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The use of X-ray line profile analysis to investigate
crystallite size and microstrain
for zirconia powders

JYUNG-DONG LIN, JENQ-GONG DUH
Department of Materials Science and Engineering, National Tsing Hua University,
Hsinchu, Taiwan

X-ray line profile analysis is a powerful and convenient method to probe the microstructural
characteristics of ceramics. Zirconia based ceramics possess a martensitic tetragonal to
monoclinic transformation that is induced by size and strain factors. The selection of

a suitable and reliable analysis method is critical to accurately derive the correct material
property values. The procedures involved in an X-ray line profile broadening analysis are
described in this study, which includes two simplified single peak methods. In all three
different line profile analysis are employed to study the validity of derived data at various
conditions for zirconia ceramics. The Warren—Averbach approach gives a reliable and
reasonable crystallite size and microstrain. Crystallite sizes evaluated from different
formulae or methods are compared with those measured by the Brunauer-Emmett-Teller
method and transmission electron microscopy observation. The crystallite size distributions
and particle size are also probed. It is found that the evaluated crystallite size distribution
is similar to the measured particle size distribution. Since it is impossible to obtain the
crystallite size distribution from the single peak method, the ratios of the volume-weighted

mean crystallite size, {D)y or Dy and the area-weighted one (D), are used to reveal
information concerning the crystallite size distribution.

1. Introduction

Zirconia based ceramics possess a stress induced tetra-
gonal to monoclinic (t - m) phase transformation
[1,2]. This transformation has been widely investi-
gated and a key role for the microstructures of the
t crystallites and the matrix phase in determining
whether or not the phase transformation occurs has
been proposed. Zirconia dispersed alumina (ZTA)
has been intensely studied and it has been suggested
that the thermal expansion mismatch, morphology,
residual stress, and intrinsic crystallite size can influ-
ence the occurrence of the t—m transformation
[3, 4]. The microstructure of tetragonal zirconia poly-
crystals (TZP) usually consists of a single t phase, for
which the factors involved in the t - m phase trans-
formation can be simplified compared to the ZTA
case. For the case of TZP powders, a “size” effect has
been proposed and its significance for the transition
between the t and m phases discussed [ 5—7]. It should
be noted however that currently there is no consensus
as to the correct method for calculating the crystallite
size. In general, each applied formula yields a different
value for the crystallite size. Thus there is a need to
verify the results of various size—strain analyses and
isolate a suitable formula to characterize the marten-
sitic transition. The crystallite sizes obtained from
different formulae and methods can be checked with
those calculated from the Brunauer—-Emmett-Teller
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(BET) method and transmission electron microscopy
(TEM) observations.

The application of X-ray profile analysis can pro-
vide information on the crystallite size, microstrain,
twinning, and also the distribution of the t and m crys-
tallite sizes in a transformed zirconia based ceramic.
The X-ray line profile analysis was first applied in the
case of a deformed metal [8] and is widely used in
crystallite size, crystallite size distribution and related
measurements [9]. The transformation strains asso-
ciated with the t — m phase transformation can signif-
icantly influence the characteristics of the resultant
transformed zirconia. Thus, both size and microstrain
have to be considered. Although different fabrication
procedures yield powders with different characteristics
[10], the X-ray line profile analysis technique can give
reliable microstructural information without any as-
sumptions, and in addition interpret the microstruc-
tural relationship between the t and m phases.

This work is part of a continuing programme per-
formed in our laboratory on the development of ceria
and yttria doped zirconia ceramics [11-16]. The
X-ray line profile broadening analysis procedure em-
ployed in this work and the corresponding micro-
structural evolution of the t and m crystals in the
t > m phase transformation are presented and dis-
cussed. The Warren—Averbach method is a well-
documented technique [8,9,17-19] in which the
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analysis of the Fourier coefficients of true profiles,
allows the mean crystallite size, microstrain, and dis-
tribution of crystallite sizes to be extracted from indi-
vidual peak broadening contributions. This paper
summarizes the results obtained on the crystallite size
and microstrain for as-derived zirconia powders
doped with Y,O3 and CeO,. The application of X-ray
line profile analysis to the t - m phase transformation
of ball-milled, as-sintered, and thermally aged zirconia
powders will be presented in a subsequent paper [20].

2. Experimental procedure

Various chemical precipitation approaches, including
ammonia-coprecipitation and the urea hydrolysis
process were applied to produce ultrafine powders.
ZrOCl,-8H,0, Ce(NO3);-6H,0, and Y(NOj);-
5H,O (Merck, Darmstadt, Germany) were used as the
raw materials for a stock solution that had a cation
concentration of 0.5 M. Then a concentrated ammonia
solution (~ 25%) and the stock solution dropped to-
gether into a pre-based (pH ~ 10.8) and vigorously
stirred NH,OH solution, and a yellow, gelatinous
precipitate was observed to form. The pH was main-
tained above 10.7 at all times to ensure complete
reaction. The urea hydrolysis process consisted of
boiling a mixture of the stock solution (0.1 M) and urea
(0.42 m) for 5 h at which point a white colloidal solu-
tion was produced. A subsequent calcination and hy-
drothermal treatment (HTX) were performed to
produce crystallization. The full powder preparation
details are reported elsewhere [10].

