110} fringes suggests that the distance and the rotation angle, dM 5 0.88 nm and g 5
precipitates are coherent. However, the structure inside and 37.7 deg, are in a good agreement with the experimental
around the precipitate is distorted. By its upper left corner, observations, which proves that the observed moiré fringes
the largest precipitate is attached (pinned) to a large defect. are indeed caused by the presence of precipitates with the
Though the shape of the precipitate is difficult to define lattice parameter of bulk TiN and with their planes parallel
because of the diffuseness of the boundary, it is evident that to the beam, i.e., perpendicular to the surface.
its thickness and the width (both in the plane of the image) The number of fringes is determined by the thickness of
are comparable. the precipitates; their length is given by the lateral size. Most

Reduction of the nitrided samples leads to a (partial) of the precipitates give 1 to 2 fringes, though some have as
removal of the nitrogen from the matrix, whereas the nitro- many as 4 to 5. Their mean length is about 15 nm. From
gen in the precipitates of the alloying element remains. This these observations, we estimate an average size of about
may result in a loss of coherency between the matrix and 2 nm by 15 nm (or 2 3 15 nm2).
precipitates and in a relaxation of misfit stress. Such a relax- At even higher temperature, noncoherent precipitates can
ation favors the observation of precipitates, using moiré attain sizes sufficient to produce reflections observable in
patterns. The loss of coherency is enhanced at higher anneal- XRD. An example is shown in Figure 5 for a Ti-containing
ing temperatures when the small TiN precipitates grow in alloy annealed at 1000 8C in vacuum, where the (002) reflec-

tion of TiN precipitates is observed. Using the Scherrersize. In Figure 4(a), a dark-field micrograph is shown, taken
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relation,[24] the precipitate size is estimated to be 7 nm. It
is noteworthy that the only TiN reflection appearing is (002)
parallel to the (002) of the Fe matrix. In line with the Bain
OR, we can conclude that three-dimensional (3-D) TiN pre-
cipitates prefer to grow with the (001) TiN/aFe interface
plane parallel to the surface. It is in accordance with the
HRTEM image (Figure 3), where the sample was reduced
at lower temperature (600 8C). This is not always so for
smaller precipitates, as evidenced by Figures 1 and 2. In
this case, the appearance of the streaks proves that the plane
of the coherent interface {100} (Ti/Cr)N is oriented perpen-
dicular to the surface. This point is also illustrated by Figure
4 for a sample reduced at 700 8C. In addition, it is worthwhile
to note that annealing at 1000 8C of pure Fe implies the
a → g → a transitions (the transition temperature is 912 8C).
In principle, such a phase cycling could lead to a change in
the texture. However, we did not observe a change of texture.

Besides a number of irregular spots sometimes observable
in the DPs and loosely referred to as misoriented small
crystallites (for example, Figure 1(d)), there are also extra
spots, which appear regularly in the DP (Figures 1 and 2).
Among them are forbidden {100} reflections and cross-like
satellites (x satellites) around {110} spots, which could be
approximately indexed as {1 6 1/2, 1, 0} and {1, 1 6 1/2,
0} (Figures 2(b) and (d)). Because the {100} spots and x
satellites were also observed on pure unnitrided Fe samples,

Fig. 6—(a) MS spectrum of the Ti-containing alloy after cold rolling:the extra spots cannot be due to any nitride. It is highly
component (1) corresponds to matrix atoms considered as a mixture of Fe

probable that this is caused by rel-rod effects[25] of a thin and Ni atoms, and component (2) corresponds to iron atoms having one
outermost oxide layer of fcc Fe3O4, as has already been Ti atom in the first two coordination shells. (b) After a nitriding at 400 8C,

the Ti neighbor satellite is replaced by a broader component (2) caused bydiscussed in the literature.[26,27] The oxide layer is coherent
iron atoms with different environments: N and TiN precipitates. (c) MSwith the (001) Fe surface with a Bain-type OR: (001)bcc//
spectrum after 2 h reducing at 700 8C in dry H2. Only the iron sextet is(001)fcc and [100]bcc//[110]fcc. The mismatch at the (001) visible, suggesting that bigger precipitates have been formed.

interface a -Fe/Fe3O4, « 5 (8.35 3 !2 2 4 3 2.87)/4 3
2.87 ' 0.029, is small, and this makes direct identification

that after 2 hours reduction at 700 8C in a dry H2 atmosphere,of the oxide layer in a DP rather difficult, but sometimes
only the iron sextet is visible, indicating that bigger precipi-thin oxide layers show up as rel-rod effects (Figures 1 and
tates have grown, and the relative number of nonferromag-2). The apparent {100} spots then represent {220} Fe3O4,
netic neighbors is decreased to less than 0.5 pct.and the x satellites are rods of {311} Fe3O4 and {131} Fe3O4,

In the MS spectrum of an FeNiCr alloy after cold rollingwhich intersect the Ewald sphere when the oxide layer is
(Figure 7(a)), three components could be distinguished: com-thin enough.
ponent (1), as for the FeNiTi alloy, is due to the matrix
atoms (Fe 1 Ni), and components (2) and (3) correspond

