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Introduction

Diffusion plays a dominant role in the evolution of microstructure during various types of metallurgical
processes. Duru} g mechanical alloying, the role of diffusion under the compositional gradients is also the
primary mechanism through which alloying of the species takes place. Modelling of diffusion in mechanical
alloying has been considered by Courtney et al. (1) in a simplified form for the case of homogenization only.
However, the formation process of many intermetallics has high values of negative enthalpy of mixing and
thus, the process of mixing may be strongly influenced by the reaction rates between the two species. For this
reason, the model of diffusion, while considering mechanical alloying of these intermetallics, should consider
the interaction of diffusion and the resulting reaction. In this paper we deal with the formulation of such
processes and present some conclusions based on the computed preliminary results.

Model and Analysis
The process to be described here deals with the formation of some intermetallics having high negative
enthalpy of mixing by mechanical alloying from their constituent powders (c.g. Ni and Al to form NiAl).
During this process, we consider the absorption of one species by another through which it can diffuse and
with which it can also react chemically. Effectively, this combined phenomenon will give rise to some of the

diffusing substance being immobilized after reaction as diffusion progresses. It is assumed that the product
itself is a non-diffusing entity. Therefore, the governing differential equation for such a diffusive reaction is,
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where D is the diffusion coefficient, k is a reaction rate constant, c is the composition of the diffusing substance
and t is the time. We have considered here only an irreversible first order reaction between two species a and b
to form a single phase reactant product r, thus giving rise to the rate of removal of the diffusing substance as
ke.

During mechanical alloying, physical mixing of the species takes place by repeated forging and
fracturing of the compacts made of an agglomeration of powder particles. We will model these compacts as
collections of flattened particles as depicted in Fig.1. Here, we consider alloying of two clemental powders,
and the particles are considered to be arranged in an alternate plate-like fashion. ‘This parallel-plate geometry is
used for classical treatment of finite diffusion problems (2) and considerably simplifies the analysis. The

geometry in Fig,1 considers a particle of the minor constitutent of thickness  in the compacted powder to be

surrounded by the particles of the major constituent of thickness (L-A). x—coord@nate is the dista{lce
rpendicular to the plates starting at the mid-point of the plate with minor constituent. This particular
distribution of the powders is assumed to be uniform throughout the powder compact. Therefore, symmetry

conditions apply at x=0 and x=(L-A)/2. The.composition c has been normalized from zero to unity so t!‘nat cg=0
and cy=1. Thus, if the compositions of the major and minor constituent particles are cy and cp, respectively,
then the normalized concentration profile in the region is as shown in Fig.2. The parallel-plate geometry also

permits us to describe a mean composition () of the compact as, T=A/L.

Therefore, the initial conditions at the beginning of mechanical alloying are,
c=cp=1, 0Sx<SA/2 (22)
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c=cy=0, A/2<x<L/2 (2b)
The boundary conditions are,
9-9-:0 atx=0and L/2 (3a)
ox
—;?-Eandc (atx = A / 2) arecontinuous functions (3b)
X

The resulting solution for conceniration ¢ inside the zone, A /2<x SL/2, is,

oo 2nL-A42x\ o 2[..(n+1)-—?\.—2x)
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We get the concentration at x=L/2 as,

L. _ o0 @n+1)/E-1 & (In+1)/T+1
c(;,t)-cxp{ Q&}[néoerfc(—ﬂ—u——4 JE J néoerfc[—-———-—-——4 '\/E )] (5)

where E=DYA2, is a diffuslon parameter and Q=kAZ/D, is a reaction parameter. In all these equations, k is
given as (3),

k =A.exp(-—%) (6)

and, D represents an effective value to include the low temperature diffusivity and is given as (4),

Q Q
D=Dj. cxp(-—El,I‘:) + fibzpDc.(-"R%) (7)

Here, A and E are the frequency factor and enthalpy of reaction, respectively. Dy, Dcand Qp, Qe are the
diffusion pre-exponent and activation energy of lattice and core diffusion, respectively, b is the Burgers

vector, p is the dislocation density and P is a core diffusivity factor,
Results and Discussion
The calculated results for the composition at the location x=L/2 are presented in Figs.3 and4 asa

function of the diffusion parameter €, These plots are made for two average compositions (€) of 0.5 and 0.25,

and for different values of the reaction parameter Q. As indicated before, the composition scale should be
considered as normalized between ¢=0 and 1.