The surface areas of the as-derived powders were
probed by the multipoint BET method using nitrogen
as the absorbed gas in a Quantasorb Jr. sorption
system (QSJR-2, Quantachrome Corp., USA). In
addition, the HTX treated and calcined powders were
examined by TEM (JEM-100cxIl, Jeol, Japan) and
X-ray powder diffraction (XRD) in order to evaluate
the particle size, crystallite size, microstrain,
and finally the degree of agglomeration in the pow-
ders. The X-ray powder diffractometer produced Ni-
filtered CuK, radiation from a 18 kW self-rotated
anode X-ray generator (MXP18, MAC Science,
Tokyo, Japan) operated at 40 kV and 200 mA. The
data were collected in 0.02° steps between 26—32°
and 55-65° with counting times of 3 and 6 s, respec-
tively. The X-ray profiles were analysed using a
software program developed by MAC Science, Cor-
poration (Tokyo, Japan). The software allowed the
determination of the position and intensity of diffrac-
tion peaks and also their line profile analysis. The
profile of the diffraction peak was fitted to a pseudo-
Voigt function, which is an approximation of a
Voigt shape function produced by adding Cauchy and
Gaussian functions that have equal widths, by a least
squares method. The program modified the compon-
ent functions to produce a suitable pseudo-Voigt func-
tion for each measured peak. The measured data were
separated into several single pseudo-Voigt functions
and a base line.

The crystallite sizes and microstrains of ultrafine
zirconia powders were determined through the X-ray
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diffraction line-broadening method. In order to take
into account the instrumental broadening and aberra-
tion effects, standard samples 5.5 mol% CeO,—
2mol % YO s~ZrO, for the t phase and 3 mol %
CeO,—ZrO, for the m phase that had been sintered at
1500 °C for 2 h to produce a crystallite size larger than
1 um were measured. A subsequent deconvolution op-
eration, allowed the true broadened profile to be cor-
rected for the previously determined instrumental and
spectral broadening, to be obtained. The crystallite
size and the microstrain were determined using the
Fourier analysis techniques contained in the Warren—
Averbach method [8,9, 17-19].

In this study, the removal of the K, component of
the X-ray, the peak separation and fitting, and the
Warren—Averbach Fourier analysis, by both single
peak [21-23] and peak pair methods were performed
using the software developed by MAC Science Cor-
poration. The mean volume-weighted size and the
distribution of the volume-weighted crystallite size
were calculated, by the Warren—Averbach procedure
using an in house computer program [8]. For com-
parison purposes a different single peak method based
on integral width [17, 23] was also performed. The
overall X-ray analysis procedure is shown in Fig. 1.

3. X-ray analysis procedure

The X-ray powder diffraction method is a very power-
ful and convenient analysis method to nondestructive-
ly probe material properties. However, the XRD-data
must be carefully interpreted if wrong conclusions are
to be avoided. In the Warren—Averbach method, the
crystallite size is actually represented by a mean col-
umn length (L), which is a multiple of the interplanar
distance, along the measured plane direction. The
microstrain, g, is then represented by the components,
that are normal to the diffracting plane, of the dis-
placement vectors at positions a distance L apart. In
addition, the microstrain at any L value is the average
value of the square of the microstrain, €2, inside a col-
umn of length L. However, the physical strain is a lo-
cal value, and thus it is critical to apply both size and
microstrain in the calculation of the strain energy
stored in materials.

In practical cases, the crystallite size and micro-
strain are anisotropic. In addition, the higher orders of
a plane cannot be reliably measured or only one
reflection is available. Therefore, a single line method
must be used. A number of single line methods have
been reviewed in the literature [17]. It should be noted
that additional assumptions are required as compared
to multiple-line analysis in order to obtain size and
strain parameters from a single line method. The accu-
racy of the method is influenced by the validity of the
assumptions used in the procedure.

3.1. Removal of the K,, component

The presence of the K, component in the X-ray beam
enhances the line broadening and introduces asym-
metry into the profile. The correct determination
of the background count is critical to the successful
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Figure 1 The X-ray line profile analysis procedure. The various equations are defined and discussed in the text.

execution of this procedure and subsequent opera-
tions. The baseline is usually assumed to a linear
function. The elimination of the K,, component is
achieved by subtracting the background from the
original profile [17];

I, (20) = I1ow(20) — CI, (26 — 9) (1)

where I, and I, denote the intensity of the K,; and
total profiles, respectively; C = I, (max)/I;, (max),
usually has values around 0.48-0.52; and
5 = 3.83 x 10~ 3 is the doublet separation. The fitting

criteria of the profile shape function to the actual
profile, R, factor, follows the definition [24];

[ZUi(ObS) - 11(0310)|2T/2
Ry, =
Y I;(obs)?

where c is a constant. The R, factor for the K, elim-
ination was refined to a value < 1072 for all the
studied samples. It is noted that the background must
be carefully determined in order to prevent large
errors due to peak truncation.