B. Initial Stage of Formation of Precipitates to iron atoms having, respectively, one and two Cr atoms
in the first two coordination shells. After nitriding at 400 8CAs demonstrated in References 28 and 23, the formation

of precipitates can be followed with MS techniques. Besides and t 5 24 hours, the spectrum of Figure 7(b), the contribu-
tion of atomically dissolved Cr in component (2) decreasedthe typical a -Fe matrix Mössbauer sextet for as-rolled mate-

rial, extra components appear corresponding to first and but is still significant, in contrast to the nitrided Ti-containing
alloy. Component (3) is slightly shifted in the spectrum ofsecond nearest-neighbor nonmagnetic Ti/Cr atoms. After

nitriding, these components are broadened, indicating a vari- Figure 7(b) with respect to component (3) in Figure 7(a)
and corresponds to iron atoms with different environments,ety of nonmagnetic atoms around Fe atoms. Typical MS

spectra are shown in Figures 6 and 7 for a Ti- and a Cr- containing N. The extra components become invisible after
nitriding at 600 8C.containing alloy, respectively.

In FeNiTi foils after cold rolling (Figure 6(a)), the spectra From the MS spectra, the concentration of Fe atoms hav-
ing Ti and Cr neighbors can be estimated.[28] This leads tocan be fitted by two components: component (1) corresponds

to matrix atoms considered as a mixture of Fe and Ni atoms, an estimate of the atomically dissolved fractions of Ti and
Cr. In as-rolled material, these atomic fractions are 1.4 andand component (2) corresponds to iron atoms having one

Ti neighbor in the first or second coordination shells.[28] The 2.8 at. pct, respectively, for Ti and Cr. Evidently, the rest of
the components (0.5 at. pct Ti and 0.2 at. pct Cr) are notTi-atomic component disappears very soon after nitriding.

An example is shown in the spectrum of Figure 6(b) for a atomically dissolved and are probably present in small clus-
ters. As has been mentioned already, the Ti-atomic compo-sample nitrided at 400 8C and t 5 1 hour, where the Ti

neighbor satellite is replaced by a broader component (2) nent becomes negligibly small after nitriding of FeNiTi
alloy; for the Cr-containing alloy, some of the data are pre-given by iron atoms with different environments: N atoms

and TiN precipitates. In the MS spectrum (c), one can see sented in the fourth column of Table II.
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In Figure 8, the data for the Ti-containing sample on C. Nitrogen Content and Matrix Dilation
the intensity of the MS component, shifted because of the Only a small amount of nitrogen can be dissolved in the
presence of nitrogen, is plotted vs the excess-nitrogen con- pure aFe matrix (0.23 at. pct at 500 8C[29]). The major
tent. As follows from the discussion, this data gives evidence fraction of nitrogen absorbed by the alloy is connected with
that most of the excess nitrogen is dissolved in the matrix. the formation of precipitates of alloying elements and with

the influence of the alloying elements and their precipitates
on the matrix. The nitrogen uptake in Fe93Ni4Cr3 and in
Fe94Ni4Ti2 foils, as obtained by weighing the samples, is
shown in the third column of Tables II and III, respectively.
Often, we observed a variation of the nitrogen uptake for
the same nitriding conditions, especially for a short time of
nitriding; the scatter being larger than possible errors in the
weighing procedure. Also, we cannot ascribe this scatter to
an uncertainty in the nitriding conditions because these were
well controlled. Although not completely established, we
believe that it is connected with a different arrangement/
density of defects in different samples after cold rolling.
Although the plastic flow during rolling was evidently by
excitation of multiple slip directions, the actual distribution
of these modes can be expected to be different in different
areas (say, in the center and at the edge) of a foil under
deformation. This conclusion is in agreement with a variation
of strains revealed by XRD in as-rolled films. The defect
configuration and density influence the kinetics of formation
of the precipitates and, hence, the shape of precipitates and

Fig. 7—(a) MS spectrum of the Cr-containing alloy after cold rolling:
component (1) corresponds to matrix atoms considered as a mixture of Fe
and Ni atoms, and components (2) and (3) correspond to iron atoms having
one Cr and two Cr atoms in the first two coordination shells, respectively.
(b) After a nitriding at 400 8C, there is still intensity left from metallic Cr
atoms in component (2). Component (3) is given by iron atoms with a
different environments containing N. (c) MS spectrum after nitriding at Fig. 8—Intensity of MS second component vs [N]ex for the Ti-con-

taining alloy.600 8C.

Table II. Nitrogen Uptake in the Fe93Ni4Cr3 Foils and the Lattice Parameter of the Bcc Matrix

Sample Treatment* [N], At. Pct [Cr]at , At. Pct** [N]ex , At. Pct† a (Shift), nm‡ a (Unshift), nm§

As-rolled as-rolled 0 2.8 0 0.2873 0.2873
Cr1 300 8C, 50 h, 25.55 0.66 2.7 0.5 0.2873 0.2873
Cr2 400 8C, 24 h, 26.5 3.26 0.5 0.9 0.2891 0.2876
Cr3 500 8C, 1 h, 27.34 4.28 0 1.6 0.2892 0.2876
Cr4 550 8C, 1.3 h, 27.62 3.25 0 0.5 0.2892 0.2872
Cr5 600 8C, 0.5 h, 28.06 2.99 0 0.3 0.2872 0.2872

