Nitrogen diffusion mechanism inthe R  ,Fe;, lattice
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In this report, a diffusion analysis has been extended to a lattice containing two interstitial sites, and
the results obtained are used to understafld: the formation of a nitrided/unnitrided N
configuration for intermediate N content ani@) the abnormally small(apparent diffusion
frequency factor, both of which characterize the newly developgeeR nitrides. It turns out that

the diffusion mechanism for N atoms in theH®,; lattice is a chemical reaction diffusion rather
than a free-diffusion process. @95 American Institute of Physics.

Nitrogen or carbon insertion into rare-earth intermetal-  Consider a spherical sample particle of radRssur-
lics, such as RFe ; (hereafter referred to as the 2:17 phase rounded by a gas phase of atofhs., H,,N,,C); and in the
has recently attracted considerable attentiohiThe under- sample particle there are two differeft- andt-) types of
standing of the reaction mechanism is of importance as it interstitial sites which can accommodate these atoms. The
related to the homogeneity and stability of the magnetiggas atoms in the two types of sites are referred th asdt-
properties for these materials. It was previously supposetype atoms, respectively. For generality, we assume that both
that N atoms diffuse from the surface into the interior of athet- and f-type atoms are mobile but thaype atoms have
sample particle through a free-diffusion process, which rea smaller diffusion constant than that for théype atoms.
sults in a continuous solid solution distributi@@SSD pro-  Let c¢(r,t) andc,(r,t) be the concentrations of tife and
file of N atoms in the particle during the procdsdowever, t-type gas atoms, respectively, at a distané®m the center
recent experimental results have demonstrated that the N digf the particle and at a timd. ci=c¢(R,t) and c
tribution does not follow the CSSD pattern; instead, a par=C¢(R,t) are the corresponding concentrations at the surface
tially nitrided particle consists of a fully nitrided region and of the particle whose radius R. Also, these are the “equi-
an unnitrided regiort® Furthermore, the measured value of librium” values for c¢(r,t) andc(r,t), i.e., the concentra-
diffusion frequency factorD,, for N diffusion in R,Fe,  tions that result throughout the particles after a very long
was of four orders of magnitude smaller than that for freetime. It is assumed that the crystal structure and reaction
nitrogen diffusion in transition metafs. The steplike Kinetics are such that;y<c,. In the case where these two
nitrided/unnitrided N distribution and the abnormally small types of atoms diffuse independently, i.e., there is no ex-
diffusion frequency factor cannot be understood in thechange of atoms between the two types of sites, the diffusion
framework of the free N diffusion mechanism. In this letter, of each type of atom is described by Fick’s laws

we present a description in which the N uptake is a chemical Jci(r 1)
reaction diffusion process. Ji(r,t)=—D¢Vcy(r,t), = —V.Ji(r,1),

It was observed in studying the thermal stability of the a 1
2:17 nitrides that only a small amount of the absorbed N @
atoms were released from the sample particles upon heatirand
to temperatures above 400 °C, while most of the N atoms, ac(r t)
which occupied the octahedral interstitial sites, were>fot. Ji(r,t)=—DVey(r,t), tﬁt, =—V.J(r,1),

These experiments reveal that there are two types of N atoms 2

in the lattice. The octahedral site N atoms which cannot b&vhereJ;(r,t) andJ,(r,t) are the radial atomic current fluxes
evacuated from the particle are either immobilized or areacross a unit area for thie and t-type gas atoms, respec-
characterized by a very slow diffusion; while those N atomstively, D; andD, are the corresponding diffusion constants.
which can be evacuated are in other sites and are characterhe solutions of Eqs.1) and(2) result in a CSSD pattern of
ized by rapid diffusion.(For a discussion of the possible gas atoms radially throughout parti¢feFigure Xa) illus-
sites, see Ref. PThe existence of gas atoms with different trates the radial dependence of the concentrations in the two
diffusion rates makes the diffusion problem more compli-types of sites at a given time. For the situation illustrated, the
cated than a free-diffusion process. Here, we consider thgme is such that thé-type sites can be almost completely
diffusion problem of gas atoms in a lattice containing twooccupied with thet-type sites remaining essentially empty.
different interstitial sites in a general way and then apply theas shown in Fig. 1b), the total gas atom distribution profile
results to the nitrogenation process for the 2:17 phase. s basically a CSSD pattern of thi¢ype atoms except in the
surface region.

