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ABSTRACT

Examination on the existence of the critical and primary crystallite size (d:* ~ 17 nm and d, = 50-55 nm) phenomena during - to o-phase
transformation of the nanosized Al,0; powder was designed and conducted using two #-Al,O; powders of different crystallite sizes. Due to
the critical size, the size dependence of the transformation temperature, the rate of transformation, and the inevitable presence of residual
6-phase in the thermal-treated and re-treated “100%-transformed” sample can be expected. Due to the two characteristic sizes and the formation
of primary crystallites by the coalescence growth of the critical crystallites, the variation in mean a-size during the transformation can be
predicted by means of the difference in the growth rate of the two @-powder (different crystallite sizes) systems associated with proper
thermal treatment techniques. Further, it is important to note that the presence of primary crystallites at various thermal-treated samples
becomes possible.

1. Introduction. The phase transformation 6f to a-Al O3
is considered to occur through a nucleation and growth
process:? Investigations on the critical crystallite sizes of

Table 1. Crystallite Sizes of)- anda-Al,O3; Reported in
Previous Studies

transformation have been reported previously (Table %), ¢, nm o, nm methods ref
although there is substantial discrepancy among them. Recent  small 500—1000 BET 4
studie$>?®on the nanosized alumina powder have found that 20 30-40 XRD 5
during the transformation process there can be a critical size 70 >1000 XRD 6
for 6-Al,0; at the nucleation stage, which initiates the 20—-30 100 TEM 7
formation of thea-Al,O3; nucleus, and a primary size for 20 5(5)—100 Em g
the formedq-AI 203 at the growth stgge, beyond which the 60 200—400 TEM, XRD 10
transformation comes to a completion. During the transfor-  ;5¢ 39.2 XRD 11
mation process the size 6fcrystallites increased from 10 90 BET 12
to about 22 nm (critical siz&l.’) (Scherrer formula XRD)?’ 13 90 XRD 13
and remained as monodispersed crystallites before its 30 BET 1
transformation tax-Al,Os. The a-Al,O3 nuclei thus formed 54 BET, XRD 14
showed a size of 17 nm (critical sizé,%), which grew up <30 BET 15
drastically to 56-55 nm (primary sized) or larger before %3.1 EE_'? 1(73
the poncrystthnm—Al 2Oz particles were formeq. Moreover, 10 <60 BET, TEM 18
the formation of thex-Al,O3 nucleus was carried out from 15-200 TEM 19
one 6-Al O3 crystallite to onex-Al,O;5 crystallite. And the 100 TEM 20
primary crystallite was formed by coalescence of the 10—20 50—-100 TEM, BET 21
o-nuclei. 60—70 XRD 22
The differential thermal analysis (DTA) curve 6f to 50 XRD 23
60 TEM 24

o-Al,05 phase transformation generally shows an exothermic

- - - reaction at temperatures from near 900 to 1300 The
* Corresponding author. E-mail: yfs42041@mail.ncku.edu.tw.

T E-mail: n4888103@sparcll.cc.ncku.edu.tw. Phone: 886-6-235-5603.exmhe_rmIC profile can be divided into two, loweFa(Ts)
Fax: 886-6-238-0421. and higher To—T,—T,) temperature componerits.The
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Figure 1. Schematic depiction of the growth phenomenaxehl,O; and a-Al,O3 crystallites a®)- to a-Al,05; phase transformation.

former can extend to a wider temperature range, forming awere designed and conducted using té\l,0; powders

broad and flat plateau that becomes manifest when the systenof different crystallite sizes based on conclusions drawn by

is seeded with-Al 03,2831 The latter is sharp and strong. previous studied* 26

Meanwhile, the former can be obscure if a long time of

isothermal heating at 104 was employed 2. Experimental Section. (1) Design(a) Critical Crystallite
Studie€>2 also indicated that the exothermic reaction is Size.(i) 6-Al.0; crystallites with coarser sizes will phase

mainly related to the formation ofi-nuclei and possibly  transform at lower temperature. Due to the critical siz,

slightly influenced by the growth of primary crystallites of ~for 6-Al.O3 crystallites to transform te-Al,O3 nuclei of

the a-nuclei. This means that the nucleation process cand:* and because there is @ point (phase transformation

occur throughout the temperature range and come into bloomtemperature) for the transformatiéti* the 6-size depen-

at the peak stage. The temperature range covered by the DTAlence of the transformation temperature and the rate of

profile can be a function of the rate afAl,O; formation: transformation can be expecte@Al,O; powder samples
larger 0-Al,0s crystallites that are closer to each other will with coarser crystallite sizes will attain thk? size faster
narrow the temperature rangés. during the heat treatment. Subsequently, it will be trans-

