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Phase transformations in epitaxial NiFe bilayers upon low-temperature gaseous nitriding
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In this paper we describe studies on the low-temperature gaseous nitriding of epitaxial Ni-covered Fe layers.
The epitaxial Ni/Fe bilayer system was grown by laser ablation deposition on arfi@@@Substrate. Nitriding
was done in an NEHH, gas mixture in the 200 °C—-300 °C temperature range. As a result of such nitriding,
the main Fe-nitride phases could be produced as a pore-free material. The samples were analyzed by x-ray
diffraction and conversion electron dsbauer spectroscopy. It was observed that at the conditions applied the
Fe-nitride phase formation occurs in the- o', o"— y'—e—v",y"” sequence, whereby each step is accom-
panied by grain refinement. The precise orientation relationships between the phasea-ndhe a”"— 7y’
—¢& sequence were determined. Based on the data obtained, a model is proposed that describes this transfor-
mation sequence on an atomic scale in terms of martensitic transition. Among other results, evidence is
provided for two different types of orientation relationships that can occur betweEa andy’-FeN,
depending on the prevailing conditions. The morphology of the Ni/Fe-N system is discussed.
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[. INTRODUCTION octahedral sites so that an orthorhombic structure is formed.
Recently, the existence of two new cubic Fe-nitride
For more than a century, nitriding has been used as phases has been reported.One of them,y”-FeN, has the
method to improve material properties of iron and steel. TheznS-type of structure. The metal atoms form an fcc lattice
Fe-nitride phases exhibit a variety of properties that are alwijth a lattice parametera,,=4.35 A. The other one,
ready employed, or can be of potential use, for numerous,”_FeN, is of the NaCl type with a lattice parametey
applications ranging from protective coatings to electromag=4 52 A. In both phases N atoms are situated in tetrahedral

netic devices. _ _ _ hollow sites. Very little is known about these two phases and
Atomic N can be dissolved in the body-centered-cubicy,q; properties.

(bco lattice of a-Fe to a concentration of about 0.4 at. % N

ithout . ticeable distorti f the bee lattice. In th A peculiar property of Fe-nitrides in relation with produc-
without causing noticeable distortion ot the bec 1atlice. In ey, 5,4 practical use is their metastability with respect to
compositional range up to about 11 at. % N, the Fe-N com

pound is called nitrogen martensite’. It has a body- decomposition into bl and a-Fe (with a very low N con-

centered-tetragondbct) lattice with the lattice parameters tgnp. This metastab|l|_ty_ mak?s It |mposs!ble to produce Fe
a,, andc, in the 2.867-2.860 A and 2.8673.145 A range,"trdes by gaseous nitriding in\yas. For instance, to form
respectively, depending on the N contéfthe N atoms oc- 2N¢€ nitride with 26 at. % N.at 500°C, a par'u'al pressure of
cupy randomly octahedral hollow sites in the metallic sub-N2 Of the order of 10 atm is needed. For this reason, the
lattice. At saturation, nitrogen martensite has thg\NFeom-  Production of Fe nitrides has been an issue for several de-
position. At this composition the’ phase can transform into ¢ades and a number of nitriding methods has been
the a” phase. Ther"-Fe N, phase differs fronw’-FesN by developed:”*8The most commonly used process for Fe ni-
the distribution of the N atoms. In the” phase the N atoms triding is by the action of N on the metal. The decompo-
are ordered. sition of the nitrides leads to the formation of Hubbles in

In the y-Fe phase, N can be dissolved to a maximum ofthe interior of the Fe-nitride layer. Thesefflled bubbles
10.3 at. %. This phase has a face centered cfibi metal-  can coalesce to form pores. The rate-limiting step in the de-
atom arrangement with a lattice parameter in the rangeomposition is the recombination of the N atoms into the N
3.572-3.652 A depending the N conténThe y'-FeN  molecules:**? This recombination becomes significant only
phase has a narrow composition range of 19.3-20.0 at. % Nwbove 400 °C. Therefore, the formation of pores can be sup-
The Fe sublattice has the fcc structure with a lattice parampressed by applying lower temperatures during the nitriding
etera, =3.795 A . The N atoms occupy one quarter of theprocess. However, the low-temperature regime has its own
octahedral hollow sites in a fully ordered manner so as tdlisadvantages, in particular, a low decomposition rate of
minimize the strain energy and the mutual repulsion betweehH; over the surface consisting of Fe or Fe nitride, and
N atoms. oxidation by trace amounts of @ or G, in the NH;+H,

The metal-atom arrangement is-FeN is hexagonal gas mixture'® In addition, HO molecules adsorbed at the
close packedhcp). The N atoms are randomly distributed in walls of the nitriding system are replaced by Nivolecules,
the octahedra formed by the Fe sublattice. The lattice paranso that the fraction of kD in the gas mixture is increased.
eters of this phase depend on the composition that can range Recently, a method for low-temperature gaseous nitriding
from about 15 at. % Nat high temperaturggo 33 at. % N. of Fe in an NH+H, mixture has been developed where a
At the FeN stoichiometry, thes phase of Fe nitride can be cap layer of Ni is use@!° The role of Ni is twofold. On the
transformed inta/-Fe,N by ordering the N atoms over the one hand, it protects the underlying Fe from oxidation while
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experimentally established FIG. 2. Geometry of the XRD measurements. As-drawn, X rays
incidence is in thex-z plane. #-26 scans are taken by rotating the
. . . . . . sample @) and the detector (@) about they axis. Azimuthal @)
-10 1.0 12 14 16 18 20 20 scans are taken by rotating the sample about the surface normal
) (N). Tilt (¢ andw) scans are taken by tilting the sample about the
1000/T  (TinK) . .
X axis (i scan andy axis (@ scan.
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FIG. 1. The Lehrer diagram.