apermanent address: Department of Physics, Lanzhou University, Lanzhou, 1N ad_dition to the migratio_n of gas atoms within each
Gansu 730000, People’s Republic of China. type of site, there can also exist an exchange betweef: the
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t-type sites have been completely filled f&,<r=<R,

Cw\“” © mostly through the transfer dftype atoms. Region Il is a
- CotCo ' " transition region in which the filling of both types of sites is
3 developing. In region lll, there are no gas atoms in either
. g site.
O .
N I e In region I, we have
- S ac(r,t) ace(r,t)
oy Ji(r,t)=0, — =0 —Q =0 @
og o A " o and
r r
dce(r,t)
o) fa—tzofv%f(r,t). ®)
Cro+Cy Cio*Cid @
For region Il, Eqs(3)—(6) can be combined as
2 £ ace(r,t)  acy(r,t)
2 : fﬁt + ‘m =D,V2(r,H)+DV2c,(r,t). (9
5 oy
Although the termj dcy(r,t)/dt] does not occur explicitly in
Eq. (9), this equation is based on the existence of this term.
oL ) - . The transfer of gas atoms between the two types of sites
r P introduces a correlation between the concentration of the two

types of atoms and Ed9) represents such a relationship.
FIG. 1. Radial distribution profiles of the gas atom concentratignt), at ~ When the diffusivity of the-type atoms is rather small com-
a given time:(a) for f-type atoms and-type atoms independentli) total  pared with that of thé-type atoms and therefore the filling of
atomic concentration distribution profile when there is no atomic transfer,[he t-sites is mainly due to the transfer of tMype atoms,

between the two sitegic) total atomic concentration distribution profile . .
when an atomic transfer is possible from fhsites tot-sites.[It consists of ~ the ratio ofc,(r,t) to c¢(r,t) can be approximately taken as

three regions: in region |, thetype sites are almost completely filled; in a constant! We then can write

region 1l, the concentration distribution profile decreases very sharply to

zero; in region lll, the sites are essentially emptyj@-(c) it is assumed ci(r,t)

that co=Cs, and D,=(1/10)D¢]; (d) total atomic concentration distri- ce(r,t)= K (10
bution profile under the assumption thgp>c¢, and D,—0.

and, therefore
andt-type sites for individual atoms. Because of the lower ac(rt) DK+D
diffusivity for the t-type atoms, the probability for a gas atom v/t f
to change fromf- to t-type is greater than that from to ot 1+k

f-type and thus, one observes for the most part only a transfethe same equation is also obtained dofr,t). In Eq. (11),
of gas atoms froni- to t-type sites. The modified diffusion

V2c,(r,t)=DV?2c(r,t). (12)

equations for the two types of atoms in the particle can be _ D¢k+ Dy (12)
written as 1+k
Ji(r,t)=—D¢Vey(r,t), (3) is the “effective” diffusion constant. At the boundarg,
P t p t between regions | and Il, thetype sites in region Il are
i: —V-Ji(rt)— i (4)  completely filled. With the evolution of diffusiori, varies
ot at from Rto 0. For atomic diffusion which is dealt with in this
J(r,H)=—DVe(r,b), (5) !ettfer_, the diffusion rate is much smaller than the jump rate of
individual atoms. At each step of the process, the gas atom
ac(r,t) _ dCs(r,t) distribution is well-established corresponding to g at
a V(i + a ! (6) that time. Therefore, when solving these equations for each
) ) region,R, can be approximately taken as a constant.
where the terniidc(r,t)/dt] on the right-hand side of Egs. In region II, the solution of Eq(11) for ¢,(r,t) [along

