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It is known that thernodynamc equilibrium in Fe-N alloys, ir
conposition at tenperaturesChelswddbdicult to achi eve because of the
diffusion rate at |low tenperatures. One of the ways in which we can
transformati on which nay be responsi ble for invar behavior is to
i) materials of simlar conposition obtained by non-conventional nmethi
all ow the enhancenent of diffusion at tenperatures where atom c nobil

the laboratory tine scale; ii) materials which have been treated for
of time (geological time scale) in the sane tenperature range, suct
neteorites. In this context we have studied the phase stability of

i nmecani cally all oyed powdensbeam m xed rmnul ti laangeriget eorites.
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I - 1 NTRODUCTI ON

The invar alloys, which are based on the conposition Fe-36% Ni,
zero thermal expansion coefficient over a substantial tenperature ran
hi gh tenperature properties and paraneters (lattice paraneter, elect
magneti zation and elastic noduli) show anomalies which have bee
experinmental ly. These observations indicate that there is a phase inst
Ni phase systemat the invar conposition. Several authors suggested
a low tenperature mscibility gap to explain the anonmalies and have
vari ety of phase diagrans for the Fe-Ni system

The Fe-N phase diagram proposed by Rom g and Goldstein in 19¢
showed two nmjor phasesy, and a two phageregion. Using this phase
diagram for a typical invar alloy, htdfl doaatsreny- @tastd0 The
alloy will enter the two phase regi©On cuiriabgputhel5®ool i ng process.

The | ow tenperature portion of the Fe-N phase di agram was recent
[2, 3] based on neteoritical evidence and electron irradiation of |
all oys. The authors concentrated on the conposition range fromO to 5
on tenperatures belowC46Dig. 1). Both the stable and netastable
boundaries are defined. They observed an asymmetrical miscibility g
net ast abl e bel cwQ@%hd is caused by the presence of a tricritical poir
produced by magnetic interactions. One can apply this phase di agram di
al | oys [0f36 wt% Ni. This phase diagram is not sinple and the low ter
phase transformations are not still well understood.

The maj or experinmental difficulty in studying these alloys is the

rate of the Fe-Ni system at these |ow tenperatures. As cooling occurs¢



coefficient of Ni decreases, for exantefsfmomeD®xtio 1%10
cnfs® at 50 . At °3@ it takes nore yeamsl®or one atomic junp to
occur.

One of the ways in which we can study phase transfornmati ons whic
responsi ble for invar behavior is to investigate materials of sim
prepared by non-conventional nethods which are known to enhance diffi
allowing equilibriumto be reached in short tinmes. So, to accelerate t
equilibriumlike state we studi ed sanpl es prepared by non-conventiona
as: i) Fe-N alloys in the formof fine particles prepared by nechani
Fe-Ni multilayers in a very thin nodul ation ion bonbarded with noble g
Met eorites which contain Fe-Ni alloys slowy cooled after solidificati

bodies for mllions of years.

Il - MECHANI CAL ALLOYED FE-N ALLOYS

Mechanical alloying (MA) is a a new technique of conbining neta
mlling of elenmental powders in a high energy ball mll under an ine
It circunvets many of the limtations of conventional alloying and cr«
of nmetals or netal-non netal conposites that are difficult or inposs
by ot her neans.

W used MA as an alternative nethod to prepare Fe-N alloys, sinc
grain refinement and produces great anmount of lattice defects. There
expect that MA can greatly enhance the diffusivity of the powders. T
details are described in ref. [4] and in this Proceedings. The | ongesi

90h and that powder was subsequently a@néaledi afeB&0t tinmes. The



conposition of the powder after mlling was checked by EDS, i ndicating
no detectable difference fromthe starting powder.

The phase separation process during the subsequent heat treatnent
by X-ray diffraction (XRD), Mssbauer spectroscopy (MS) and nagne
measur enments.

The XRD patterns of the starting and mlled (10 to 90h) powders s
after 10h mlliggisaaFeoy with fcc structure is forned as indicated
di sappearance of the diffraction peaks fromthe pure netals. The diffr
the powder milled 90h does not show significant difference fromthat
in both, the structure and the linewidth. The effective crystallite si
for the two m Il ed powders.