[110]¢d[[010]wgo, ey
allowing transport of N. On the other hand, it serves as a
catalyst promoting decomposition of NHOne of the advan- (001)¢d|(001)mgo. 2
tages of this method is the ability to perform gaseous nitrid- _
ing at relatively low temperatures resulting in the production [112]il[[110] e, (€)
of pore-free material.
The aim of the work described in this paper is to study the (110)[|(007) e. (4)

phase transformations taking place in thin epitaxial Fe films .

during low-temperature gaseous nitriding. For this purpose, a After deposition the samples were transported to other
Ni cap layer is used during nitriding to produce the differentSystems for nitriding and further analysis. .

Fe nitrides as a pore-free material. The orientation relation- Gaseous nitriding was performed in h#HH, gas mix-
ships (OR) occurring between the phases and the morpholfures in the 200 °C—300 °C temperature range. By applying
ogy of the samples produced are analyzed. low-temperature gaseous nitriding to the Ni/Fe system we
succeeded in forming pore-free”-, y'-, &, %"-, and
v"-Fe-nitrides. Which Fe nitride is formed at a given tem-
Il. EXPERIMENTAL DETAILS perature depends on the nitriding potentigl, The so-called
Lehrer diagram(see Fig. 1 gives boundaries in they/T

A MgO single crystal was cleaved in air along(@021) . . ) . .
plane. Prior to the Nt/Fe deposition the substrate was an_plane separating regions where a certain phase is formed in
thermodynamic equilibriut® The nitriding potential is

nealed in vacuuntstarting base pressure<al0~*° mbar) at b

a temperature of about 600 °C for several hours to remov8V€N BY INCN)=Pnw,/P, . where pyy, and py, are the
adsorbates and surface imperfections. The epitaxial/g/  partial pressures of NHand H (in P3 in the NH;+H,
bilayers were grown on Mg@01) by laser ablation deposi- mixture, respectively>58

tion. A yttrium aluminum garnet(YAG):Nd®* laser @ In our experiments, characterization of the Fe-N phases
=1.06 um) was used with an output energy of 250 mJ, op-was done by x-ray diffractioriXRD) and conversion elec-
erating in theQ-switched regime £=15 ns) with a repeti- tron Massbauer spectroscogZEMS). XRD was also em-
tion rate of 50 Hz. The material was ablated frédFe and ployed to determine OR’s between the parent matrix and the
Ni targets mounted in an ultrahigh vacuum chamber, at g@hase formed. The XRD measurements were carried out in a
constant rate and constant energy distribution of the atoms iRhilips X'Pert-MRD system and in a conventional Philips
the laser plume. The deposition rate was monitored by aiXRD system using C« radiation. Both offset and nonoff-
oscillating quartz crystal. The thicknesses of ffiEe and Ni  set geometries were utilized to analyze the sample structure.
layers were 100 nm and 25 nm, respectively. With x-rayThe geometry of the XRD measurements is explained in Fig.
photoelectron spectroscopy no Fe signal could be detecte?l In the CEMS measurements, the velocity of the radioac-
on Ni-covered Fe layers. This implies that the Ni forms ative source was calibrated by taking a spectrum on as-
close layer. As has been reported earifahe overall OR in  deposited Ni7’Fe/MgO before the sample was subjected to
the epitaxial Ni/Fe/Mg@O01) system is any treatment.
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FIG. 3. A 6-26 XRD scan recorded on a sample nitrided in pure ?S the only OR present in the sample. This implies that dur-

NH3 at 200 °C for 310 h. The bar diagram indicates the peak posilng N, uptake,. expansion of the original bce lattice occurs
tions as observed fordl) Ni, (Il) a’-Fe,N,, (IIl) o’-FeN, (Iv)  Only in the direction perpendicular to the surface, as ex-

a-Fe, and(V) MgoO. pected. Upon formation ok’-FeN and a”-FegN,, the lat-
tice parameters along treeandb crystallographic axes stay
IIl. RESULTS AND DISCUSSION nearly unchanged while along tleeaxis the original bce unit
cell has to be expanded by approximately 10%. When the bct
A. The a'-FeggN and a”-Fe;gN, phases phase is growing, stress builds up in the crystal due to this

for a sample nitrided in pure Nfat 200 °C for about 310 h. the direction toward the surface is energetically favorable. In
Apart from the strong peak at about 42.9° due to thePur samples this is the bcc{lP®1] crystallographic direction
MgO(001) substrate and a small peak around 51.9° due tghat coincides with the surface normal. The formation of bct
the Ni overlayer, all other peaks observed can formally blitrogen martensite with a preferredaxis orientation per- '
ascribed to a phase mixture afFe and nitrogen martensite. Pendicular to the surface has also been observed by de Wit
The position and the width of the peaks due to martensit@nd Saris, who studied Fe-nitride phas')se formation upon N
indicate that the nitride has a homogeneous compositiofnPlantation into FE01) single crystal_&. _ _
close to FgN. Fora’ phases with lower N content the peaks _ A CEMS spectrum obtained for this sample is shown in
would be shifted to the higher@values. The peak at 28.4° Fig. 4. In the )‘lgure, the symbqls represent experimental data,
is the only feature in the scan that allows to distinguish be!h€ dashed lines represent different fit components, and the
tween the «'-Fe;N and «’-FeN, phases. The peak is solid line is the total fit to the experimental curve. Thé
caused by ordering of N over octahedral sites in the’ a"’ phases together with-Fe were found to constitu.te the
«"-FeN, phase, leading to a"-Fe,N, unit cell with di- ~ Major part of the spectruit80.7% and 55.1%, respectively
mensions twice that ofe’-Fe;N. Detailed analysis of the Table | contains the hyperfine parameters found from the
XRD peak positions showed that tieéa ratio of «” in our fitting procedure for thex' + o” phase mixture. The fit could
sample is 1.097, which is slightly smaller than the value ofb‘,a improved by adding small componettg.2% due to the
1.099 reported in the literature of a bul-Fe, N, From ¥ phase. The presence of a smaII. fractiony6fFe4N in the
x-ray scattering calculations, a value of 6.8 is expected foample was alfo proven by recording-2¢ XRD scan with