2
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3.2. The separation of peaks and their fitting
The powders used in this study were prepared by the
co-precipitation method and usually had crystallite
sizes less than 10.0 nm, which results in peak broaden-
ing and overlapping in the X-ray diffraction pattern.
Thus, a peak separation process is required to achieve
a correct peak shape for the phase and line profile
analyses. Data refinement and fitting using a
computer program, produced a set of pseudo-Voigt
data (peak position (26,), peak intensity (I), full width
at half maximum (FWHM, 20), and Gaussian con-
tents of the pseudo-Voigt function (1 — m)). If the
asymmetry of the peak shape is considered then the
FWHM will split into two values, namely right 2w,)
and left (2w, ) values. In this study, the profiles of the
standard samples were fitted to an asymmetric
pseudo-Voigt function, whereas the investigated sam-
ples were fitted to a symmetric pseudo-Voigt function.
The subsequent analysis consists of determining the
integral intensity, deconvolution, and integral width.
The profile function can be expressed as follows [24]:

Fi(20) = i P ;(20) + B(20) 3)
P,;(20) = (1 = )], exp[_ ‘“2<(26;7w29)>]
I
+ 15 [2(29i — 290’1.)}2 4)
14| =L =)
2w;
B(260) = a + b26 (5)

where B(20) is a linear baseline function, N is the
number of diffraction peaks, and a and b are con-
stants. The XRD profiles of unmilled and milled

5.5 mol % CeO,-2mol % YO, s—ZrO, powders and
3 mol % CeO,—ZrO, powders held at 900 °C for 10
and 420 min were fitted to pseudo-Voigt functions, as
is listed in Table I. Fig. 2 (a—d) shows the raw data,
pure K, profile, and the results of the peak separation
and fitting for the A3 sample and the 3 mol %
CeO,-ZrO, sample designated as 3mCe420. If the
m phase content is comparable to that of the t phase,
then the (222), peak often overlaps with the (312),, and
(113),, peaks and consequently the sesparation and
fitting of these peaks becomes difficult, as is shown in
Fig. 2d.

3.3. Deconvolution

The process of abstracting the instrumental function
from the sample profile is called deconvolution. The
reliability of the true profile depends on whether or
not the deconvolution is successful. It should be noted
that the validity of a deconvolution is in doubt if the
peak widths of the standard and investigated samples
are comparable. In this case, the Warren—Averbach
procedure using Stoke’s method [25] cannot be ap-
plied. In the present study, the deconvolutions are
processed by two different methods: Fourier decon-
volution and Voigt (breadth) deconvolution. The
Fourier deconvolution employs the usual scheme of
Stoke’s, whereas the Voigt deconvolution follows the
equations [17, 23]:

Bc = P& — BE (6)
(B)* = (B&)* — (BE) (7)
where B is the integral breath, in terms of the 20

scale, in radians; the C and G subscripts denote
that the parameter refers to the Cauchy or Gaussian

TABLE I Parameters obtained by peak separation and fitting to a pseudo-Voigt function for zirconia powders

Sample (hkl) 20, Intensity FWHM Gaussian R, factor
designation (degree) I 2w) content (x10?)
(counts) (degree) (1—m)