These studies provide the possibility of the existence of formed toa-nuclei at lower temperatures. Or it will yield
critical and primary crystallite sizes. Meanwhile, based on more a-nucleus formation than that of the samples with a
the variations in size measurements, the studies also inferresmaller 0-size, if both get heat treatment at the same
the necessity fof-size growth and the coalescence mech- temperature.
anism for the growth of primary size. The whole crystallite (i) Residual 6-Al,0; crystallites are present in “100%
growth procedure provided is shown in Figure 1: Firstthe phase.-transformed” powders. Meanwhile, the presence of
O-crystallite is coarsening to the critical iz ~ 22 NM  regjqal9-phase in the thermal-treated and re-treated “100%-
for phase transformation, initiating the nucleatiomefuclel  ansformed” samples becomes inevitable. This is because

}N'th c(;ystalhtle .S|ze(|jc°‘ ~ 17fnm. Then, secondﬁ.nly, theh the 6-crystallite in the transformation system is by no means
ormeda-nuclei coalesce to form primary crystallites With 40 hica) in size and in intercrystallite distance. It is impos-

sized, ~ 50 nm. And th.e.drlvmg force_ for the g_rowth Was  siple that allo-crystallites will reach thel? at the same time
alsc_) proposed by a traditional nucleatlon.descrlﬁﬁé?but. and transform to amu-nucleus at the same temperature
2;?2?“%2 dee5rgsetﬂgecgaﬁézctgﬁcggfuﬁﬂ?e?fﬁg\?ves\fr:n simultaneously. Thus the existence of residisarystallites

9y . y . " ' with sizes smaller thad.? will occur. Moreover, since the
the authors did not provide advanced observations to SuPportformation of theo-Al O~ nucleus oceurs from o to one
the examlnatlons._The direct investigation on the r_ee_lcnon a-crystallite, it is apparent that the residatrystallites can
between nanoparticles may encounter substantial difficulty, be impossible to connect with-crystallites and transform
which makes the result obtained ineffective. However, there o thea-phase. Thus a higher temperature and even several
can be some other phenome_na ba;ed on common logic OFcycles oFf)heat .treatment t?ecome r?ecessary for thaesgs-
the growth mechanisms that will provide additional evidence. tallites to reach the,” and then fulfill the phase transformas-

The existence of a critical size phenomena during the ! .
transformation will initiate the problem of whether there will tion. These_ phenomena can be examined using DTA and
TEM techniques.

be a nanosized-Al,O; powder. This is because there are

eventuallyf-crystallites with sizes smaller thah?, which (b) Primary Crystallite Sizelt is obvious from previous

resulted from the fact that an insufficient number or mass Studie$**>that, if there is a primary crystallite sizé,, during

of 6-crystallites to form the critical size during the stage of the phase transformation, then theAl,Os crystallite with

0-growth will inevitably occur. And they will finally exist  this size will be the most abundant crystallite that can be

as the residual-crystallites in the 100%-transformed nano- found in the samples, accompanied with the critical aige,

sizeda-Al 05 powder. Subsequently, the meanAl,O; crystallite sizes measured
This study attempts to examine the certainty of existence by the XRD—Scherrer formula will be the [sum of*+ sum

of the critical and primary crystallite size phenomena during of dg] divided by the total number adi-crystallites. Or the

the 6- to a-Al, O3 phase transformation process. Experiments mean crystallite size afi-Al 03, dn, is
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Ay = (1 — )d* + xd, 1)

Herex is the weight fraction ofl,-Al,Os. Sinced* andd,
are~17 and~50 (here 51 nm is used) nm, respectively, or
1d, = 3d™ (nm), and one crystallite al, is equivalent to
27 crystallites ofd* by weight, eq 1 can be expressed as

d,, = Y0, + [X/(27 — 26x)])%/, 2)

This means thatl, = Y/3d, = d; whenx = 0 anddy, = d,
whenx = 1. Further, the value ok[(27 — 26x)] (designated
asy in Figure 2) wherx ranges from 0 to 1 can be expressed
as shown in Figure 2. It is noted that once xhelue exceeds
0.7, a small increase xwould result in a big increase i
which eventually brings about an increase dp. With

Table 2. Basic Properties of the StartiriyAl,O; Powders

O-crystallite BET surface
sample no. phase diameter (nm)? area (m?/g)
S2 0(0) 22 68
S5 0(0), o 25 45
chemical analysis (ppm)
Si02 FEZO3 CaO MgO Nazo S
S2 tr tr tr tr tr tr
S5 <4 128 2 28 nd nd

aXRD—Scherrer formulaP Less than 3.5 wt %.