the intensity ratio between thé004 and (002 peaks of &0 offset of 6°(not shown. The remaining misfit in the
«"-Fe,N,. 18 In our experiments, this ratio was determined —0.7 mm/s to 1.3 mm/s part of the spectrum co_uld be c_iue to
to be 12.7. This means that the XRD peak at 58.8° is conth® presence of a very smaé few percentfraction of ni-
stituted by botha”-Fe,N,(004) and a’-Fe;N(002) reflec- trogen austenitésee Ref. 4 and references thejeiAlso,
tions. Thus, the Fe nitride formed in the sample is a mixture TABLE I. Hyperfine parameters of the”-Fe,N, components

of a'-FgN and a”-FegN, phases. It is interesting to men- . ‘ . e ,
tior? heree8 that tk?e X%It_j) éppectrum reveals nitridegpeaks tha?.bta'n?d from the analysis of the CEMS data for the sample ni-
are due to the (A9 planes only. This means that the bct fided in pure NH at 200°C for 310 h.
lattice of the nitride has itsc-axis perpendicular to the

Component I.S. H.F. Q.S. r Rel. area
sample surface. Our XRD measurements showed that (mm/9 (T) (mm/s  (mm/s %
[001]0(, a”| |[001]a , (5) a”-Fe(I) 0.17(1) 40.218) -0.2(12) 0.3 24.6
‘ o"-Felll) 0.0966) 31.674) 0.161) 0.3 49.7
a"-Fall) 0.001) 28.908) -0.1712) 0.3 25.7

(100) 41 4/ [(100), 6)
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we cannot exclude the formation of a tiny amount of E© I 20|
at the Ni/Fe interface. These fractions would be too small to 1I
be detected with XRD. II [ (001) | (002)
If we extrapolate the Lehrer diagrafsee Fig. 1to a | (001) | (002)
temperature of 200 °C, the-FegN phase should be formed
in thermodynamic equilibrium at the nitriding conditions ap- (a)
plied for this sample. However, no trace efFgN was
found. Moreover, only part ofv-Fe was converted into Fe
nitride. This means that no thermodynamic equilibrium has
been reached. Taking into account the diffusion coefficients
reported in the literatur&:?! diffusion of N cannot be a re-
striction for the phase formation at the temperature and ni-
triding time applied. At the same time, while a significant
fraction of thea-Fe was still unaffected, the’ phase had
already started to form pointing to the fact that in the present
experiment the kinetic barrier of transformation to this phase
could be overcome. It was observed that ieande phases
are readily formed when a bare epitaxial(6@&l) layer is
exposed at 200 °C to a flow of atomicRiThe fact that we
see only a small fraction of thg’ phase and ne phase may
be due to the slowness of the dissociation process at the
surface, and/or the effectiveness of a kinetic barrier for the PR I R
formation of they’ ande phases in the Ni-covered layer at 200 30 40 50
the prevailing nitriding potential. 20 (deg)

There have been a number of publications suggesting the o _
existence of an a-y'-e triple point in the phase FIG. 5. A 6-260 XRD scan recorded on a sample nitrided in a

diagram2.3’24'88elow the triple point noy’ can exist in ther- NH;+H, mixture[In(ry)=—2.0] at 300 °C for 10 h{(a) with no

modynamic equilibrium. The triple-point temperature report-°7Se€t (0) with a 6° offset. The bar diagram indicates the peak
edly lies well below 275°C. Since in our experiment ther- positions as observed foft) Ni, (1) y'-FeN, (IIl) MgO.
modynamic equilibrium has not been reached, no
conclusions on the existence of the triple point can be drawrfrig. 6, the two peaks observed at the 2alues of 42.9° and
However, if the temperature of the triple point lies above47.9° correspond to the MgQ02) and y’-FeN(002) reflec-
200 °C, the appearance ¢f in our sample proves that in Fe tions, respectively. Analysis of the peak positions along the
the hcpe phase must be formed from-Fe via the fccy’ w scale showed that the offset between (B61) planes of
phase. v'-Fe&N and the(001) planes of the MgO substrate is 6.2°.
The in-plane orientation of'-FeyN with respect to the sub-
strate was derived by measuring-w scans on the
v'-FgN(113 and MgQ113) reflections(not shown. From
In Fig. 5, 6-26 XRD scans are displayed, which were the scans, the/’-Fe,N[010] || MgO[010] relationship was
acquired in nonoffset and offset geometries on a sample niestablished. In Fig. 7, ai-y scan is presented. In this mea-
trided in a NH+H, mixture[In(ry)=—2.0] at 300°C for surement the & angle was chosen to probe the
about 10 h. Apparently, upon nitriding almost altFe was  y'-FgN(002 reflection and the x-ray beam was along
converted intoy’-FegN. This observation is in excellent
agreement with the CEMS data as will be shown below. We
have indications from Rutherford backscattering spectros-
copy combined with channeling measureme(mtst shown _ 48
that the nucleation of the nitride phase takes place through- :Ef
out the entire(100 nm depth range of the Fe layer in the o)
sample. This would be in accordance with the findings by N
Inia et al. for polycrystalline Fe samples covered with a Ni 40
layer?® : ‘ : ‘
From comparison of the two XRD scans it is obvious that 2 0 2 4 6 8
the y'-FeN layer formed from a single crystal af-Fe is
heavily textured with it{001) planes slightly tilted with re- FIG. 6. Anw-26 XRD scan recorded on a sample nitrided in a

spect to the sample surface. To study the OR in greater deyH,+ H, mixture[In(r )= —2.0] at 300 °C for 10 h. The intensity
tail, two-axes XRD scans were measured. Figure 6 displaygt w=0° and 2=42.9° is due to Mg@02); the intensity atw

anw-26 scan. During the scan the x-ray beam incidence was-6.2° and #=47.9° is due toy’-Fe,N(002). The outer and inner
along the(010) plane of the Mg@001) substrate. The defi- MgO andy’-FeN intensity levels differ by a factor of ftand 10,
nition of the angles 2, w, , and¢ is explained in Fig. 2. In  respectively.

sqrt (int.)