*Indicated are temperature, treatment time, RN.
**Concentration of atomically dissolved Cr, estimated from MS spectra.
†Concentration of excess nitrogen, estimated with the correction included for “free” Cr atoms, Eq. [2].
‡Lattice parameters of the bcc matrix, obtained from the shifted component of the (222) bcc line.
§Lattice parameter from the unshifted component.
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Table III. Nitrogen Uptake in the Fe94Ni4Ti2 Foils and the
Lattice Parameter of the Bcc Matrix

[N], [N]ex , a,
Sample Treatment* At. Pct At. Pct nm**

Ti0 as-rolled 0 0 0.2880
Short Nitriding

Tia 300 8C, 2 h, 25.1 6.56 4.7 0.2926
Tib 300 8C, 2 h, 25.1 5.50 3.6 —
Tii 400 8C, 2 h, 26.2 7.10 5.2 0.2922
Tij 400 8C, 2 h, 26.2 6.30 4.4 —
Tik 500 8C, 2 h, 27.1 5.70 3.8 0.2912
Til 500 8C, 2 h, 27.1 4.80 2.9 —

Long Nitriding
Ti10 as-rolled 0 0 0.2877
Ti20 as-rolled 0 0 0.2876
Ti2 300 8C, 20 h, 25.0 6.43 4.6 —
Ti3 300 8C, 20 h, 25.0 6.19 4.3 0.2936 Fig. 9—XRD u -2u scans for the as-rolled, a -nitrided (300 8C, 2 h), and
Ti4 300 8C, 20 h, 25.0 5.50 3.6 0.2919 reduced (300 8C, 2 h) Ti-containing alloy in the vicinity of the (002)aFe
Ti5 400 8C, 20 h, 26.8 5.00 3.1 0.2913 line (shown by a vertical line).

Reduction
Ti2r Ti2 1 600 8C, 4 h, H2 2.37 0.4 0.2892
Ti5r Ti5 1 600 8C, 5 h, H2 2.25 0.3 0.2893

chromium concentrations, [N]/[Cr], is not much larger than
*Indicated are temperature, treatment time, RN, if not H2 unity, while the [N]/[Ti] ratio for nitrided samples is normallyatmosphere.

much higher than unity, indicating a large fraction of excess**Lattice constants calculated from the peak position of the main
nitrogen in this case. An intriguing point is that the N content,(002) diffracted Ka line.
column 3 in Table III, is decreasing after nitriding the Ti
foils at temperatures T . 400 8C. We come back to this point
in the following paragraph in connection with XRD data.

the total amount of nitrogen absorbed, as we will see in With one-dimensional q -2q, as well as with two-
Discussion. Whatever the reason is, the uncertainty in total dimensional (2-D) texture XRD scans, we observed that, in
nitrogen uptake does not influence our conclusions. the as-rolled foils, the (001) texture was dominating with

The nitrogen concentration, [N]ex , in excess of the concen- some mixture of (111) texture. As examples, XRD spectra
tration required for the stoichiometric MN compound is in the region of the aFe (002) reflection are shown in Figure
normally called “excess nitrogen,” i.e., 9 for Fe94Ni4Ti2 samples as-rolled, nitrided, and nitrided

and then reduced (300 8C and 2 hours for all treatments).[N]ex [ [N] 2 [N]MN 2 [N]a
0 [1]

Similarly, in Figure 10, spectra are shown in the region of
where [N], [N]MN, and [N]a

0 stand for fractions of, respec- the aFe (222) reflection for Fe93Ni4Cr3 samples nitrided at
tively, total, stoichiometric equilibrium nitride, and nitrogen different temperatures. Because of the presence of the alloy-
equilibrium solubility of pure iron under identical nitriding ing Ni and Ti/Cr elements, the XRD lines for the as-rolled
conditions.[5,15,17] Note that “concentration” in this article is foils are shifted with respect to the positions of the XRD
defined as the relative fraction of a species with respect to lines for aFe. For the Ti-containing alloy, the observed lattice
all atoms, including Ni, and Ti or Cr, N, and Fe. The [N]MN parameter is a 5 0.2877(2) nm, which is '0.4 pct larger
is estimated from the concentration of the alloying metal in than the value a 5 0.2866 nm for pure aFe, while, for the
the material, assuming a 1:1 stoichiometric ratio of the MN Cr-containing alloy, a 5 0.2871 nm was only ,0.13 pct
precipitate. But if “free” M atoms are present, as in the Cr- larger than for pure aFe. Such a difference cannot be substan-
containing alloy, the notion of excess nitrogen requires a tiated by Vegard’s law. Evidently, the effect is due to a
correction. According to MS data, a large free or atomically difference in the degree of dissimilarity (electron-shell con-
dispersed fraction [Cr]at exists at 300 8C and t 5 50 hours, figuration, ionic radii, r(Ti) 5 0.146 nm, and r(Cr) 5 0.126
and about 18 pct of all Cr atoms are still in solution at nm) of Ti and Cr compared to Fe (r(Fe) 5 0.127 nm),
400 8C and t 5 24 hours (column 4 in Table II). The fraction causing larger strains in the Ti-containing alloy foils after
of N, bound by the alloying element, is smaller when atomi- rolling. From Figures 9 and 10, one can see that nitriding
cally dissolved metal is still present to a concentration [M]at: in the a region has a twofold effect on the matrix: a shift

of the XRD lines to lower diffraction angles, indicating an[N]MN 5 [M]0 2 [M]at [2]
overall dilation of the bcc Fe-lattice, and a change in the
line shape, pointing to a local variation in the microstructureHere, [M]0 is the total concentration of the alloying element.