A3 (T11), 28.030 509 1.023 0.5599

(111), 30.039 2712 1.042 0.3566 0.72

(111), 31.253 565 0913 0.7260

(222), 62.403 1045 1.178 1.0000 2.80
A3 ittea (T11), 28.023 866 0.948 0.5320

(111), 30.033 2093 1.087 0.3645 0.95

(111), 31.237 714 0917 0.6303

(222), 62.490 718 1.148 1.0000 3.50
3 mCel0 (T11), 28.068 3838 0.433 0.2301

(111), 30.051 7300 0.525 0.3598 1.77

(111), 31.312 3529 0.442 0.2856

(222), 62.680 1499 0.626 1.0000 2.25
3 mCe420 (T11), 28.111 2791 0.387 0.3135

(111), 30.090 3136 0.456 0.3405 1.22

(111), 31.347 2657 0.397 0.2808

(222), 62.650 2168 0.509 0.5022 1.04

5782



® TEED
@ 4T
15
=}
5]
o® 3F
o
X
>
£ 2r
c
2
=
=9k
0 | L 1 L | L | L | L 1 L
24 26 28 30 32 34 36
(a) Diffraction angle, 20 (deg)
9
8 -
2 7r
c
3 6}
mU
o 5L
%
Z 4+
‘B
g 3k
£
2 -
U | 1 | 1 | 1 1 1 1 L | L | 1
54 56 58 60 62 64 66 68
(b) Diffraction angle, 20 (deg)
(111),
°r 111 }
L (111),,
@ H i
g 4
>
o
(]
S 3l
x
=
g 2}
2
£
’I —
0 . . ! . ! . ! .
26 28 30 32 34
(c) Diffraction angle, 26 (deg)
5
—~ 4
0
15
=]
3 3k
oo
= 7
B 20 @1, Es12),
c TR PN
& S
£
1 T TS NS
0 1 . 1 . l L L . 1 .
61.0 61.5 62.0 62.5 63.0 63.5
(d) Diffraction angle, 20 (deg)

Figure 2 Profiles of ( --- ) smoothed raw data, (———) pure K,; and
( ) after peak separation and fitting, (a) and (b) for sample A3,
(c) and (d) for sample 3mCe420.

components of a profile; whilst the superscripts f, h, g
indicate the true profile, sample profile, and standard
profile, respectively.

3.4. Evaluation of mean crystallite size,
microstrain and distribution of
crystallite size

In order to find a suitable value of the crystallite size,

several methods have been evaluated that can be

grouped into two categories:

3.4.1. Fourier method

3.4.1.1. Peak pairs. Generally in the Warren—
Averbach method, the first two sets of identical planes
say, (hkl) and (2h 2k 21) are used to separate the micro-
strain and crystallite size contributions to the line
broadening. In general, the cosine Fourier coefficient
can be expressed as:

In A.(s) = In AD — 272 (&} > s? (8
dA; -1
Dy, =— {d—L LHO} &)

where s = 2sin 0/A, L is the column length along the
normal to the diffraction plane, A; is the cosine
Fourier coefficient, and AP is the size broadening
cosine Fourier coefficient of the true profile.

The volume-weighted crystallite size distribution,
P,(L), is proportional to (d24/d*L)L [26], and the
volume-weighted mean size, {D),, can be calculated as:

(D>, = J : LP,(L)dL / j ) P(L)dL  (10)

0
The Warren—Averbach analysis is performed on the
t phase by selecting the (111), and (222), diffraction
peaks. The selection of the (111),, and (111),, diffrac-
tion peaks for the m phase is due to the fact that higher
orders of the {111} planes are difficult to detect and no
anisotropy is observed.

3.4.1.2. Single peak. This simplified method is based
on the assumption that the Fourier coefficient, the size
broadening Fourier coefficient, and the microstrain
have the following forms [22, 237.

A, = o+ nP + n?y (11)
na

AP =1--"2 12

dhi 42

ea) = G*/nay (13)

The mean crystallite size, D, and strain constant, G,
can then be determined by:

2a;
D= — a7 (19
G? = dl%kl{_ B— (BZ - 4Y)1/2} (15)

2
4t ay

where A, is the cosine Fourier coefficient; n is
the harmonic number; o, B and vy, are indeterminate
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variations; dy,, is the interplanar distance of plane
(hkl); and aj is the angular range of the peak which is
in turn determined by:

2
| = % ($i0 Opax — $in 0,1 (16)

The results calculated by this simplified Fourier anal-
ysis are similar to those calculated using the Warren—
Averbach method when the microstructure of the
samples consists of particles with a uniform size and
the specific microstrain distribution is that for a cold-
worked metal [21].

3.4.2. Breadth method

The method developed by de Keijser et al. [23] is
based on the assumption that the lattice disorder
exhibits a Gaussian distribution.

A
Dy=— 17
P BLcosh 17
. B
= 18
¢ 4tan0 (18)
It should be noted that the definition of é and (g2 »1/?
are different, since é = $(2m)}/2{&2>Y2. Enzo et al. [18]

have reported that the Gaussian content of the (111),
peak for Na* doped zirconia is nearly zero and this
means that the breadth method fails due to a limita-
tion in the tan 0 law. However, the Gaussian content
of the (111), peak for the Ce and Y doped zirconias
investigated in this study is always larger than 0.35.
Thus, the breadth method can be employed in our
studies.

3.5. Comparison between area-weighted
and volume-weighted average
crystallite sizes (mean column length)

The area-weighted mean size is calculated from the

initial slope of the size-broadened Fourier coefficient

curves, whereas the volume-weighted size must be
determined from P,(L) in the Warren—Averbach
method or the integral breadth of the size-broadened
profile in the single peak method. In fact, the volume-
weighted mean size, {(D),, is very sensitive to the
fraction of larger crystals in the sample whereas the
area-weighted one is closely related to the fraction
of small crystals that produce a larger surface area.