Let us first consider the case of diffusion in the absence of any reaction (Q=0) in Fig,3, This will
signify the case of homogenization only between the two species, The composition ¢ at x=L/2 reaches within
1% of its average composition of 0.5 at n & value of about 0.4 (point A in Fig,3). We now consider the data
for Ni diffusing into NiAl (5) given in Table 1. Here we have nssumed that the activation energy for core
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g;l;flusiqg] is Sg% of the actf:i\éa;ion energy for lattice diffusion,
§ with a charge ratio of 6:1, with estimated velocity of 6 m/sec, If we consider that

p?r;lg:lcs (7) are involved in & typical _powc]cr compact, then their calculation showid Sxaatma: :cs?r%;gi lnot?rgber

? mpacts toc.,k place fo‘r each particles in one minute, Calculations (1, 8) have shown that the duration of an
impact event with a velocity of 6 m/sec is of the order of 10™ sec, Therefore, we can estimate that during one

minute of mechanical alloying at this speed, the compact will experi i -4 i

_ ! . ) penience a total time of 107" sec d ichi
will experience a reasonably high temperature caused by the impact events. Calculations (8) havcugzg%vﬁl:;lgtl !
during mechanical alloying at a velocity of 6 m/sec, a contact temperature of the order of 1000 K could be
achicved in the case of niobium. For the purpose of our present diffusion and reaction calculation, we assume

that the Ni+Al powder mixture will see a temperaure of 950 K during such impact events, This obtains a D/A2

value of 3/sec, if we consider a layer thickness A=1 um. We thus find an actual diffusion time of
0.4/(3/sec)=0.133 seconds, for the composition to reach the average value of 0.5. This translates to an

alloying time of 0.133 scc:/(lO'4 sec/min) =22 h. Therefore, in this particul iffusion wi
reaction, we can consider the alloying to be completed after 22 hours, perticulargase of diffusion without

Davis et al. (6) simulated the movements of 15

Let us now consider the case where we also consider the reaction process to form NiAl from th
4 . . . e
clements Ni and Al. Using transition theory (9), a typical value of the reaction frequency factor A is found to

lJ-t:F’l{)13 /scc..5 The activation energies of reaction to form many intermetallics usually lie in the range of
107 - 2.5x10- J/mole (10). In the absence of any available published value of E for forming NiAl, we

consider E=2.25x10° J/mole. This gives rise to a reaction parameter {2=1.33. This indicates that the state of
alloying in this case is at point B (Fig.3), instead of at point A for the case of diffusion only. We also observe
that now the criteria for alloying should be the time at which the final composition ¢ will approach zero,
indicating the total consumption of this element at the completion of reaction. Proceeding along the

extrapolated curve of £2=1.33, we note that now the & parameter should be approximately 3. This represents a
diffusion time of 1 sec. Thus, the criterion of complete reaction leads to a large extension in the alloying time
when compared with the time determined from the homogenization (diffusion only) criterion alone. In this
case, the diffusion being much more rapid, the cornposition of the diffusing substance and the transformed
material are uniform throughout the layer, and thus the reaction rate is the controlling mechanism for alloying.

Now, we consider a lower activation energy of E=2x10° Jfmole. In this cﬁse. we calculate the
value of £ to be 32. Approximate concentration profile with £2=32 is also shown in Fig.3. We obscrve that
due to fast reaction, the concentration reaches nearly zero value at an approximate £ value of 0,25, which is less

than the & value for nearly complete homogenizatdon with no reaction, Thus, when the reaction is very rapid,
we can assume that the transformed material is always in equilibium with the component free to diffuse, and
thus diffusion, being slower, should be the rate controlling mechanism for mechanical alloying.

Conclusions

We have presented a model and analysis for diffusion along with reaction, based on a planar
model, that can take place while mechanical alloying intermetallics with high negative heat of mixing. The
model also considers, in principle, the effect of dislocation accumulation which takes place due to large amounts
of plastic deformation, causing enhancement of the diffusion coefficient due to extra mobility along the
disll)ocation cores. The analysis indicates that from this model, we can estimate the mechanica] alloying time
from the starting elemental properties. It also indicates that the presence of chemical reactions can dramatically

alter the completion of mechanical alloying,
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TABLE 1
Diffusion Data For Ni in NiAl
Dy, msec 4,46 % 107
D i sec 12x10”
QL,kJ /mol 307
Qkd/mol 155
p, lfem? 10"
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FIG.1 - Schematic morpholgy of layered powder particles (a and b), evolving in mechanical alloying,
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FIG.2 - Concentration-distance profile as a function of time



- e g i

TR LI LI T T e T T A R eyt SOV DN 1y i

Vel, 27, No, § MECHANICAL ALLOYING

639

=
(=%
-
3

WAL B et o |

C=0.5

o
L

o
.:.-.

Composition, C
o

ili]lllll’llllilIlllllill'llfl

Eexsal e nedooasl o srlaasaBasss

—
o
o
bt
Dl
38
—t
o
1
[y
—
o
o
| el
o
—
o
(38 ]
ot
o
(§5 ]
B

10

FIG.3 - Composition-time history at various values of the reaction parameter Q. Here,5=0.5
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FIG.4 - Composition-time history at various values of the reaction parameter 2, Here,€=0.25