The amount of [N]ex , determined with the correction of Eq. or the strain/stress state in the foils. In Figure 10, the lines
were fitted with two Lorentzian components. Each compo-[2] in the Cr-containing alloy, is listed in column 5 of Table

II. For the Ti-containing alloy the “free-atom” correction is nent contains contributions caused by diffraction of the Cu
Ka1 and Ka2 lines.not required because there was no free Ti-atom fraction

observed after nitriding. The estimated error in [N]ex is about The variation of the lattice parameter for the nitrided Ti
alloy vs the excess-nitrogen content, a([N]ex), is plotted in0.25 at. pct.

From a comparison of the data in third column of Tables Figure 11. The lattice parameter was calculated from the
position of the peak of the (002) bcc reflection. As one canII and III, one can conclude that the ratio of the nitrogen to
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Fig. 10—XRD scans for the Cr-containing alloy in the vicinity of (222)aFe (shown by vertical lines): (a) as-rolled; (b) nitrided at 400 8C, 24 h, and RN

5 26.5; (c) nitrided at 500 8C, 1 h, and RN 5 27.34; and (d ) nitrided at 600 8C, 0.5 h, and RN 5 28.06. The spectra are fitted with two components:
the strained component, shifted with respect to the (222)aFe line, and the second, almost unshifted (unstrained), component in (b) and (c) pointing to a
nonuniform deformation of the lattice.

nitriding for 2 hours at 300 8C, the nitrogen uptake is larger
than at 500 8C. Similar observations can be made for pro-
longed (20 hours) nitriding at 300 8C and 400 8C. These
results are in accordance with those reported by Jack,[5]

although an explanation was missing. In our case, the nitro-
gen potential was chosen to be within the a region for the
Fe-N system. So, it is different for different temperatures.
We choose our RN values, RN 5 25.0 (300 8C) and RN 5
26.8 (400 8C), close to the saturation values as follows from
References 5 and 8. In Reference 5, the saturation level in
[N] vs RN dependence was higher in the sequence 550 8C,
500 8C, and 300 8C. Thus, not the difference in RN, but the
mechanism of TiN-precipitate formation and the interaction
of precipitates with the matrix are responsible for the unex-
pected temperature variation in the lattice parameters and
nitrogen uptake. In Section IV, we argue that an increase in

Fig. 11—Variation of the lattice parameter of the Ti-containing and Cr- the thickness or lateral size of the platelets both lead to a
containing alloys as a function of excess nitrogen content. By a solid straight

lower excess-N content.line is shown the dependence for nitrided pure iron.[29,38] A dashed straight
After reduction of the nitrided Ti-containing samples inline is drawn through the data points parallel to the solid line to guide the eye.

an H2 atmosphere, the lattice parameter becomes smaller
than for a nitrided sample, but it is still higher than that of
the as-rolled material. This residual expansion of the matrixconclude from Table III and Figure 11, nitriding at higher
can be due to strain induced by a residual semicoherency oftemperature or time does not necessarily lead to higher nitro-

gen content or higher lattice dilation. For example, after finely dispersed precipitates. As the TiN precipitates coarsen,
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Fig. 12—Variation of the fraction of the strained component and the excess
nitrogen content with temperature of nitriding for the Cr-containing alloy.

Fig. 13—Excess nitrogen content in Ti-containing alloy vs temperature of
the reduced (rd, squares) and re-nitrided (re-aN, diamonds). Note, that at
T 5 300 8C, the lower point corresponds to as-nitrided samples; aftertheir influence upon the matrix diminishes, and the lattice
reduction and renitriding at the same temperature, the amount of nitrogenparameter of the ferrite decreases to 0.287 nm (approxi- is completely restored. For comparison, the data for a -nitriding during 20

mately equal to the lattice parameter of aFe) after reduction h (aN, 20 h, triangles) and 2 h (aN, 2 h, circles) are also shown. At T 5
300 8C, these data coincide.at 700 8C.

For the nitrided Cr-containing alloy, the lattice constants,
listed in Table II, were obtained by fitting of the (222) bcc
lines (Figure 10) by two components. One of them is shifted