According to the Schwarz inequality [17], it follows

that:

(D*>, =<D>2 (19)
and (D), = <<D;>>a, thus;
(D), (D?*), S 1 (20)

(Dy, <Dy~

It has been demonstrated that differences between
the calculated sizes can easily be of the order of 100%
[27]. This is especially true when there is a wide
distribution of crystallite sizes [28], the difference
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between (D), and (D}, becomes larger and the distri-
bution of crystallite size is also broadened. Thus, it is
possible to evaluate the broadening of the crystallite
size distribution in terms of the ratio of (D}, /<{D>,, or
more simply Dg/<{D,.

4. Results and discussion

4.1. Powders

The synthesis process used to produce the powders
influences the microstructure of the powders and thus
different characteristics are produced. In particular,
compositional inhomogeneities may occur in ultrafine
powders which can result in fluctuations in the inter-
planar distance and thus introduce errors into the line
profile analysis. Therefore, the curve behaviour in
a Vogel diagram must be checked [18,29]. For all
samples, the plot of In Ay (s;11)/AL(S222) as a function
of L displays a linear relationship and the distribution
of microstrain as a function of the column length also
follows a similar trend. For example, the Vogel dia-
gram for the 3 mol % CeO,-ZrO, powder produced
by urea hydrolysis and subsequent hydrothermal
treatment at 200 °C for 5h is plotted in Fig. 3. No
compositional inhomogeneity is observed in the
sample and therefore the use of line profile analysis on
this sample is justified.

The powders produced by ammonia coprecipita-
tion and subsequent calcination are usually poly-
domained and have a substantial monoclinic phase
contents of 30 vol %. In general, the microstructural
characteristics of as-derived co-precipitated powders
exhibit two kinds of particle sizes: a primary particle
and a secondary particle. As is shown in Fig. 4, the size
of the primary particle is 8.93 + 2.29 nm and that of
the secondary particle is around 0.1 pm. Nevertheless,
a primary particle is still not a single domain, i.e., the
crystallite size is not equal to the primary particle size,
and often the former is smaller than the latter. It is

1.4
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1.0 n
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IN(A;,(L)/ Ayl L)
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Figure 3 Vogel plot for the 3 mol % CeO,-ZrO, powder.



60 nm

5.5 mol %
YO, s—ZrO, powders fabricated by ammonia coprecipitation and
subsequent calcination at 500 °C for 0.5 h.

Figure 4 TEM  micrograph  of CeO,-2 mol %

therefore important to distinguish between the sizes
measured by different characterization techniques.

4.2. Surface area and TEM sizes

It is usually assumed that powders have a spherical
shape and that a mean value of the particle size can be
obtained from BET surface area measurements. How-
ever, the BET-derived size is often different from that
obtained from TEM observations. A comparison of
particle sizes obtained from surface area and TEM
observations is listed in Table II. In addition, a TEM
micrograph and a histogram of the particle sizes for
samples 1, 3, 4, 5 and 8 are shown in Fig. 5 (a—j). In
general, the TEM-derived particle size increases as the
surface area of the powder decreases or as the BET-
derived size increases. However, the degree of agglom-
eration of the powders seriously influences the actual
surface area measured by the BET method. Samples 4,
5 and 6 have a similar size on the basis of TEM
observation, whereas the BET data exhibit a discrep-
ancy of ~16 m? g~ !. The agglomerate (or secondary
particle) of sample 5 displays closed packing,
whilst that of sample 4 shows an open microstructure
as can be observed in their TEM micrographs Fig. 5
(¢ and g). The discrepancy in their surface area
values is attributed to the agglomerated state of the
powders.

Further TEM examination of the powders can pro-
vide information concerning the particle size distribu-
tion, as listed in column 4 of Table II. As the HTX
time or the calcination temperature increases, the dis-
tribution of particles sizes as well as the mean particle
size both increase. This is in agreement with the results
of a SAXS (small angle X-ray scattering) investigation
on Y-doped coprecipitated zirconia powders [30]. In
this work the particle size increases and the size distri-
bution becomes broadened as the calcination temper-
ature is raised from 420 to 1000 °C. Fig. 5a shows
a TEM micrograph of as-derived amorphous gels
dried using an infrared lamp. The upper portion of the
micrograph reveals the ultrastructure of the particles.
The BET surface area of 327.1 m? g~ ! implies that the
secondary particle consists of very small (~3.06 nm)
primary particles. After a 3.5h HTX treatment, the

TABLE II Surface area, TEM particle size, mean crystallite size and microstrain of 5.5 mol % CeO,-2 mol % YO, s—ZrO, powders produced by co-precipitation and subsequent calcination or hydrothermal treatment

Microstrain®

Distribution of crystallite size

Crystallite size®

TEM

Surface area:
Effective

Conditions

Sample

primary particle

size (nm)

designation

&L

é

G

(x103)