!

60 70 80

B. The y'-Fe,N phase
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TABLE Il. Hyperfine parameters obtained from the analysis of
the CEMS data for the sample nitrided in a NHH, mixture
[In(ry)=—2.0] at 300°C for 10 h.

[ 1.S. H.F. Q.s. r
5 Component (mm/9 m (mm/9 (mm/9 Rel. area %

[ y'-Fell) 0.2233) 34.182) 0.02745) 0.3803) 25.0
¥t y'-Fe(ll)  0.31%1) 21.691) 0.1753) 0.3803) 50.0
) vy'-Fe(lll)  0.2913) 21.632) -0.2916) 0.3803) 25.0
s I

exclude that there is a vary sméd few percentfraction of
thee phase present in the sample, because there is a remain-
ing misfit of the CEMS spectrum. This means that the nitride
[ formed in the sample is almost a singjé phase, which
-10| agrees well with our XRD observations. Sinceyih the Fe

T T atoms are distributed over three different sites with a 1:2:1

-5 0 5 occupation ratio, three sextets with the appropriate area ra-
Y (deg) tios were used to fit the data. The line intensity ratio within

each sextet was fitted to lzeb:c, with a:c close to 3:1 and
a:b close to 3:3.5. The hyperfine parameters found from the
fit are listed in Table Il. The parameters are in good agree-
ment with those reported in the literatu(eee Ref. 4 and
references therein

MgO(010 at » = 0°. The scan reveals four structural do- At .the nitriding potential and temperature used i_n this
mains of y'-Fe,N with their (001) planes symmetrically experiment, t_he—FeXN phase should_be formed according to
tilted abouty’-Fe,N[010] directions by 6.2° off the surface the Lehrer diagram. In polycrystalline Fe samples covered

normal. Keeping in mind that F&10] || MgO[010] and with a Ni layer the formation of(nearly 100% of the ¢
Fe(001) || MgO(001), the OR betweenr-Fe andy’-Fe,N phase was observed at the conditions used Herowever,
found in our experirﬁents can be expressed as the nitride in our sample consists for more than 95% of the

v'-FeN phase. The delay observed in the phase formation is

FIG. 7. An w-¢ XRD scan of they'-Fe,N(002) reflection re-
corded on a sample nitrided in a NHH, mixture [In(ry)=
—2.0] at 300°C for 10 h. The firstoutep and the sixth contour
lines differ in intensity by a factor of 3.

[100],||[110] (77 Probably due to a lack of nucleation sitésuch as lattice
4 “ defects or grain boundaries the epitaxial Fe layer, which
(001).,/|(001) ,Ry110;6.2°, ®) causes high energy barriers for phase transitions. The impor-

tance of lattice defects during phase transformations has been
where Ry10;6.2° denotes rotation by 6.2° around {110}, proven by, e.g., Grujicic and Dang who carried out computer
crystallographic direction. simulations on martensitic phase transformations in Fe-Ni
A CEMS spectrum measured on this sample is shown iralloys?®
Fig. 8. In the figure, the symbols represent experimental data,
the dashed lines represent different fit components, and the C. The e-Fg,N phase
solid line is the total fit to the experimental curve. The spec-

trum could be fitted with sextets due 46-Fe,N. We cannot Two 0-2¢ XRD scans recorded In nonofiset and offset

geometries on a sample nitrided in a NHH, mixture at
In(ry)=0.0 are shown in Fig. @ and 9b), respectively.

Coum_s The nitriding was done for 10 h at 300 °C. The set of peaks
0 observed in the scans can be explained by the formation of
| the e-Fg N phase in the sample. Apart from Fe nitride, the

I formation of Ni-nitride phases was also observed in the
1.6x10°

g . sample. Applying the formulas for the dependence of the
i A g lattice parameter on the N concentratiog in e-FgN re-
L4x10°]- i i ' ported by Schaaét al.,*

a,=2.525+0.007 45 Cy, (9)

1.2x10°

L A T T T 1 c,=4.238+0.00565¢ Cy, (10)
Velocity (mm/s)

the composition as determined from our XRD data for the Fe

FIG. 8. A CEMS spectrum recorded on a sample nitrided in anitride produced was kg7>N. Slightly different equations
NH;+H, mixture[In(ry)=—2.0] at 300 °C for 10 h. See text for for the lattice parameter dependence were reported by
an explanation for the lines and symbols. Kooi.?” However, in our studies we found that the equations
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FIG. 10. Anw-¢ XRD scan of thes-Fg/N(203) reflection re-
corded on a sample nitrided in a NHH, mixture[In(ry)=0.0] at
300 °C for 10 h. The outer and inner contour lines differ in intensity
by a factor of 4. The full circles indicate the positions of the
T T T maxima in the intensity predicted by our model.