as a function of the processing temperature. Four samplesto lower 2q values, pointing to a local dilation of the matrix,
were nitrided, reduced, and renitrided at the same tempera-while the second line stays at the almost unshifted (222)
ture. This was done at four different temperatures. The nitro-aFe position, indicating the presence of an unstrained frac-
gen content in the samples was determined by weighingtion even at the highest nitrogen content in the alloy. The
with a microbalance. The results are plotted in Figure 13,values of the lattice parameters of shifted and unshifted
where each point is an average over the data of the fourcomponents are listed in the columns 6 and 7 of Table II.
samples. The time of the treatment at each step was aboutThe variation of the lattice constant as derived from the
20 hours. As one can see, the excess-nitrogen content is theposition of the shifted component as a function of total
highest after renitriding at 300 8C, higher than 4 at. pct,nitrogen content is depicted in Figure 11. One can see that
being about the same as for the first nitriding at this tempera-the expansion of the matrix in the nitrided Cr-containing
ture. The data shows that the higher the temperature of thealloy is much less than in the Ti-containing alloy. From
treatment is, the smaller the amount of nitrogen that is takenTable II and from Figures 10 and 11, it is also clear that the
up again after renitriding of a reduced sample. Also, thevariation of the lattice constants of the strained and
excess nitrogen does not vanish after reduction in an H2unstrained components with the temperature is not very large
atmosphere, but the residual amount of [N]ex decreases from(in contrast with the Ti-containing alloy), but the relative
more than 1 at. pct at T 5 300 8C to ,0.5 at. pct at T 5intensity of the strained component strongly depends on the
600 8C.temperature of nitriding (Figure 12). The strained component

For the sake of comparison, Figure 13 also displays theis negligibly small after the nitriding at 300 8C; at 400 8C,
data for short (2 hours) and prolonged (20 hours) nitridingit clearly dominates, and it diminishes again after nitriding
from Table III, averaged for the given temperature. Note,at 600 8C. The variation of the strained component fraction
that, at T 5 300 8C, the points of three data sets cannot bewith temperature correlates with the similar behavior of the
distinguished. One can see that, while the prolonged nitridingexcess-nitrogen uptake, as is observed in Figure 12.
data follows the trend of the renitriding data, the data for
short nitriding deviate significantly.

D. Nitrogen Content in Reduced and Renitrided FeTi
Samples IV. DISCUSSION

A common statement in literature is that annealing in We summarize the main observations relevant for thea hydrogen atmosphere reduces the nitrogen content to a discussion as follows.concentration, corresponding to the 1:1 stoichiometric com-
position of the alloying element nitride.[5,6,15] Another com- (1) Streaking along {200} in the nitrided Ti-containing alloy

starts at a lower temperature and occurs at shorter timemon statement is that the reduction is reversible, i.e.,
renitriding restores the initial nitrogen content present prior (T 2 t), compared with the Cr alloy, but the streaks are

more diffuse (Figures 1 and 2).the reduction, i.e., Reference 5. We will show that both
statements are not in agreement with our observations for (2) With increasing time or temperature (up to 500 8C was

applied) of nitriding, the width of the streaks in the Ti-Ti-containing foils. We performed a study of the nitrogen
content after reduction and renitriding of Ti-containing foils containing alloy does not change drastically. Reduction
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Table IV. Gibbs Free Energies for TiN and CrNat 600 8C makes the streaks more narrow and sharp
Precipitates(Figure 2).

(3) After reduction at 700 8C and higher, the TiN precipitates Precipitate DGch ,* kJ/mol DGch ,** kJ/mol DGstr ,** kJ/mol
grow large enough to produce moiré fringes in TEM

TiN 2336 2300 170(Figure 4(a)). The XRD lines of TiN can be observed
CrN 2125 291 120after annealing at 1000 8C (Figure 5). The lattice constant

*Estimated from Ref. 30.of the matrix approaches the value for pure aFe.
**Obtained by Ref. 17.(4) The Ti-atom component in the MS spectra disappears

at low temperatures and time (T 2 t), while the Cr-atom
component is still prominent, up to the relatively high
temperature of 400 8C, compare Figures 6 and 7.

Estimates by Somers et al.[17] for the strain energies, con-(5) Sharp streaking in the Cr-containing alloy is observable
sidering an isotropic defectless aFe matrix with sphericalafter nitriding at temperatures up to 600 8C. It is also
noncompressible precipitates, are given in the fourth columnobserved in the areas with small grains. Streaking fol-
of Table IV. It is evident that the assumptions are too roughlows the local grain orientation.
because, for example, the formation of CrN precipitates in a(6) The amount of nitrogen absorbed and the matrix expan-
crystal without defects would not be possible. More accuratesion are much larger in the Ti-containing alloy than in
estimates, which take into account the anisotropy of crystals,the Cr alloy (Tables II and III and Figure 11).
the compressibility of the precipitates, and the coherency(7) The higher the temperature of the treatment is, the
according to the theory of Eshelby[31] and following research-smaller the amount of nitrogen that is taken up again
ers, e.g., Reference 32, are to the best of our knowledge notafter renitriding of a reduced sample. Some excess nitro-
available. Nevertheless, the data in Table IV illustrates thatgen is left in the FeNiTiN alloy after reduction in an H2
the variation of the chemical term is much stronger than theatmosphere at temperatures below 600 8C (Figure 12).
variation of the strain energy term for these two alloys.(8) The intensity of the second component in the MS spectra