Chemical Corp.). The boehmite was diluted in DI water and
treated by mechanical dispersion using ultrasonic waves
(Misonix XL2020 Ultrasonic Liquid Processor, 20 kHz, 300

reference to the thermal treatment conditions in relation to ) for 8 min. Most of the water then was removed by spray

the amount of-Al 05 formation, and bearing in mind that
the dp-crystallite is formed by coalescence growthddf's,

it is obvious that, if the growth rate al.* to d, can be
regulated, the variations of thesize of the sample can be
expected.

(i) Samples of smaller-size@crystallites transform into
samples of smaller-sized-crystallites. It is familiar that
compacts formed with finer particles will exhibit larger
shrinkage during the initial stage of sinterifigo-Al 03
crystallites transformed from finer-sizé@dAl ,0O; crystallites

drying. The as-received xerogel was oven-dried at@@or
24 h and then calcined in air at 96CQ for 64 I¥° to obtain
0-Al,0; powders with a mean crystallite size of 22 nm
(Scherrer formula) (Table 2). AnothérAl,O; powder, S5,
of larger mean crystallite size (25 nm) was purchased directly
from market (Ceralox Co.).

(b) Preparation of Obseling SamplesTo attain samples
for observing the phase transformation process, thermal
treatments through the quench technique were conducted for
the 6-Al,O; powders, to freeze the phase transformation

will show similar effects, because they need more of the process at specific temperatures. Both S2 and S5 were

smaller O-crystallites to form ad.?. This offers a simple
method to examine the variation of mearcrystallite size
as a function of the ratio of the two size®* and d,. If

examined by differential thermal analysis (DTA, Netzsch
STA409, using ignited alumina as the reference material)
and thermal dilatometry (DIL, Netzsch DIL402) in advance.

proper techniques can be employed to restrain the growthA heating rate of 10°C/min was used. Samples for

rate of the formedi*'s growing tod,’s, one will find that,
for the samex-Al,O; formation, the sample in which a higher
amount ofd.-crystallite remained (smalletin eq 2) will
exhibit a smaller mean-crystallite size. These phenomena
can be examined using tw@-Al,O; samples of different
crystallite sizes. When thé-crystallite approaches tha’
size and transforms ta-nuclei, the sample of smaller size
will shrink more. This indicates that the interparticle distance
between each formed-nucleus is larger, and a higher
driving force is required for the following formation of the
primary crystallite. Relating the amount of formation with
the mean crystallite size of-Al,O3, the size obtained from
samples of smaller-sizefitcrystallites will be smaller.

(i) o-Crystallites obtained from samples of larger-sized
0-crystallites exhibit sizes close t. Similarly, since the
interparticle distance between each formeehucleus of
samples obtained from larger-sizédcrystallites will be
smaller and eventually it will be easier for the nuclei to
coalesce, formingl,-a-Al,Os (higherx value), thea-sizes
obtained from samples of largércrystallites exhibit sizes
close todp.

(2) Sample Preparation. (a) Preparation of6-Al,Os.
0-Al,03 powders of two crystallite sizes, 22 and 25 nm

observation were then obtained by isothermal annealing at
scheduled temperatures referred to in the DTA profiles. The
furnace was first brought to the scheduled temperature and
then thed-Al,O3; powders, which were placed in platinum
crucibles, were loaded. About 20 s was required to restabilize
the furnace temperature after the crucible was loaded.
Quenching was performed with a cooling rate>600 °C/

min. All data present in the study are mean values of three
samples.

(3) Powder Characterization. The crystalline phase was
identified by XRD (Rigaku, D/MAX B) powder methods
using Ni-filtered Cu Kx radiation, & = 20-80°. XRD
powder methods were also employed to deternoisfd ,03
formation using Cafas the internal standard. The calibration
line was established by calculating area ratios between
o-Al,03 (012) and Caf(111) measured from a series of
0-Al,0; samples in which varying ratios of-Al,O3; and 10
wt % Cak, were formulated.