The M5 of the starting powder and the ones milled for different h
an alloying process in the initial stage of the mlling show ng se
indicating a m xture of phases with different conpositions. This is d
interdiffusion, i.e., Fe diffuses in N matrix and Ni diffuses in Fe
the coexistence of Fe-rich and N -rich alloys. This behavior is
nmechanically alloyed FeCr system After 10h mlling, an honbgeneou:
formed and further mlling does not change the alloy structure. This c
the spectra of the powders after 10h mlling. Al of them have the
hyperfine field (31T) and simlar hyperfine field distribution, typice
all oy (40%.

The powder milled for 90h was submtted (i @586nédl i hgr at
different times (fig. 2). After 20h annealing, segregation starts to ¢
appearance of a non-magnetic phase, a singlet (1S=-0.15 mis) that cc

fccy-phase witk3086 After 100h annealing, segregation beconmes nore c



with formation of a nagnetic conponent (H=20T) superinposed to the no
phase. This is an internediate stage in which Fe concentration is | owe
non- magneti ¢ phase but is higher than that in the initial alloy. Afte
the non-magnetic phase increases and the nagnetic spectrum shows &
structure. The spectrum can be fitted adding a conponent with H=29T al
mm's. These paraneters are typical of the Fe-Ni 50-50 ordered phase ¢
L, . This seens to be a sign of formation of the ordered phase in t
process.

Using MA as an alternative nethod we obtained a defective nano-c
Fe-N disordered alloy which submtted to | chdC arstemledgplease350

segregation with formaty-ghasfef g th di fferent Ni conposition [4].

Il - 1ON - BEAM M XED Fe-N MJLTI LAYERS

It is known that irradiation with energetic particles is an eff
enhancing atomc diffusion in nmetals, thereby reducing the tine reqt
phase equilibrium Extensive studies have shown that Fe-N invars ut
segregation after enough irradiation (neutrons or electrons) to enhan
It has al so been found that the alloys with conposition in the range
callled invar anomalies occurs are those with the greatest response to

One of the alternative ways of achieving a state closer t«
t her nodi nami cal equilibrium (which for this system neans atomni c orderi
segregation), is to use ion bonmbardnent in Fe-Ni nmultilayers.

W investigated the effect of noble gas (He, Ne, Ar and Xe)

mul tilayers with nom nal compgddibtsyobhhFeugh CEMS.



The Fe-Ni nmultilayers were prepared using e-gun source in a |1
vacuum system at the Institute for Chenmi cal Research, Kyoto University
during the deposition was betf®orthahn5xii@se conditions it was produce
multilayers with total thickness of 1020 A and a\verd. 3Ai Re mbdul ati on
0.18A Ni) or a nomi nal conposhiti£n Theeion irradiati ons were done at th
HVEE 400-kV ion inplantor of the Institute of Physics, Universidade Fe
Grande do Sul [6].

Typi cal CEMS spectra of filns irradiated using Ne ions (70keV) ar
fig. 3. The as-deposited sanple as WelNe/a&s$nitheadsat@d sanpl e,
display only the typical sextet of bcc al pfiaNehase.onFrdm 1xl10
clearly seen the formation wfFetNw pblalses with different N conposition
one corresponding to a magnetic phase atomcally ordered - Fe50Ni 50 -
@5=0.15 - 0.20 mMmi's) and anot her one corresponding to a<@6n-nagnetic p
at.% Wth increasing doses the ordered phase increases up to 18% w
magnetic conponent presents a renarkable enhanteneons/gm to 10
accounting for 40% of the spectrum at this dds&8% &éh iherdasesof
did nor lead to any alteration of the spectra, suggesting that there i:

The sanme effect but less effective was observed by irradiation
simlar doses. The two phase region (ordered + non-nagnetic), obtained
He irradi ated sanples, is the same already observed in particle irradi
[7] and nmeteorites [8,9], in which it has been considered as the equi

The non-magnetic phase fornmed by Ne irradiation shows an ins
vani shing conpletely when further irradiated with Xe. If we change
irradiation, first Xe and then Ne, phase segregati on does not occur,

magneti ¢ phase is not obtained and the CEMS spectra displays the sane



of hyperfine fields produced by Xe irradiation, showing that the phas
Xe predom nates over the others.