By the additional negative term, DGd , in Eq. [3], weincreases with an increase of excess nitrogen (Figure 8).
account for all missing corrections that make the driving(9) The XRD lines of nitrided Ti- and Cr-containing alloys
force, DGdrive 5 .DGch 1 DGd., large enough to make precipi-can be approximated by two components, reflecting a
tation favorable. The term DGd is to a large extent determinedstrained and an unstrained state of the matrix. The varia-
by a reduction of the strain energy caused by the presencetion of the dilation of the matrix with nitriding tempera-
of a dislocation network. Assuming that the dislocation den-ture for the Cr alloy was weak, whereas in the Ti-
sity is not very different for Cr- and Ti-containing foils,containing alloy this dilation varies strongly with the
we can state that the driving energy for formation of TiNnitriding temperature. In contrast to this, in the Cr-con-
precipitates is much larger than that for CrN precipitates.taining alloy, the variation of the fraction of the dilated
This larger driving force can play an important role in thecomponent of the matrix strongly depends on the tem-
formation and evolution of the TiN precipitates and willperature; at TaN 5 600 8C, the dilated component has
affect the shape, coherency, and stability of the precipitates.almost vanished (Figures 11 and 12)
Also, if a part of the Ti atoms in a cluster will be substituted
by Fe atoms, as in Fe-Ti-N GP zones, thus reducing to some
extent the DGch term and, hence, DGdrive in Eq. [3], the

A. Formation, Shape, and Size of TiN and CrN cluster can still be stable.
Precipitates Observation (1) was analyzed in the Appendix, where we

concluded that the TiN precipitates, formed during nitridingThe precipitate formation is determined by the change in
at 300 8C, are small particles 0.2- to 0.3-nm thick and 1.5-nmthe Gibbs free energies and by the mobility of the species.
wide, i.e., containing only ,30 to 50 Ti sites, in accordanceHere, we discuss the energetics of the formation of the TiN
with Reference 6, who also estimated about 50 TiN mole-and CrN precipitates. The change in the Gibbs free energy
cules per platelet. The CrN precipitates, formed at T 5upon formation of precipitates in a matrix includes, besides
400 8C to 500 8C, are also platelets 0.2 to 1.2-nm thick,the chemical contribution, DGch , a strain term, DGstr, an
depending on the treatment, but with larger lateralinterface term, DGi , and a term DGd , accounting for the
dimension.presence of defects in the matrix, which makes the formation

The fact that the precipitates are small implies that theof the precipitates easier, i.e.,
spacing between them is also small. The distance between

DG 5 (DGch 1 DGd) 1 DGstr 1 DGi
[3] neighboring TiN clusters, formed at 300 8C and 21 hours,

is U1/3 5 (2V /[M])1/3 (aaFe/aMN) ' 2.5 nm (V ' 0.5 nm3,5 2DGdrive 1 DGstr 1 DGi
[M] 5 [Ti] 5 0.02, aaFe ' 0.287 nm, and aTiN 5 0.424 nm).
For the formation of the observed precipitates, diffusion ofBoth, DGch and DGd , are negative, while DGstr and DGi are

positive. The chemical term is mainly determined by the Ti over only five interatomic distances would be required.
The mobility of Ti in pure, defect-free Fe is too low[33] (byenthalpy of MN formation; the entropy term being very

small. The resulting Gibbs free energy is almost independent six orders of magnitude) to explain the precipitation even
over such small distances. Because Ti is oversized withof temperature in the range of interest, and it is much higher

for TiN than for CrN, as can be seen from Table IV, where respect to Fe atoms (Section III–D), one may suppose that
vacancies present in the defected material are trapped at Tiin the second and third columns these values are listed, as

estimated from Reference 30 and obtained by Reference atoms. The mobility of such a vacancy-Ti complex would
be sufficiently fast to explain the TiN precipitation at this17, respectively.
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low temperature. This also will be true, if the vacancy is annealed (850 8C and 18 hours[3]). Evidently, in our case,
defects in the bulk of the crystallites serve as nucleationfilled with an interstitial atom, such as N. The size of the TiN

precipitates does not change significantly after treatments at sites and pinning points for CrN precipitates because of
the contribution of DGd in Eq. [3]. Thus, a larger energy400 8C and 500 8C, compared with T 5 300 8C (observation

2). This indicates that the high cohesion energy precludes (temperature) is required to relocate the precipitate to the
grain boundaries. Our result is consistent with the observa-Ti atoms or TiN molecules to desolve from TiN clusters

(observation 4), thus hindering the ripening. At higher tem- tion in Reference 7, where it was shown that cold working
of the alloy prevents the formation of precipitates at theperatures (600 8C and higher), the TiN precipitates start to

grow and finally loose the coherency with the matrix, which grain boundaries, which improves the mechanical properties
of the nitrided Fe-Ti alloy.leads to the moiré fringes in TEM and to the corresponding

peak in XRD (Figures 4(a) and (5)).
The Cr-containing alloy behaves differently. Because Cr C. Matrix Dilation and Nitrogen Uptake

atoms are slightly undersized with respect to Fe atoms (Sec-
According to observation 6, Tables II and III, and Figuretion III–D), no binding of vacancy with the Cr atom is to

11, the lattice dilation and the nitrogen content is larger inbe expected. The precipitate formation is consistent with the
the nitrided Ti-containing alloy than in the Cr-containingdiffusivity of Cr atoms in pure, defect-free Fe. There was
alloy. For example, the ratio ([N]/[Ti])max is normally moreno sign of CrN formation at T 5 300 8C; hence, the diffusiv-
than 3 for nitrided samples, while ([N]/[Cr])max was at mostity was too low at this temperature. At T 5 400 8C, however,
1.6. We relate the lattice dilation and the nitrogen contentthe CrN precipitates are already larger than the correspond-
with the size and shape of the precipitates when the misfiting TiN precipitates, giving a lower limit of the diffusion
is taken up by the elastically coherent interface between thecoefficient, D . 2 3 10218 cm2/s, for Cr in the alloy. Using
precipitate and the matrix.the activation energy, Q 5 56 kcal/g at., and the pre-exponen-