40 50 60 70 80 9 100 110

20 (deg) reflections produced by twinned domains. From the analysis,

FIG. 9. 6-20 XRD scans recorded on a sample nitrided in a & fotal of eight hcpe-FeN structural domains should be
NHg+H, mixture [In(ry)=0.0] at 300°C for 10 h:@) with no  Present in the sample. o
offset; (b) with a 3° offset. The bar diagram indicates the peak A CEMS measurement revealed that for the nitriding con-
positions as observed fait) NiN, (I1) Ni, (1) e-FeN, (IV) Mgo.  ditions applied all Fe was converted into the=g,N phase.
The CEMS spectrum is presented in Fig. 11. From the shape

due to Schaakt al. give better agreement with our CEMS of the spectrum it can be easily seen that at RT the major part
gf Fe nitride is nonmagnetic that holds ferFgN phases

data. As can be seen from the XRD scans presented in Fig. 9, ; ) ;
offsetting the sample results in a change in intensity ratios oY\}'th a N concentration above 30 at. 6.0ur analysis

the (102 and(203) reflections. This points to the presence of shqwed that the CEMS speqtrum con5|sts of two quadrupole-
crystallographic texture in the Fe-nitride layer formed. It wass'p".t dqublets plu_s a magnetically split component. The mag-
determined that th€203) reflection reaches its maximum in net_lc. f'el.d experienced by the Fe atpms, causing .magnetlc
the nonoffset case, meaning that 11263 planes of the ni- splitting in the spectra, has_a broad (_1|str|but|on u@tbelds_
tride crystallites are parallel to the sample surface. Owing té)f about 29 T. To cover this range, In our analysis we fitted
the fourfold symmetry of the parent matrix, four different the magnetically split component with a broad sextet. The

domains of the nitride can contribute to such a reflection. B)pype.rfine parameters .for the components, as obtained frqm
analyzing with XRD the mutual orientation of the the fit, are presented in Table III. The two quadrupole—spllt
e-FgN(101) and MgQ113 planes, the in-plane orientation Shoublets[compoP?nts dR?f) ano: I::élll)_tln T_abltehlll] point to i
of thee-Feg N crystal with respect to the MgOO01) substrate € presence of two ditierent e sites in the honmagnetic
was found to bes-Fe,N[ 100]|| MgO[110]. A two-axesy- phase. The areas of the doublets reflect the probabilities of

L . the different Fe sites. On the basis of the nitrogen-ordering
scan measured for theFg,N(203) reflection is presented in .
Fig. 10. In this measurement, the x-ray beam was impingin model proposed by JacR from the ratio between the dou-

on the sample along the Md@L0) plane aty = 0°. The %let areas we obtained the composition ag 7@ what is

scan reveals that th@03) planes are in fact slightly tilted
with respect to the sample surface, giving rise to a crosslikeRelative yield
shape of the peak. The tilt of tH@03 planes is about 2°.

Since the OR betweerw-Fe and MgO is He10] || tr
MgO[010] and F€001) || MgO(001), the overall OR be- -
tween thee-FegN formed and the originak-Fe crystal is 3 -

determined to be

[100],||[010],R010;2°, (11) -

203).][(001) ,Rig7612°. 12 a2 s L L 3
(203),/(001) ,Ryo10; 12 Velocity ()

It should be noted that it was not possible to determine the FIG. 11. A CEMS spectrum recorded on a sample nitrided in a
exact value of the tilt because of a strong overlap of(#@S3) NH3+ H, mixture[In(ry)=0.0] at 300 °C for 10 h.
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TABLE Ill. Hyperfine parameters obtained from the analysis of = TABLE IV. Hyperfine parameters obtained from the analysis of
the CEMS data for the sample nitrided in a MNHH, mixture the CEMS data for the sample nitrided in pure )& 300 °C for 10
[In(ry)=0.0] at 300°C for 10 h. The notation for the different h. The notation for the different components is taken from Ref. 4
components is taken from Ref. 4

I.S. HF. Q.S. r
I.S. H.F. Q.S. r Component (mm/9 (T) (mm/9 (mm/9 Rel. area %
Component (mm/g (M) (mm/9 (mm/9 Rel. area %

e Felll) 0.43711) 0.2861) 0.2642) 84.93)
e-Felll)  0.4530) 0.2780) 0.2801) 69.31) e Felll) 0.321) 0.4500) 0.2642)  3.54)
e-Fell) 0.36Q2) 0.3463) 0.3114) 20.91) B 0.891) 0.340) 3.12)

M -0.04Q7) 29.215 0.72) 9.91) D 0.0606) 0.651) 0.300) 8.1(2)

in good agreement with our XRD data, if calculated in ac-perfine parameters found in our calculations for jHeFeN
cordance with Eq99) and(10). The hyperfine paramet_ers of | y"-FeN mixture are in qualitative agreement with the
this phase are fairly close to those reported in the literaturg ) jes reported by Schaaf al* The deviation in the hyper-
; . 4 :

forane phase with the composition k:gN by Szghaabt al’ " fine parameters is most probably due to a variation in com-
and with the composition BN by Chenet al=° The small position of the FgN compounds with 1.6 x< 1.6303:314.325
(9.99 total spectral area covered by the magnetically splitRecent calculations, carried out on the basis of a first-
sextet(componentM in Table Ill) may be caused by ferro- inciples method, showed that the magnetic moments in the
magnetlc.s—Fe—nltnde. phases that haye a Curie temperaturq:exN phases with high N content are very sensitive to the
above RT. The Curie temperature is a function of the Nge.N nearest-neighbor distariGdn our XRD measurements
concentration. KN phases withk=2.2 are ferromagnetic at \ye did not find peaks corresponding to any of these two
RT. . ) phases. The most plausible explanation would be that the

A CEMS spectrum recordeq on a sa.mplle nitrided in pUr€actions of they”-Fe,N and y”"-Fe,N phases in the sample
NHj at 300 °C for about 10 h is shown in Fig. 12. There areyre to0 low to be detected with XRD, or that the crystallites

two major differences distinguishing this CEMS data from ot these phases are not oriented with planes parallel to the
the one discussed above. First, no magnetic component {§,rface.

