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The thermal stabilities of alloy composites 
in an accelerational field 
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A theoretical investigation has been made of the high-temperature stabilities of alloy 
composites in the presence of an accelerational field. Under these conditions discrete 
precipitates are predicted to migrate down the accelerational potential gradient with velocity 
proportional to the difference in density between precipitate and matrix. This phenomenon 
is shown to lead, by a variety of mechanisms, to an enhanced rate of morphological 
breakdown in systems such as aligned eutectic and eutectoid materials and conventional 
dispersion-hardened alloys. It is shown that this accelerated coarsening is likely to be 
important in the high-temperature application of metallic composites to rapidly revolving 
components such as turbine blades. 

I .  In t roduct ion 
A major problem associated with the high- 
temperature employment of alloy composites is 
the prevention of precipitate coarsening or 
degeneration under the driving force of 
capillarity. Consequently, much attention has 
been devoted to investigating the isothermal 
morphological stability both of systems such as 
directionally transformed eutectics and eutec- 
toids, e.g. [1-7], and of the more conventional 
dispersion-hardened alloys, e.g. [8]. Never- 
theless, recent work has shown that it is not 
sufficient to study morphological stability under 
simple isothermal conditions when assessing the 
suitability of alloys for high-temperature appli- 
cations. For example, the author has shown that 
the imposition of a temperature gradient results 
in a greatly increased rate of structural break- 
down in the case of aligned composite alloys 
[9-11]; and it has been shown [9-11] that this 
effect is likely to seriously limit the life of 
components (such as integrally cooled turbine 
blades) subjected to large heat fluxes. 

Another potentially important factor in many 
high-temperature applications is the presence of 
large accelerational forces generated by rapid 
rotational motion. However, no account as yet 
appears to have been taken of the effect of such 
forces on microstructural stability as distinct 
from conventional creep phenomena. Accord- 
ingly, the present paper is devoted to investiga- 
ting theoretically the effect of rotational forces 
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on the thermal stability of a representative 
selection of high-temperature composite alloys. 

2. Basic considerat ions 
Recent experimental work has shown, e.g. 
[12-14], that liquid inclusions entrained in a 
crystal of density unequal to that of the in- 
clusions will migrate through the crystal under 
the influence of large accelerational fields. 
Although not yet observed experimentally, an 
analogous effect would be anticipated for the case 
of solid precipitates entrained within an alloy 
matrix; and it would be expected that the 
migration of alloy particles in an accelerational 
field would provide a mechanism for changing 
the morphology of a composite alloy. Accord- 
ingly this section is devoted to deriving approxi- 
mate figures for the rates of migration expected 
of precipitate particles under conditions typical 
of high-temperature practice. 

For the common case where tile precipitate 
particles are approximately spherical, we may 
write [151 

V = ( -  2Di3/kTr)Fm, (1) 

where V = velocity of precipitate relative to the 
free surface of the specimen; D1 = diffusivity of 
matrix material in the precipitate/matrix inter- 
face; 8 = thickness of high-diffusivity layer at 
interphase interface; k = Boltzmann's constant; 
T = absolute temperature; r = particle radius; 
Fm = net force exerted on each atom of the 
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matrix by the accelerational field. Throughout 
the present treatment it will be assumed that 
diffusion in the bulk phases may be ignored (as 
should be the case for materials having high 
melting points) and thus Equation 1 refers to 
particles moving through the matrix by mass 
transport in the interphase boundary. Equation 1 
also assumes that the driving forces required to 
cause dissolution or precipitation at the particle/ 
matrix boundary may be neglected. Finally, the 
matrix material is assumed to consist of a simple 
atomic species unrelated to any of the con- 
stituents of the precipitate. 