The lattice mismatch between the aFe matrix and a precip-tial factor, D0 5 7.6 cm2/s, from Reference 33 for Cr in
itate with the bulk TiN structure (Table I) and the Fe matrixpure Fe, one can estimate the diffusion coefficient, D 5
is too large for coherency at the interface. On the other4.5 3 10221 and 5 3 10218 cm2/s for T 5 300 8C and
hand, without coherency, there would be no expansion of400 8C, respectively, in agreement with the experimental
the matrix and only a very small amount of excess nitrogenobservations. In contrast with TiN, at the periphery of a CrN
would be taken up. This conclusion is based on observationsprecipitate, Cr and N atoms are in a dynamical equilibrium,
of a reduction of the dilation of the matrix and the corres-permanently desolving and precipitating again (observation
ponding nitrogen content with coarsening of the precipitates4). A relatively weak driving force is required to dissociate
(observations 2, 3, and 7). Coherency can be established ifa Cr atom (or a CrN molecule) from a small CrN precipitate,
mixed (FeTi)N clusters are formed at low (300 8C) tempera-leading to a larger precipitate.
tures. The presence of Fe in the cluster reduces the mismatch
and the elastic modulus, compared with pure TiN precipi-

B. Location of the Precipitates tates, making coherency more accessible. With an average
distance between neighboring precipitates of about 3 nmThere is no evidence that TiN precipitates grow preferen-

tially on grain boundaries at all regimes investigated. The and alignment of the platelets parallel to the cubic faces,
the misfit-induced long-range strains in the matrix can easilyreasons for this were discussed previously. The situation is

quite different for CrN precipitates. Preferential growth at overlap between the platelets, promoting the overall dilation.
The large amount of the excess nitrogen observed for thegrain boundaries (discontinuous precipitation) was reported

in the literature[34,18] and in Reference 3. One could make a nitrided Ti-containing alloy is then the result of, and not the
cause for, the dilation. For platelets, which are wider by asimilar conclusion from the observations reported in Refer-

ence 35. Because we have evidence of strong streaking in factor of 10, the average distance between platelets becomes
'14 nm. Evidently, in this case, the overlap is much less,a multicrystalline area of the Cr-containing sample after

nitriding at 600 8C and 1 hour, where the streaks follow the and the unstrained component is more pronounced. This
situation is observed for the nitrided Cr-containing samplescrystallite orientation, (observation 5, Figure 1(c)), we can

conclude that the growth at grain boundaries is not preferen- and for Ti-containing samples nitrided and reduced at high
temperatures (observation 9).tial in our case. As discussed by Nabarro,[36] the elastic-

strain energy promotes the formation of disklike (2-D) pre- Our MS data for the Ti alloy presented in Figure 8, obser-
vation 8, give evidence that most of the excess nitrogen aftercipitates. In contrast, there is a tendency to form a 3-D

precipitate at the grain boundary. There the coherency with nitriding at 300 8C, 20 hours, and RN 5 25.0 is randomly
distributed in the matrix. Indeed, assuming that each intersti-the matrix and, hence, the elastic-strain energy of a particle

is reduced, while the interface energy of the particle is tial atom affects only the nearest six Fe atoms, we calculate
that about 24/(0.94(1 2 0.04)) 5 26.5 at. pct Fe atoms canincreased. The shape of the particle is determined by the

tendency to minimize DGi in Eq. [3].[37] Thus, there would contribute to the second component at a 4 at. pct excess-
nitrogen concentration, which is close to the observed 27.5be no streaking in the case of grain-boundary precipitates,

contrary to our observation. The formation of CrN precipi- pct for the intensity of the second component in the MS
spectrum for the corresponding sample. The contribution oftates at the grain boundaries reported in References 17, 3,

34, and 18 is most probably connected with a low density Fe atoms neighboring with Ti and N atoms inside and on
the periphery of the precipitates is insignificant, comparedand a low pinning energy, i.e., DGd in Eq. [3], of the defects,

for CrN in the bulk or a relatively large nitriding time. to the uncertainties in the intensity of the second component.
Figure 8 demonstrates also that the intensity of the secondIndeed, in these works, defects were only introduced during

mechanical polishing. Sometimes their samples were component is less in the Ti alloy nitrided at 400 8C, 20
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hours, and RN 5 26.8, pointing to a decrease of Fe atoms than 5aCrN) platelets, causing a smaller dilation and a
much lower excess-nitrogen content. There is no indica-with neighboring N atoms. This confirms the decrease of

the excess-nitrogen content, in correlation with a decrease tion that GP-like precipitates are formed in the Cr-con-
taining alloy at any stage.of the overall dilation of the matrix (Figure 11). Because,

according to observation 2, the size of the Ti-N precipitates 3. Because of a high concentration of defects in cold-rolled
foils, there is no strong tendency for the formation ofdoes not change significantly, we ascribe the effect to a

rearrangement of the atoms in the GP-like cluster. It is hard precipitates at grain boundaries. The precipitates are
forming in the bulk of the grains even during nitridingto say how this rearrangement occurs, i.e., in one step to a