The mean crystallite sizes df- and a-Al,O3 of the
powders were determined by the XRIScherrer formula
(mean crystallite size= 0.91/(B cos#), wherel = 1.540 562
A, B is the broadening of the full width at half-maximum
(fwhm) peak height in radians, arttlis the Bragg angle). It

(XRD-Scherrer formula, Designed as S2 and S5, respec-was applied to peaks (012) and (205 o- and 6-Al,Os,
tively) were used in preparing samples for this study. The respectively. The instrument peak width calibration was
S2 was prepared by calcination of boehmite gels (Remetobtained using a well-crystallized-Al,O; powder. The
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1 developed by Material Data Inc. The conventional nitrogen
absorption technique (BET) (Micromeritics, Gemini 2360)

08 - y = X /(27-26x) was adopted to measure the specific surface area of the

06 | observing samples, by which the surface area diameter of
o the sample was evaluated.

04 Residual 6-Al,O; phase present in the transformation

systems was examined by DTA (DTA, Netzsch STA409)

02z with heating rates of 10 and £&/min, using ignited alumina
0 . . . as the reference material. The transmission electron micro-
0 02 04 06 08 . scopic _tec_hniques (TEM_, Hitachi HF-2000 field emission
X transmission electron microscope) were also employed to
Figure 2. Plot fory = x/(27 — 26x) asx ranges from 0 to 1. examine the morphology and the microstructure of the

residual 0-Al,05; particles present in the transformation
calculation was assisted by a software, XRD Pattern Processsystems. Measurements for thermal expansion of S2 and S5
ing and lIdentification, Jade for Windows, Version 3.0, powders were obtained by a dilatometer (Netzsch, DIL 402).
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Figure 3. Relationships between the fraction @fAl ,O; phase formation and the size variationsfefand a-Al ;05 crystallites and BET
diameter duringd- to a-phase transformation of S2 powders. Samples were annealed at (a) 1190, (b) 1240, (c) 1280, (d) 1330, (e) 1380,
and (f) 1430°C for varying times. Key: @) crystallite size ofx-Al,Os; (A) crystallite size 0f-Al,Os; (¢#) BET surface area diametef))

fraction of a-Al,O3 formation.
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Figure 4. Relationships between the fraction @fAl ,O; phase formation and the size variationsfefand a-Al ;05 crystallites and BET
diameter during to a-phase transformation of S5 powders. Samples were annealed at (a) 1190, (b) 1240, (c) 1280, (d) 1330, (e) 1380, and

(f) 1430 °C for varying times. Key: @) crystallite size ofo-Al,O3; (A) crystallite size of9-Al,Os; (#) BET surface area diameteQ)
fraction of a-Al,O3 formation.

Both powder samples were isostatically pressed (100 MPa)mained in a narrow range of 20 t630 nm. Anda-sizes

into compacts to limit the density difference (bulk density were about 17 nm on appearance and then coarsened-to 40
1.5 glend). 50 nm abruptly without having a proper proportional increase
3. Results and Discussion. (1) Crystallite Size, BET in a-Al,O; formation. Meanwhile, it |so found that, at the
Diameter, and o-Al,Os Formation. Figures 3 and 4 lower temperature range of 1190280 °C, the amount of
demonstrate the relationships among the\l,0; phase o-Al,0;3 formed in finerd-sized S2 samples was less than
formation and the crystallite and BET sizesgefando-Al .05 that formed in coarser S5 samples, if the same holding time
during 6- to a-phase transformation of the tw@-Al,Os was employed. Raising the treatment temperatures eventually
powder systems. The phase transformation was preceded byeduced the difference. Similar results were revealed by XRD
heat treatments at 1190430°C for varying durations (in examinations (Figure 5). It demonstrates that the closeness
seconds). In general, theAl,O; formation and the growth  of larger 6-crystallite size tad.’ needs a relatively smaller

of 6- and o-Al,O; crystallite sizes are identical to those amount of energy for the growth @’ and the following
described previousl§-2® The 6-Al,0; crystallite sizes re-  nucleation of thex-phase. Raising treatment temperatures
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. of a-Al,O3 formation of S2 (a) and S5 (b) samples.
can also accelerate the growth of a smalkarystallite (S2)

to the d? size and eventually reduces the difference of

o-Al,05 formation between S2 and S5 samples. an exothermic peakTf), indicating that a considerable
(2) Critical Crystallite Size. (a) 6-Al,Os with coarser amount of6- to a-phase transformation occurred as usual.