Irradiation of Fe-Ni nultilayers, in the invar region, with a se
(He, Ne, Ar and Xe) allowed us to evaluate the fornmation/stability of
formed by ion irradiation [6]. Qur results can be interpreted as evi
lighter ions (He, Ne) phase separation is obtained and equilibriumli
system is achi eved, whereas for heavier ions (Ar, Xe and Kr) the m

predom nant .

|V - METEORI TES

Meteoritic netal contains a unique conplicated m crostructure.
observed that in slowy cooled neteorites their netallic m crostructur
by a series of conplex phase transformations dcoQrriThgsdel ow 400
m crostructures can be observed in the 3 main groups of neteorites:
nmeteorites = chondrites (from the mantle of parent bodies); b) in
nmeteorites (from mantle/core interface or from collision mxing); &
neteorites (fromFe-rich Fe-Ni cores of parent bodies).

The study of neteoritic netal is an attenpt to determne the |
di agram experinmentally. Meteoritic netal is basically an Fe-N all oy
5to 60 at% N with small ampunts (<1 w% of Co, P, S, and C Becat
have cooled slowy over mllions of years (1 to 1.000 mllion years) i
bodies, neteoritic metal contains a characteristic structure whic
conpletely duplicated in the l|aboratory due to the slow diffusion j
tenperatures. Therefore, neteorites are useful as indicators of the

phase transformation which occur in Fe-Ni alloys. The microstructure



tenperature phase transformation products in neteoritic netal are si
stony-iron and iron neteorites. Differences in the mcrostructure ar
function of cooling history at | ow tenperature.

It should be noted that the netallic phases of neteorites, proi
tenperature phase transformations, are sub-micron in size due to t
diffusivity of the system Therefore for this particular phase equilit
X-ray diffraction technique is of little use due to the crystall ograpt
resul tant phases. Mssbauer spectroscopy, on the other hand has pl ayec
in the neteorite work. In particular Missbauer neasurenents gave the f
evi dence for the existence of the superposition of a ferromagnetic a
FeNiso phaset etraentt éH= 29T; S=0.20 nm's) and a non- magneti ¢ phi
with KBO% (fig. 4).

The non-magnetic phase usually referred to as “paramagnetic ph
recently reported by Rancourt and Scorzelli [10] as a possible equilibi
Fe-Ni system W propose that this phase, with estinated conposition
a |low spiywFe-Ni phage),( that in synthetic irradiated alloys and net
al ways occurs in a fine epitaxial intergromh with ordered FeN . Sinc
seen in coexistenceetwiaeni {baving different degrees of atom c orde
depending on the sanple) it has been pygpissk tdatayshicccurs in
cl ose mcrostructural assdcetataem tveth

This phase is only observed by Mssbauer spetetoseopyebecause
(ordered FeN ) yand(proposed to be aatitedepitlbave practically
i ndi stinguishable |attice paraneterngs pPhesefios enott heeadi |y observabl e

as a distinct phase by TEM or X-ray diffraction.



So, the proppsédetraeniitrea ergromh that is a common state in slov
cooled iron neteorites, 1is present in netal particles of cho
has al so been observed in synthetic irradiated alloys, mechanically a
and ion irradiated thin filns, can be considered as indicative of the

equilibriumstate of Fe-Ni at the invar conposition.



FI GURE CAPTI ONS
Fig. 1 - FeNl phase diagram proposed by Reuter et al [2] based on the

iron neteorite structure and electron irradi ated all oys.

Fig. 2 - Missbauer spectra at room tenper at ygds0fal90y mdvickd s-e

submtted to anneal ihg dtor35Me i ndi cated tines.

Fig. 3 - CEM spectra of Fe-N nultilayers: a) as deposited; and Ne il

doses b) XM/ chm c) *ANe/ ctn d) 5XL0k/ ch e) *AlNe/ cm

Fig. 4 - Missbauer spectrumat roomtenperature of the Santa Catharina
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