stoichiometric TiN precipitate, or by a gradual loss of Fe, at 500 8C.
4. The strain of the matrix containing Ti-N-(Fe) clustersand possibly, excess N atoms from the precipitate. If the

transition would be gradual, then the fraction of excess nitro- and precipitates is notably larger than the strain in the
matrix containing Cr-N precipitates. The distribution ofgen remaining after reduction at temperatures up to 500 8C

could be explained as an N fraction bound to a GP-like the matrix strain is not uniform. In the Ti-containing
samples, the whole matrix is strained, although not homo-cluster. Note that this rearrangement does not occur during

the reduction at 300 8C: after the reduction at this tempera- geneously. The magnitude of the dilation depends on the
temperature of the nitriding or reduction. In contrast, notture, the amount of nitrogen is completely restored after

renitriding, in contrast with the processing at 400 8C (Figure the magnitude of the strain, but the fraction of the strained
matrix does vary significantly with the temperature of13). Note also that, after 2 hours nitriding at 400 8C, this

rearrangement is far from complete. As can be seen in Fig- nitriding in the Cr-containing alloy, peaking at the lowest
temperature of formation of the CrN precipitates.ures 11 and 13, in this case, the amount of excess N is even

slightly larger than after nitriding at 300 8C. 5. The uptake of nitrogen is the result of the strain in the
matrix caused by the presence of the precipitates. MuchAs mentioned before, the excess-nitrogen content is gov-

erned by the strain in the matrix, caused by the coherency more nitrogen is taken up in the Ti-containing alloy than
in the Cr-containing alloy. Like the strain, the excess-at interfaces with precipitates. Indeed the data points in

Figure 11 are lying much above a linear Vegard-type depen- nitrogen concentration is inhomogeneously distributed.
dence of the lattice parameter on the excess-nitrogen content,
depicted by a solid line with (Da/D[N]) 5 8.0 3 1024 nm/
at. pct, as obtained by References 38 and 29 for pure Fe. If ACKNOWLEDGMENTS
the matrix were dilated homogeneously, a larger amount of

This work was financially supported by the Dutch Tech-nitrogen would be dissolved for a particular matrix dilation
nology Foundation (STW), project GWN.4561, and by theif the preceding relation is assumed. The reason for this
Netherlands Institute of Metal Research (NIMR).discrepancy is connected with a nonuniformity of the lattice

dilation. Whereas, in Figure 11, the lattice constant corres-
ponding to the peak position in the XRD spectrum caused APPENDIX
by the strained component is plotted on the vertical scale, The origin of diffused streaking
and the average value of the excess nitrogen is depicted on

In the theory of diffraction from small volumes, plateletsthe horizontal scale. Note that, in Figures 9 and 10, the peaks
are represented in reciprocal space by rods (instead of dots),have a shoulder at the side of larger angles, i.e., smaller
oriented perpendicular to the plane of the platelet.[25,39] Iflattice constants. Thus, Figure 11 actually indicates that the
the incident electron beam is approximately in the plane ofexcess nitrogen is also distributed inhomogeneously. Evi-
thin platelets, then such reciprocal rods produce streaks indently, a larger amount of nitrogen is dissolved in the vicinity
the diffraction pattern parallel to the rods. The amplitude ofof the precipitates where the strain is maximal. The same
the diffracted electron beam is determined by the structuralphenomena can be observed for the Cr-containing alloys.
factor Fg; the parameter, s, which is a deviation of the recipro-
cal vector from the reciprocal lattice point; and the thicknessV. CONCLUSIONS
of the diffracted object h via

The main conclusions can be summarized as follows.
A , Fg [sin (phs)/ps] [A1]1. Small (with dimensions of 2.5aTiN 3 2.5aTiN 3 0.5aTiN)

coherent Ti(Fe)N clusters, probably of the GP-zone type, The s parameter characterizes the length of the streaks in
are formed during nitriding at T 5 300 8C. The GP-like the DP for precipitates of a thickness of several interatomic
cluster may contain more N atoms than Ti atoms. The spacing, and is inversely proportional to the thickness s ,
presence of these coherent clusters enhances the dilation 1/h. For a rectangular box with sizes, ha , hb , hc , we write
of the matrix, which leads to an uptake in the Fe matrix in a similar way
of excess N to a concentration as high as 3.5 to 4 at. pct.

A , sin (phasa)/(psa) sin (phbsb)/(psb) sin (phcsc)/(psc)The clusters grow to larger lateral dimensions during
treatments at higher temperatures. In this process, the [A2]
GP-like clusters loose Fe and N atoms to become stoichio-
metric TiN precipitates. The precipitates become semi- where sa , sb , and sc are the deviations from the reciprocal

lattice points along the directions a*, b*, and c* of thecoherent; the lattice becomes less dilated; and the excess
nitrogen content decreases. reciprocal lattice. Thus, the width or diffusioness of the

streaks can also be considered as a measure of the width of2. There is no evidence of precipitate formation in the Cr
alloy at T 5 300 8C, while at 400 8C and higher, precipi- the precipitates, in addition to thickness, determined from

the length of the streak. With a width of the streaks oftates form as thin (1 to 2 monolayers) and wide (more
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