It may be shown readily that 

F m  = - -  ~Qm(pp - pm)a. ( 2 )  

g?m is the atomic volume of the matrix, pp and 
pm are the densities of precipitate and matrix, and 
a is the acceleration imposed on the system. Thus, 
from Equations 1 and 2, we have 

V = 2D~8~Qm(pv - p m ) a / k T r .  (3) 

Typical values for Dx, 3, -Qm and T are 10 -3 
mm 2 sec -1 [5], 0.5 nm, 7 x 10 -6 m 3 tool -1 and 
103 K. Pv - pm is usually ~ 4 Mg m -3 for high- 
temperature materials [16, 17]. In many appli- 
cations (for instance turbine blading) a is ~ 109 
mm sec -2. Thus V is typically ~ 0.007 nm sec -1 
for a particle of radius 0.5 gm, or 0.07 nm sec -~ 
for an inclusion 0.05 gm in radius. These 
velocities are such that, after a hundred hours, a 
typical precipitate particle will have moved 
between 2.5 and 25 gm through the matrix. In 
the following sections we shall investigate the 
effect of this degree of movement on the mor- 
phologies of typical eutectic, eutectoid, and 
dispersion-hardened composites. 

3. Dispersion-hardened alloys 
In a typical dispersion-hardened alloy, where 
precipitates are likely to be small (r ~ 0.05 gm), 
the latter will migrate over distances comparable 
to the inter-particle spacing in times as small as 
2 h. Thus any differential migration of pre- 
cipitates will quickly lead to the contact and 
coalescence by interfacial diffusion of precipitate 
particles, with attendant rapid coarsening of the 
microstructure. Differential migration may arise 
as a result of an initial spread in the distribution 
of particle radii manifested in the form of 
Equation 3. Moreover, variations in particle 
radius associated with precipitate coal:escence 
will sustain further differential migration. After 
a time the overall increase in r generated by 
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the coarsening process will lead, via Equation 
3, to a progressively smaller rate of precipitate 
migration; and this, coupled with an increasing 
interparticle spacing, will eventually lead to a 
rapid decrease in the net rate of particle co- 
alescence. 

Differential migration of precipitates may also 
arise if a certain degree of interfacial control is 
present; in this case the rate of particle migration 
may not be markedly decreased, but variations in 
the interfacial driving forces from one particle 
to another may lead to significant variations in 
V. Such kinetic variations may arise when 
interfacial motion requires the presence of 
crystallographic defects [18 ], or when impurities 
are randomly adsorbed at the interphase 
interfaces. 

In many systems precipitates will not neces- 
sarily migrate strictly parallel to the imposed 
rotational forces but may, in the event again of 
some interfacial control, move along more 
kinetically preferred, crystallographic, direc- 
tions in the matrix. In such circumstances, 
additional particle coalescence may result from 
particles moving on collision courses along 
symmetry-related crystallographic directions. 

Finally, by analogy with work [19] on the 
temperature-gradient migration of gas bubbles 
through organic solids, grain boundaries should 
strongly catalyze the coalescence of migrating 
precipitates. 

4. Aligned fibrous alloys 
Much attention has recently been devoted to 
developing aligned, fibrous eutectic alloys for use 
as turbine-blade materials, e.g. [16]. When 
employing these alloys, turbine blades may be 
solidified unidirectionally, yielding an in si tu 

composite microstructure with reinforcing fibres 
of eutectic material aligned parallel to the 
service-generated accelerational field. The latter 
may influence the thermal stability of the eutectic 
microstructure by the following main 
mechanisms. 

Consider first the common case where 
capillarity causes a fibre to break down into a row 
of uniform equidistant spheres by means of 
surface diffusion, e.g. [2, 5]. In this situation 
further coarsening may ensue (see Fig. 1) if 
coalescence of spheres occurs due to the effects 
of interfacial kinetics (see Section 3). In typically 
fine eutectic microstructures such spheres will 
usually be ~ 1 gm in size, and should migrate 
up to 2.5 gm ( ~  the inter-sphere spacing) in 
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(a) Accelerational 
field 

Figure 1 

(b) IV 

(d) 
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Figure 2 
Figures 1 and 2 Sequence illustrating how, in an accelera- 
tional field, the periodic spheroidization of fibrous 
precipitates can lead to additional microstructural 
coarsening. 

approximately a hundred hours. Thus significant 
additional coarsening should often be caused by 
typical rotational forces after sensible lengths of 
time. 