present. Second, a pronounced shoulder can be observed on
the left-hand side of the quadrupole-split doublet. Fitting the
spectrum with two quadrupole-split doublets resulted in a
very broad smaller component with a largesarly 1 mm/$ Below we discuss a phase transformation model that can
quadrupole splitting, pointing to the presence of more tharexplain the OR’s observed. Phase transformations in Fe-N
two lines in the spectrum. The best fit was achieved with thelikewise in Fe-Q systems should be treated as of diffusional
hyperfine parameters presented in Table IV. The first twdype since, in general, diffusion of both species occurs. How-
components correspond to the,lg; N composition. Onthe  ever, in the temperature ran¢@00 °C—300 ° ¢ addressed in
basis of XRD data obtained for this sample, an &N this work diffusion of Fe atoms is negligibf&:® Therefore,
composition was derived from Fe-nitride peak positions usiransformations in our samples can be regarded as diffusion-
ing Egs.(9) and(10). The same OR between Fe nitride andless, as far as the Fe sublattice is concerned. We will show
the substrate was found as in the previous case. The remaithat, during low-temperature gaseous nitriding @fFe,
ing features in the CEMS spectrufmomponents B and D in  phase transformations can be well described in terms of mar-
Table 1V) could be ascribed to a mixture of’-FeN and tensitic transitions. A martensitic transition is characterized
v"-FgN. The information on these two phases and, in parby a synchronized movement of the lattice atoms by a dis-
ticular, on their hyperfine parameters is very scarce. The hytance less than one interatomic spacing. In a martensitic tran-
sition a habit plane exists, which has the same orientation
Relative yield before and after the transition and stays practically undis-

6 F torted upon the transitioif:>” It should be noted that we are
dealing with thin epitaxial films. For bulk polycrystalline
materials the transformations may deviate from those pre-
sented here.

In our consideration we assume that during gaseous ni-
triding the concentration of N in the sample increases gradu-
ally. During this gradual increase different phases can be
formed in sequence according to the Fe-N phase diadfam.
A2 The final concentration of N is determined by the tempera-
| | | | | | | ture combined with the nitriding potential applied. Since in

12 8 _4Ve10city(()mm/s) the temperature range used in our experiments any of the
a'-, a"-, y'-, e-Fe-nitride phases could be formed by gas-

FIG. 12. A CEMS spectrum recorded on a sample nitrided ineous nitriding, it would be plausible to assume that the phase

pure NH; at 300 °C for 10 h. transformations taking place in the sample occur in ¢he

D. Orientation relationships and morphology
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—a', a"— y'— e sequence. In terms of crystallography this (112) 1ot (111]
route can be expressed as a-bduct— fcc— hcp phase tran- 011) ¢, [011] f:c
sition.

During early N uptake, bct nitrogen martensite is formed. \

Although the occupation of the octahedral interstices causes
large anisotropic strains in the Fe matrix, the bct lattice of P
martensite has about the same dimensions along two of its /
principal axes as those af-Fe. Therefore, the basic OR
between the martensite and the originaFe should not be

affected by the transformation. With this in mind, the OR

s

observed in the experimenisee Eqs(5) and (6)] can be /
readily understood. The beebct transition leading to such 4 w
an OR is the most energetically favorable since no inter- .

atomic bonds are broken during the transformation process
and thus the energetic barriers of the phase transformation
are only determined by elastic distortion of the lattice. In the
particular case of thin films the strain is relaxed to the sur-

face. FIG. 13. Anillustration of how théype 11 OR between a bct and
Further N uptake leads to a beffcc transition. The criti-  an fcc structure can be accomplished by a Bain deformation alone.

cal point at which the transition takes place is associate@our bet unit cells with a €/a), ratio of \2 are represented by

with the point where strain relief by shear and sliding be-dashed lines. Solid lines outline an fcc unit cell.

comes energetically more favorable than by further elastic

distortion of the lattice. is not fulfilled in thetype | OR. On the basis of this obser-
For the Fe-N system two essentially different OR’s con-vation, the occurrence of thgpe 10OR in our samples can be

necting bcc, bct, and fcc phases have been reported in thexcluded.

literature. The one commonly observed upon reducing the The atomic movements associated with tyj@e || OR are

v'-FeN phase tax-Fe in thick(about 0.1 mmfilms and in illustrated in Figs. 13 and 14 for our case. As can be seen

[110] ¢
[100] fee

bulk materiaf®*®is from Fig. 13, thetype Il OR between bct and fcc lattices can
in principle be achieved by a Bain deformation only. How-
[110]7,||[0T0]a, (13 ever, it would require a very big elastic distortion of the bct

lattice, with ac/a ratio of \2. Such a big distortion probably

(T12)7/||(201)a- (14) cannot be realized for the',a”"— vy’ transition and the

transformation proceeds by a different mechanism. This as-
A theoretical analysis of the transformation leading to thissumption is supported by the existence of a finite tilt angle
OR has been carried out by PitstfiThe OR was thought to between the (003}, and (001), planes, which would not

be the result of the following three processgsBain defor- _

mation leading to an fct structuréij) shear in the (111) (112) ey _

plane along the{ll?]fct direction of the newly formed fct; O1D) gec [LLL] pet

(iii ) two small rigid rotations of the fct giving rise to an fcc (011 gee
structure. The other OR, namely,

[011],/[[111],, (15

”

(01D),][(112),,, (16) o - (110)

. . . - (100
has been reported in only one instatfand no other experi- O~ 100 e

mental data has been published. Produced upon quenching of
thin (100 A) films of nitrogen austenite, this OR is formed by
a combination of a distortion along the principal axes of
austinite and a half twin shear in the (11Pplane along the
[110]¢, direction. In the course of the discussion we will
refer to these two OR’s as dfjpe | OR andtype Il OR, FIG. 14. An illustration of how a (11@), plane could possibly
respectively. These two OR’s are different from thetransform into a (10Q). plane. The transformation consists @f
Kurdjumov-Sachs and Nishiyama-Wassermann types of ORalf twin shear(vectorS) in the (112)y plane along thg111 ]y,
observed in Fe-C and Fe-Ni S)/Steflﬁéf1 direction; (ii) small shifts(vectorsm andn) to obtain the correcy’
Comparing the above OR’s with the results of our experi-jattice parameters within the (100)plane; (i) a small shift(vec-
ments, it can be seen that the relationstiip) follows from  tor p) of all atoms in the plane to obtain the correct spacing between
the OR found in our measuremefitee Eqs(7) and(8)] and  the (100), planes.
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arise otherwise. We suggest that the following processes are (IDee [110] e
most likely to take place upon the transition. Once a certain