crystallite sizes will phase transform at lower temperatures. However, it is noted that there can be another exothermic

Figure 6 illustrates the difference af-Al,O; formation reaction appearing at-1400 °C. Repeating the DTA

during the phase transformation between S2 and S5 samplesneasurements for the same sample revealed that there can
treated under identical thermal conditions. ObViOUSly, due be two exothermic reactions on the prOfildﬁjZS... and

to the existence of the critical size,’, and because there is T2, (Figure 7a) instead of the ordinary exothermic
no T point, thed-size dependence of both the transformation reaction, T, illustrating that there was transformation oc-
temperature and the-formation can be properly reflected  ¢ying in sequence. And, possibly, the transformation for
by the size differences. For S2 samples, sincétsze was g5 me of theg-crystallites can only occur at temperatures
smaller, the growth period @i’ for samples treated at 1190 iuper than that generally occurs. Further, since the heat
and 1240°C was observed, compared to that of the S5 treatment can result in the growth of theAl,O; crystallites

sample with the same temperature, by the time intervals of : :
. . as well (Figures 2 and 3), tiegrowth may thus be hindered
300 and 30 s, respectively, before the blooming.okl 0 by the neighboringa-Al,O; crystallites. The hindrance

crystallite formation. This is attributed to the fact that the . .

o . S becomes more serious, as the heat treatment is repeated,
coarseld-crystallites in sample S5 would attain té easier; resuling in the raising of transformation temperatures b
hence it transformed ta-nuclei at lower temperatures, esufting € raising of transtormation temperatures by

about 200°C (Figure 7,Tp, etc.). It is also noted that the

resulting in the higher yield ofi-formation at the same
g g y height of the exothermic peak and the peak temperature was

temperature, compared to that of the fifesized S2 . . i , !
samples. lowering as well as going higher gradually, with an increase

(b) Residuab-Al,O; crystallites appear in “100% phase- in the number of reheating cycles. Eoth phenom(_ena can pe
transformed” powdersThe presence of residuédphase in ~ €xpected because of the decrease in transformation quantity
the thermal-treated and re-treated “100%-transformed” samplesa”d the deterioration in diffusion conditions for the residual
can be observed using DTA techniques. Figure 7 shows thef-crystallites. Thus it is obvious that there are residual
DTA profiles of one heat-treated S5 sample with four repeat 6-crystallites present in the nanosized high-puatAl .0,

DTA measurement. The sample was first heated to 2800  powders, but it may be an extremely small amount. And, it
(heating rate 10C/min), comparable to the time needed to Will be mentioned that the reaction betwegnand§-Al .03
finish a DTA measurement cycle, and then subsequently re-crystallites may not occur. Figure 8 shows two typical
experienced a total number of four DTA measurements. It 6-Al,O; crystallites present im-Al,O3 systems. In Figure

is impressive to find that at the first measurement, there was8a, af-crystallite of~25 nm is neighbor ta.-crystallites of
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Figure 7. Typical DTA profiles showing an inevitable presence
of residual9-Al 05 crystallites ina-Al,O; powders. S5 samples
with 10 °C/min (a) and 15C/min (b) heating rates.

>100 nm. And in Figure 8b &-crystallite of similar size
is enclosed byo-crystallites of >100 nm with finger
growth36

(3) Primary Crystallite Size. (a) Samples of smaller-sized
O-crystallites transform into samples of smaller-sizedrys-

tallites. Figure 9 confirms that the finer-sizédAl O3 powder

will exhibit a higher thermal shrinkage during the to
o-phase transformation. On the basis of this, the foroéd
O-crystallites and the subsequently occurring\l Oz nuclei

in the S2 samples would be at a longer distance from each
other, compared to that of the S5 samples. And it eventually
gave rise to a need of higher driving force for the coalescence
growth of thed,-crystallite. Figure 10 organizes tlecrys-
tallite size variation vs the fraction ef-formation of all the
samples of S2 and S5 after heat treatments. All samples were
prepared by fast-rate-heating and quenching techniques so
as to restrain the growth rate of the form#&é's growing to

dy's. A size difference of 5 nm at a lower fractionQ@0%)

of a-formation and above 10 nm at a higher fraction{50
90%) of a-formation was observed. SineeAl,O3; nuclei
transformed from finer-size@-Al ,O3, crystallites will sepa-

rate farther and eventually result in a higher ratio of number
of d*-crystallites to number ofl,-crystallites. The smaller
meanao-crystallite size exhibited by S2 samples compared
to that of S5 is manifested.