3.0 nm

2

2Wpy)©
(nm)

<D /{D>,

Dy/KD>,

D)y D,

(D>,

particle size

(x102)

(x10%)

(nm) (nm) (nm)

(nm)

(m?g~!: nm)

327.1/3.06 62.43 +13.86¢

285.0/3.51

Amorphous gel
HTX 2.5h

6.87 + 1.76
9.20 + 2.64
9.67 + 1.89
9.17 + 2.60
10.24 + 241
13.25 +3.58
29.45 + 11.08
66.15 +20.33

143
1.22
1.32
1.18
1.18
0.91
0.35

5.34
3.68
3.86
2.56
3.20
2.53
5.15

2.53
2.56
248
2.25
2.37

2.51

7.52
8.46
7.56
6.43
9.19

12.61

1.20
1.31
1.17
1.07
1.21
1.36
1.00

2.13

11.27
16.79
10.78
10.39
13.26
21.10
70.17

4.73
7.61
2.20
494
3.95
9.51

29.89

6.36
7.99
6.30
6.30
7.69
10.98

40.33

5.29
6.12
5.40
5.

206.0/4.85

HTX 3.5h

247

125.4/7.98
109.2/9.16

HTX 12h

1.99
1.77

2.

Calcined at 500 °C

86
37

108.7/9.20

Calcined at 500 °C

08

6.

98.6/10.15

Calcined at 500 °C

2.62

8.06
39.00

61.2/16.33

Calcined at 700 °C

Tosho 3Y?

28.71

1.74

16.0/62.50

*The profiles of the standard are fitted to a symmetric pseudo-Voigt function.
®Commercial powder with composition 94 mol % ZrO,—6 mol % YOy s.

¢The full width of volume-weighted crystallite size distribution at half maximum.

4Secondary particle size.
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Figure 5 TEM micrographs and histograms of particle size for (a) and (b) sample 1, (c) and (d) sample 3, (¢) and (f) sample 4, (g) and (h) sample
5, and (i) and (j) sample 8.
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Figure 5. Continued

amorphous particles crystallize into ultrafine t phase
crystals which then coalesce into primary particles
[31], as is shown in Fig. 5b. On the other hand, the
micrographs Fig. 5(c)—(e) for the powders produced
by a 12h HTX treatment, and calcined at 500 and
700 °C, respectively, for 30 min indicate that the shape
of the primary particles is near-spherical, and there-
fore the BET data will correspond to the size of the
primary particle on the assumption of a spherical
model. In fact the ultrastructure of the secondary
particles is usually porous and thus the nitrogen used
in the surface area determination can penetrate inside
the sample and thus reveal the characteristics of the
primary particles. Therefore, it is believed that the
effective particle size obtained by the BET method is
equivalent to the size of the primary particles.

4.3. Crystallite size

A number of methods and formulae have been applied
in order to calculate the crystallite size [8, 9, 17-23].
The assumptions made in the use of the different
formulae and methods results in different values of the
crystallite size being obtained. It is clear that a reliable
analysis procedure is required to obtain reliable re-
sults for powders in the ultrafine range (~ 10.0 nm).
The Warren—Averbach procedure is well-documented
and convenient to use. Basically, when sufficient in-
formation is available, i.e., two or more peaks of the
same plane family exist, the Warren—-Averbach tech-
nique can give a reliable value for the crystallite size
without the need for any assumptions. When a high

ordered plane is not detected, the selection of peaks for
use in the Warren—Averbach method is critical to
a successful application of the technique. A reliable
crystallite size can be obtained using either the two
peak or the multipeak methods if the selected peaks
are not anisotropic.

Using the simpler single peak method to calculate
the crystallite size often leads to large errors and
discrepancies. For example, as shown in Table II, the
value of D, calculated using the simplified Fourier
method is different to that calculated using the
Warren—Averbach method, while the volume-weighted
mean size Dy is larger than the primary particle size
derived from both TEM and BET techniques. If the
Voigt profile-shape function is used and it is assumed
that all of the size broadening is contained in the
Cauchy component of the broadened true profile, the
results yield [27];

Dg/{Dy, =2 and ¢&/Ke>)'*=32m)'* (21)

Thus, the volume-weighted mean size is always larger
than the area-weighted one. In fact, the area-weighted
size is comparable to the size obtained from the TEM
and BET methods.

The accuracy of the single peak method depends on
the validity of the assumptions made in the applica-
tion of the technique. The use of the single peak
method to derive the crystallite size is only suitable in
some situations. In Table I11a, the crystallite size of the
t phase, D, exhibits a large deviation both before and
after ball milling. This is probably due to the point
that the microstrain distribution in the t phase is
affected by the transformation of the t phase into the
m phase and the consequent relief of stress. This in
turn leads to errors in the separation of the size and
strain contributions to the peak broadening. How-
ever, the D, values for the m phase listed in Table IIIb
do not display any significant errors.