“critical” c/a ratio of the bct phase has been reached, de- _
formation by an elastic distortion only is no longer favorable i [112]ec
and the fccy’ phase is formed by a half twin shear in the [101] fec
(112)y, plane along th¢111],, direction(vectorS in Fig. {75 1st layer fec
14). In this case, only small additional atomic shifts would é—lst layer hep

be needed to obtain the correct lattice parameter of the'fcc O —2nd l;lyer fec, hep
phase within the (003). plane(vectorsm andn in Fig. 14). ’
As can be seen from the figure, the vector sunmoéndn
leads to a small expansion of the lattice, which is in the g 15 An illustration of how a (111, could possibly trans-
direction of thec axis of thea’ phase, i.e., in the direction of form into (001}, by half twin shear in the (114), plane along the
the surface, and a small contraction in the surface plang;13) direction.

along the[110], direction. Finally, a contraction along

[110], (vectorp) is also necessary to adjust the distancesOR applies when the’ phase is formed directly from bcc
between the (001). planes. The (12),; and (011). a-Fe and thetype 1l OR applies when the fcc phase is
planes stay parallel during this transformation because th#®rmed via the bctr'/a” phases.

® - 3rd layer fcc, hep

displacementsS, m, and p are in this(common planes, Summarizing, thex— ' transformation in thin epitaxial
whereasn is normal to these planes and, if measured fromFe films at temperatures in the 200 °C—300 °C range can be
one (1122), plane, the displacementsare equal. well described in terms of a martensitic transformation of the

In our experiments the tilt angle, denoted byn Fig. 14, ~ Feé-sublattice. The transformation proceeds via a bct phase, it

was determined to be 6.2°. Such a tilt implies that the shedfads to an OR that is expressed as
process started at a “critical” /a) ¢ ratio of 1.137. This

ratio is only slightly larger than that of bulk” and signifi- [011],[I[111],, 17)
cantly smaller than the value needed if the-béitc transi- .
tion would occur by a Bain mechanism alone. In fact, ¢he (011)7,| [(112), (18

ratio at which the shear begins—and consequently the final . o ;
tilt angle—can depend on the crystalline quality and the mor—and features para_lll_ellty of close-packed d|rec_tuﬁo$).d. s
phology of the sample. For our experimental conditions, theetween the precipitates and the parent matrix.

relatively largec/a ratio can be explained as follows. We NOW Iet_ us co_ns_lder _the‘/.g system. _Slnc_e phase trans-
have already mentioned above that a significant delay irgormatlon in Fe nitrides is driven by_ N o_hffusmn resulting in
phase formation has been observed in our experiments andfggradual change .Of N concentration in the sample, at the
higher nitriding potential had to be applied to produce a cerl€MpPeratures applied in our experiments one could expect

tain Fe-nitride phase. This phenomenon has been attributdflat ¥’ i formed as an intermediate phase during the

) : o
to the lack of nucleation sites in the epitaxial layers used as~€- Hence, itis the bce— fcc-y’— hepe transition that

compared with polycrystalline material. The delay impliesShOU|d be considered. The first part of the transition has been

that larger lattice strain may be needed to make the transitiofiScussed above. Now we concentrate on fhe- ¢ transi-

happen. In the case of the bedct— fec transition described 10N anificant diffusion of the latt s b
here, larger strain would result in a bigger anisotropic distor- T N0 significant diffusion of the lattice atoms takes place,

tion of the lattice and, therefore, a largeia ratio in the bct
phase. The influence of strain on théa ratio in nitrogen

martensite has also been observed by Okareotd *® [010]hed [ 110]rce (19)
The last question left to be discussed in conjunction with
the «— ' transformation in the Fe-N system is the occur- (00D pegl[ (11D ree (20)

rence of different OR'’s. It is interesting to note in this respectyn is the one observed in virtually all hepffec systéths.
thattype IOR andtype Il OR have, in fact, been reported for s is que to the high degree of coherence between c.p.d.’s

two dif_feren_t cases as follows. Th_y!pe IOR is observed_ as ang close-packed planésp.p.'s of the two lattices. For the
a relationship between the fcc lattice pf and the bec lattice ;o5 case, perfect coherence occursa,i,tp=afccl\/§ and
of a-Fe?®*®40This OR seems to be realized whet is 1) re— 242, Th ¢ . by sh ;
formed directly froma-Fe. Studies by Inokutet al,* e.g., (¢/a)nep=215. The transformation oc.curs. y shearo eyery
give evidence that different Fe-nitride phases, and yhe Other (111} plane along th¢112] direction as shown in
phase in particular, can form directly fromFe at the sur- Fig. 15. Since the lattice parameter relations:éfgN and
face of Fe crystallites exposed to WHH, mixtures in the y'-FeN deviate from the above values just sllghtly, thel co-
450 °C-550 °C temperature range. In this case,thphase herence can be_ achieved by shear plus a small distortion of
was found to nucleate with thigpe | OR. In contrast, the the ¥'-FeN lattice. L

type Il OR is observed as a relationship between the fcc In the hcp lattice ofe-FgN, the angle between (),
lattice of " (or y) and the bct lattice of'/«” (see Ref. 41 and (001) planes is about 51.3°. This angle can vary by a
and this worl. As a hypothesis we propose that ttype |  few tenths of a degree depending on the N content. The
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angle between (001) and (111), planes iny’-FgN is O the surface. In epitaxial systems, the presence of substrate
54.7°. On the one hand, if the relationships defined by Egstan cause additional energetic barriers for phase transforma-
(19 and (200 are fulfiled, then we have tions. In the case considered, the as-deposited epitaxial Fe