(b) a-Crystallites obtained from samples of larger-sized
O-crystallites exhibit sizes close tq.dimilarly, since the
interparticle distance between each formeehucleus of
samples obtained from larger-siz@ecrystallites, S5, were
smaller and eventually it was easier for the nuclei to coalesce
forming d,-0-Al 03, the a-sizes obtained from samples S5
exhibited sizes close ). Figure 11 shows that at the same
amount ofa-Al,O3 formation, the meani-size measured
for a specific temperature of the S2 samples was smaller
than that of the S5 samples. Further, the size deviation from
sized, for the specific temperature of samples S2 was larger.
And the deviation increased with the raising of temperature
(Figure 11a). Both are attributed to the fact that there are
two simple crystallite sizesd* and d,, present in the
transformation system. The distance among the critical

Figure 8. Typical a-Al,O5 crystallites present in “high-purityd-Ala-Al ;O3 powders: 8-crystallite of ~25 nm neighboringr-crystallites
of >100 nm (a) and enclosed lycrystallites of>100 nm with finger growth (b).
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Figure 9. Samples of coarser-sizeticrystallites (b), compared ) ) ) ) o
with finer-sized (a), exhibited lower thermal shrinkage, indicating Figure 11. Fine-sized S2 (a) shows wider mearcrystallite size

the easier nucleation and growth stageg-ofo a-phase transfor- distribution spectra with respect to annealing temperatures, com-
mation. pared to that of the coarse-sized S5 (b).
70
~ e | crystallite sizes for the nanosized 8k powder during the
g Ak 0- to a-phase transformation.
8 50 -CQ % OOA A B O@gA A ] ] N .
- 7ttt K---o08- 4 4. ConclusionsThe existence of critical and primary crys-
'?; o tallite sizes during- to o-phase transformation of nanosized
% 30 | Al,O3 powders was proved by using twbAIl,Os; powders
S 50k of different crystallite sizes.
< @ AS8 Due to the existence of the critical size and Tiopoint
S 10 F ov4 for 6-crystallites to transform tar-nuclei, samples with
0 . . . . . . . . s coarserd-crystallite sizes will experience phase transforma-
0 10 20 30 40 S50 60 70 80 90 100 tion at lower temperatures. And it will eventually yield more

o-nucleus formation at the same temperatures, compared to
that of the smallep-crystallite samples.
Figure 10. Samples of smaller-sizeticrystallites transformed into Meanwhile, the presence of residéaphase, which could
samples of smaller-sizea-crystallites. not reach the critical size in the thermal treatment, becomes
inevitable. Thus, for the residuétAl,O; crystallites, a higher

. . . . ) temperature and even several cycles or longer duration of
crystallites will determine the accessibility of the primary heat treatment become necessary for the fulfilment of the
crystallite formation. The subsequent decrease in the Iargerphase transformation.

o e . .

number ofd* to form, if it occurs and will occur easily for Since there is a primary crystallite size during the phase

S5 samples, smaller numbers @Al;0; will induce @ yansformation, it leads to the fact that the most common
substantial closeness of the meaAl-0; size to the primary  giameter for the crystallites found in the samples is primary

one. The size difference between temperatures 1190 and 124Q,¢. Subsequently, when the coalescence growth rate of the
°C for samples S2 and S5 are 5 and 2.5 deg, respectively,primary crystallite formation is restrained, the meaAl 05

and the meam-sizes of S5 samples were closerdp(50 crystallite sizes obtained then fully reflect the number ratio
nm) (Figure 1la,b); both are attributed to and are in between the primary and critical crystallites. Samples of
accordance with the fact that there exist critical and primary smaller-sizedd-crystallites transform into samples with

Fraction of a -Al,0; (%)
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smaller meam-crystallite sizes. And, the meancrystallites
diameter obtained from samples of largesize will be closer
to primary size.
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