Both the values of <D}, and {D), derived using the
Warren—Averbach method satisfy the requirement
that the crystallite size is less than the particle size. The
{D}, value can be easily obtained at lower column
lengths (or harmonic number) for the size Fourier
coefficient, whereas the evaluation of {D), requires
that the size Fourier coefficient is physically valid up
to high column lengths [32]. This procedure is very
complex and often leads to significant errors.

The crystallite size or domain size is different from
the particle size measured using BET or TEM tech-
niques. In general, the crystallite size is obtained from
the broadening of X-ray powder diffraction peaks.
The factors that produce this peak broadening include
finite size, microstrain and compositional variations.
The stress induced phase transition in zirconia based
ceramic systems involves a volume expansion of the
t phase which in turn induces transformation strains
in the product phase. The crystallite size derived from
XRD data is similar to the size of the primary particle.
In fact, the surface area of the powders depends on
many other factors that include particle shape, phase
type and agglomeration degree. Thus, the BET
method must be cautiously applied to the derivation
of the crystallite size.
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TABLE III The mean crystallite size and microstrain of 5.5 mol % CeO,-2 mol % YO, s—ZrO, powders before and after a 12 h ball

milling
(a) Tetragonal phase

Sample Dy/<{D>, 2Wpy () Tetragonal phase Microstrain
designation (nm) Crystallite size
<D>a Dc DB <82>11‘/:23,0nm G e
(nm) (nm) (nm) (x10%) (x10%)  (x10%)

Al 2.08 6.92 5.92 3.76 11.57 1.97 3.32 1.20
Alpinea 1.96 6.70 5.12 8.57 11.01 2.00 4.18 1.18
A2 2.02 7.18 5.39 4.08 11.58 2.10 3.30 1.17
A2ittea 2.07 7.90 5.18 8.58 11.99 2.19 4.07 1.22
A3 2.08 6.99 5.48 3.97 12.10 2.11 3.36 1.16
A3 nitiea 2.15 7.66 5.29 7.69 11.65 2.05 4.42 122
(b) Monoclinic phase
Sample Dy/<{D>, 2Wpy(r,) Monoclinic phase Microstrain
designation (nm) Crystallite size

(D>, Dy (T11)y  Dy(11D)m  <EDE2300m G e

(nm) (nm) (nm) (nm) (x 10?) (x10%)  (x10?%)
Al 3.61 5.46 4.86 7.71 26.31 17.54 0.46 443 1.37
Alniiiea 2.59 4.99 5.10 8.42 19.93 13.18 2.63 4.08 1.16
A2 3.96 3.99 4.58 7.64 23.83 18.15 1.26 438 1.42
A2, it1ea 3.63 4.79 4.73 6.96 27.23 17.17 2.68 3.97 1.43
A3 393 3.95 4.54 7.59 37.51 17.83 — 5.12 1.43
A3, ilea 3.46 6.99 5.26 743 25.81 18.21 2.81 4.52 1.30

TABLE 1V Mean crystallite size, full-width of volume-weighted crystallite size distribution at half maximum, and ratios of Dy/<{D}, and
{D},/{D), in zirconia powders produced at various fabrication conditions

Sample Conditions Dgy/<{D>, (D>, /{D>, 2Wepy (1) D, Dy (D>, (D>,
designation (nm) (nm) (nm) (nm) (nm)
Calcination

A-C400 400°C, 0.5h 1.71 1.53 10.78 348 10.53 6.15 9.43
A-C500 500°C, 0.5h 1.66 1.25 7.00 3.06 8.79 5.28 6.61
A-C600 600°C, 0.5h 2.16 1.36 9.50 3.84 12.26 5.67 7.73
A-C700 700°C, 0.5h 2.23 1.48 12.74 9.51 15.74 7.06 10.46
A-C650 650°C, 1h 3.04 1.41 13.57 9.61 2297 7.57 10.67
Hydrothermal crystallization treatment

A-X3.5 HTX, 3.5h 1.60 1.28 6.72 2.89 7.47 4.66 5.97
A-X4.5 HTX, 45h 2.63 1.34 6.86 542 13.06 497 6.65
A-X6 HTX, 6 h 3.09 1.35 7.43 6.60 16.99 5.50 7.44
A-X12 HTX, 12 h 2.65 1.37 7.84 6.18 15.06 5.69 7.81