— = _ R L layer is fully relaxed meaning that ror very little) stress is
(293)*"'(091)7"?[”013'4 , where R, implies tilt around imposed. Since the lattice parameter ef -FeN and
[110] of y -Fe‘}N. Onl the other_hand, as has been ShOW”a”-Fe16N2 is about the same as af-Fe along the layer-
above, the lattice ofy’-FeN is tilted with respect to the  gpgtrate interface, the influence of the substrate on the trans-
parent a-Fe crystal around [&10]. Considering four ¢5rmation would be minor. In accordance with the transfor-
y'-F&N domains, a combination of the two different tilts \,ation model described above, thé— y’ phase transition
will give rise to thew-y diffraction peak positions for the gives rise to the formation of fcg’ crystallites, which OR
e-FeN(203), reflection as depicted by full circles in Fig. with respect to the parenrt’ matrix is defined by Eqg15)
10. In the figure, the diffraction peak positions of the double-and(16). Upon further transformation, the feg' crystallites
tilted (203), planes are indicated with full circles. As can be break up into hc crystallites with an OR as in Eq$21)
seen, four doublets are expected. The angle betweet)( and(22). Thus, an overalk—a’, o'—7y' —¢ phase trans-
=(0;0) and aloublet is 3.9°. In our measured sqaee Fig. formation process in the Fe-N system is accompanied by a
10), the doublets overlap and the peaks within a doublet argrain refinement. The described —y' as well as they’
not distinguished. This is probably due to a finite width of —& transformations are likely to result in lamella-type of
the peaks. From a deconvolution procedure the angle bamacrostructure. With such morphology strong adhesion of
tween (;¢)=(0;0) and adoublet was estimated to be 2 the layers to the substrate is improbable. In our experiments
+1°. Within the error bar, this value deviates from the valuewe observed that ultrasonic treatment of theFe,N and
calculated on the basis of 3.4° and 6.2° tilts by 1°. e-Fe N samples makes the layers peel off the substrate. This
According to Inokutiet al,*® exposure ofa-Fe crystal- is in agreement with the morphology predicted.
lites to NH;+H, mixtures in the 450°C-550°C tempera-
ture range results in the phase formation directly from

a-Fe with the OR IV. CONCLUSIONS
[100] ||[21—1] Summarizing, phase transformations during low-
€ @’ temperature gaseous nitriding in epitaxial Ni-capped Fe lay-
(001),]|(111),,. ers were studied. It was shown that upon low-temperature

gaseous nitriding of Ni/Fe bilayers, virtually any Fe nitride
In their experiments, the phase was observed to nucleatecan be produced as a pore-free material. Only fthghase
only at the surfacéand not in the bulkof a-Fe crystallites. was not clearly observed in our samples. We cannot exclude
In such an OR, the smallest angle between (20&8)d the fact that a small fraction af-Fe,N was present together
(001), planes is about 30° that is obviously not the case inwith the high-N-content-FgN phase. The CEMS spectra of
our samples. This fact supports the assumption that in ouhese two phases are very simifa?® The positions of the
samples the: phase is formed frona-Fe via they’ phase. (101), (102, and (203 XRD peaks observed in our experi-

Thus, at the conditions applied thé — & transformation ments for(textured e could be very close to those (#11),

of the Fe-sublattice can also be described in terms of a ma(212), and(423 of ¢ and, if the amount of thé phase in the

tensitic transition. The OR formed is defined by samples was small, the peaks could be missed.
_ It was found that a higher nitriding potential value was
[010.[/[[110],,, (21)  needed to produce a certain Fe-N phase in the epitaxial Ni/Fe
bilayers, compared to the value given by the Lehrer diagram
(00D),/[(11D),, (220 measured for polycrystalline material. The delay was ex-

and features parallelity of c.p.d.’s and c.p.p.’s between thglained by a lack of nucleation sitésuch as lattice defeqts

precipitates and the parent matrix. in the ep|ta>§|al Fe layers. .
To complete the discussion on phase transformations in Our studies showed that at relatively low temperatures

the Fe-N system, we will address the morphology of thewhere diffusion of Fe atoms can be neglected, phase trans-

samples. A was obseryed i our previus experirns, 210" 1 e P yter, can b wel descrbe e
thin epitaxial Fe layers deposited onto M@01) exhibit a '

- ‘e ; ; cerned. During gaseous nitriding @fFe in the 200 °C —300
high degree of crystallinity and an atomically flat mten‘aceoC tem eratu?egran e the hasge transformations occur in the
with the metallic cap layer. The elastic strain caused by th%cc b([:)t foc hcpg s’eque[r)me it was confirmed that. if

— — — . s

lattice mismatch with the substrate was found to be fully s L , - . :
relaxed for Fe film thicknesses exceeding 200 A. Formatioﬂorm?d ina th'.n film, th?y precipitates have thg orientation
of the bcta’, a” phases in the films results in elastic distor- relationship with the nitrogen martensite matix as de-

tion of the bcc lattice in the direction perpendicular to thefined by Eas(17) and(18). This orientation relationship is
sample surface. In the case of films with t@91) surface achieved by simultaneous half twin shear in the 2})1
orientation, formation of the bct phase with OR as defined byplane along th¢111],: direction, and a distortion along the
Egs. (5) and (6) will probably lead to a layer that is homo- principal crystallographic axes. It is inevitable that shear is
geneouslyanisotropically expanded in the direction normal accompanied by slip or twinning. We did not investigate this
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pOint. POSSibly this tWinniﬂg could induce a lamellae type Of(ll]_)y, p|ane a|ong tthlE]y, direction and a distortion

morphology in the samp&:°>*|t was also shown that the

orientation of thes precipitates with respect to the host ma-

trix of y’ is as described by Eq$21) and (22). This rela-

along the principal axes.
Finally, it was demonstrated that each step of the
—a’' — y'— ¢ transformation cycle is accompanied by grain

tionship is probably due to simultaneous shear of every othetefinement.
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