In the case of alloys having a relatively large 
volume fraction of fibres, the above type of 
coalescence should rapidly lead to the situation 
shown in Fig. 2; and the shape perturbation thus 
generated on an otherwise perfect fibre will 
catalyze further periodic spheroidization [3]. 
This type of instability may also, in general, 
result from the diagonal migration of an eutectic 
sphere (see Section 3) in the direction of an 
adjacent fibre (Fig. 2b); and additional coarsen- 
ing may be catalyzed by eutectic spheres 
created during the spheroidization of fibre 
terminations [1 ]. 

In principle it is possible for complete fibres 
to migrate in the direction of the accelerational 

field; and in the present case - where the field is 
parallel to the fibre axis - the motion of fibres 
may be described by Equation 3, with r as the 
fibre radius. If the microstructure is well aligned, 
fibre migration need not lead to appreciable 
coarsening, but may result in undesirable effects 
at grain boundaries or free surfaces. 

Lastly, the above mechanisms of enhanced 
coarsening should also in principle apply to 
analogous systems such as aligned, fibrous 
eutectoids and dendritically-reinforced com- 
posites. 

5. Aligned lamellar alloys 
In the absence of diffusion in the bulk phases, 
aligned lamellar alloys normally spheroidize 
only at terminations of, or imperfections in, the 
lamellae [4, 6]. In the usual case where the 
growth direction of the alloy is parallel to the 
applied accelerational field, the latter may lead 
to enhanced coarsening by encouraging particle 
coalescence as above (see also Fig. 3). In addition, 

(a} 
I ccelerational 
field 

(b) 

) 
Figure 3 Sequence showing how, in an accelerational 
field, the spheroidization of lamellar precipitates can lead 
to further coarsening of the microstructure. 

diagonal migration of such particles towards 
adjacent lamellae (see Fig. 3b) will lead to a 
certain degree of lamellar thickening. As in the 
case of fibrous alloys, the lamellae should in 
principle migrate bodily in the direction of the 
rotational forces; but again this need not lead to 
any microstructural degeneration in the bulk of  
the specimen. 

In general, the low density of lamellar faults 
and imperfections in most alloys of the type 
indicates that lamellar structures should be 
appreciably more stable than fibrous mor- 
phologies in an accelerational field. 
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6. Discussion 
I t  is clear f rom the above  tha t  the impos i t ion  of  
an accelerat ional  field should  result  in the 
exaggera ted  morpho log ica l  b r eakdown  of  many  
composi te  materials .  The effect is l ikely to be 
mos t  p ronounced  for  fine d ispers ion-hardened  
systems, bu t  is also of  potent ia l  impor tance  in the 
case  o f  f ibrous composi tes .  I t  is no tewor thy  tha t  
r  due to ro ta t iona l  forces can occur 
.even in systems which would  normal ly  be 
perfect ly  stable at  elevated t empera tu re  (e.g. 
d i spe r s ion -ha rdened  systems with  negligible bu lk  
.diffusivities). I f  the above  t r ea tment  is modif ied 
to al low diffusion in the bu lk  phases as well as in 
jus t  the in terphase  interfaces,  the effect of  the 
accelera t ional  field should be increased corre-  
sponding ly .  

St ructura l  s tabil i ty under  the present  circum- 
s tances  m a y  often be improved  marked ly  if  the 
k inet ics  o f in te r fac ia l  mo t ion  are very sluggish. In  
th is  case small  precipi ta tes  will migra te  only 
'slowly, and  processes such as par t ic le  coalescence 
and  spheroid iza t ion  will themselves be sup- 
pressed. If, however,  precipi ta tes  become larger  
in the direct ion of  migra t ion ,  the dr iving force on 
the prec ip i ta te  will become greater  relat ive to the 
dr iv ing force required for  interracial  mot ion.  
Thus larger  precipi ta tes  will be less obs t ruc ted  by  
interfacial  constra ints  than  smaller  part icles.  

Final ly ,  the effect of  the accelerat ional  field 
may  be reduced mos t  direct ly by  minimizing the 
difference in densi ty between precipi ta te  and  
matr ix.  
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