(4) and (6) represents the rate for the gas atoms changing ... the solution of the same equation for(r.t)] vields
from f- to t-type, which is dependent on the strength of gas- q fo(r.0l'y

lattice bonding. In this case, the fast migratiffigype) atoms 2Ry — (—1)m+t

fill the slow activation(t-type) sites, resulting in the occu- c(r,t)=co| 1— Fle “m

pancy of thet-type sites near the surface of a particle to its -

equilibrium concentratioe,o. This makes the gas atom dis-  mar P

tribution deviate from the CSSD pattern. Figuree)lillus- Xsin R_oe_m N Dt/RO), (13

trates a typical distribution profile. The particle can be sepa-
rated into three regions. In region(ideally it is the outer where c(r,t)=c(r,t)+c:(r,t) and cy is the concentra-
shell of the particle with a radial thickness B~R;), the tion of the gas atoms at the boundary
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Co=Cio+Ci(Ry), (14) hedral interstitial sites correspond to théype atoms, and
those N atoms occupying other sites to thiype atoms.
Since the diffusion constant is exponentially dependent on
the activation energy, a slight difference in the gas-lattice
bonding between these two sites will lead to a significant
difference in their diffusion constants. Each individual N
atom behaves as drype atom when it initially enters the

where ¢;(Rp) is the concentration of thétype atoms at
Ry. Again,c;(Ry,t) has a “fixed” value aRy moves slowly
toward the interior of the sample particle.

The solution of Eq.(8) gives the distribution of the
f-type atoms in region |, that is

2(R-Rp) — (—1)m+1 lattice. It diffuses for a certain period of time and then, when
c(r,t)=cso 1_7T(r—R ) E_ o occupying an octahedral site, becomes immobilized. The
o/m=1 complete occupancy of the octahedral sites near the surface
_ma(r—Ro) _ 2 5 RoR? of a pgrticle makes the mobilé(type) N atpm; which fpl-
Xsin We f o |, (15  low, migrate a longer distance before falling into available

octahedral sites. This keeps the nitrogenation process con-

BecauseD<D;, a more rapidly decreasing gas atom dis-tinuing. This explains the formation of the two phase

tribution profile is expected in region Il than that in region I. (nitrided/unnitrided configuration of N distribution during

The larger the differences in equilibrium concentration andhe nitrogenation process.

in diffusion constant between the two types of gas atoms, the The activation energyE, and frequency factob are

sharper the decline of the profile in the transition region.determined by measuring the temperature dependence of dif-

Such a sharp decline leaves region Il empty of gas atomdusion constant. From the above discussion of the nitrogena-

The principal feature for this case is that the gas atoms arton process

concentrated in the surface region of the particle, leaving the D

interior region of the particle essentially empty. Therefore, it p=-— e Ea’ksT, (19

is concluded that as long as there are different interstitial 1+k

sites corresponding to different activation energies for atomiqhis result clearly shows that what is deduced from@hes

migration and there is a transfer of gas atoms between thesecurve for N diffusion in the RFe,; lattice is notD,, but

sites, the diffusion process is characterized by a steplike gas,/(1+k). This explains why the previously obtained

atom distribution profile. (apparentfrequency factor is much smaller than that for free
In the extreme case whemy>c¢, and D;—0, the N diffusion in metals. Thus, the two major aspects of N

atomic concentration distribution profile in region | is actu- diffusion in the RFe,; lattice can be well understood based

ally flat. In the region II, Eqs(3)—(6) become on the diffusion mechanism proposed above. In this regard,
J(r)=—D;Vei(r,t), d(r,t)=0 (16) nitr_ogen_atior_1 of the 2:17 phase is more IiI_<e a chemical re-
action diffusion, rather than a free-N diffusion process.
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