Table 1V lists the microstructural characteristics of
powders calcined at 400, 500, 600 and 700°C for
30 min, and HTX treated at 200 °C for 3.5, 4.5, 6 and
12 h. It is apparent that the crystallite size mainly
depends on the calcination temperature or HTX time.
As the calcination temperature or HTX time increases,
the crystallite size also increases. The crystallite sizes
calculated by three different methods and listed in
Table IV are in good agreement with this trend except
for those calcined at 400 °C for 30 min. The crystallite
size of samples calcined at 400 °C is larger than that
for samples calcined at 500 °C. Scardi et al. [197] have
reported a similar result in that the progressive crys-
tallization of pure zirconia was interrupted by an
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abrupt decrease in the crystallite size at temperatures
above 540 °C. It is believed that at this point the initial
partitioning of the t phase matrix by the first and
non-defective m phase plates or laths occurs. How-
ever, it is known from a previous differential thermal
analysis study [10] that the crystallization peak
occurs around 403 °C and this kind of crystallization
is usually burst-like (athermal), i.e., the crystallization
is completed within a short time period. In addition,
the nucleation rate of crystallization will be slower at
a lower temperature and the crystal can grow to
a larger size before competing with other crystals. The
crystals in a sample calcined at 400 °C would tend to
grow since they are being heated below the peak



crystallization temperature so that the corresponding
nucleation rate is lower. On the other hand, when
amorphous gels are calcined at higher temperatures
(> 403°C), the crystallization is completely finished
during the heating period and the as-derived crystals
coalesce during any subsequent heat treatment.
Thus, the crystallization histories of powders calcined
at 500, 600 and 700 °C are identical and the crystallite
size of the powders depends on the conditions of the
subsequent heat treatment. As the calcination temper-
ature is increased, the crystals become larger.

4.4. Microstrain
The usually quoted values for strains are in fact local
values, i.e., at L =0. However, the microstrain at
L =0, {e*){'2,, cannot be directly determined using
the Warren—Averbach procedure [33, 34]. Thus, for
convenience, this study presents the value of the
microstrain at L. = 3.0 nm which corresponds to ultra-
fine powders with a size around 6.0 nm. In addition, it
is difficult to compare the microstrain values obtained
using different formulae or methods. Alternatively,
a single value for the microstrain, G or ¢, is obtained
by using the single peak methods. However, as men-
tioned in the previous section, the distribution of
microstrains for the separation of size and microstrain
contributions should be assumed in these simplified
methods. It may lead to a gross value if the real
situation does not follow the assumptions. In fact, the
microstrain value derived from the single peak
method is an average overall the columns in the sam-
ples, whereas the one derived using the Warren—Aver-
bach procedure is a mean value inside a specified
column length, L (say, 3.0 nm) in the sample. The
Warren—-Averbach method and the two single peak
methods produce different results for m phase in the
unmilled and milled powders, as shown in Table I1Ib.
In general the Warren—Averbach method gives more
detailed and reliable information on the microstrain.
In fact, both the size and microstrain are quoted
on a scale relative to the values obtained for the
standard samples. It is easier to find a standard sample
that satisfies the requirement for a large crystal
size ( > 1 um) than to satisfy the requirement that this
crystal be strain-free. It is thus not feasible to evaluate

W W s
o o o

Microstrain, <gz)1/2 (x107%)
- -_ N N
o (5] o (3,1

e
o

orTTTT T T T T T

5.0 10.0 15.0 20.0 25.0
Column length, L(nm)

Figure 6 Microstrain as a function of column length for samples
(A) A-C500, (¢) A-C700, (M) A-X3.5, and (@) A-X12.

the “true” microstrain. The meaning of the mean
square strain, {g>»1/2 is the average of €2 inside a col-
umn length L. A typical plot of {&2>'/2 as a function of
L shows a monotonically decreasing curve for increas-
ing L values, as is shown in Fig. 6. In general, a {g?>1/?
versus L plot contains more information than a single
value at an arbitrary L value. Besides, it is possible to
appreciate the degree of disorder in samples from the
observed trend in the {&2>!/2 versus L plot. The lattice
disorder can be attributed to (a) paracrystalline distor-
tions which arise due to fluctuations in the interplanar
distances due to inhomogeneities in samples, and (b)
the presence of dislocations which results in a Gaus-
sian distribution of the microstrain.

4.5. The distribution of crystallite sizes

Another benefit in using the Warren—Averbach
method rather than another technique to calculate the
microstructural characteristics of a material is its abil-
ity to give information on the distribution of column
lengths (crystallite size). Unfortunately, the derived
size distribution depends on the type of analytical
function used in fitting the profiles, whereas the mean
column length and width of distribution are indepen-
dent of the analytical function used [35]. Therefore,
the FWHM (full-width at half-maximum) of the crys-
tallite size distribution is used to interpret the degree
of broadening in the size distribution, as listed in
Table II. It is interesting to note that the evaluated
crystallite size distribution is similar to the particle
size distribution measured by TEM. Thus, it can be
concluded that the crystallite size distribution also
depends on the calcination conditions and contains
information concerning the microstructure of the
powders. However, there is a necessary condition that
the high harmonic number or L of the true profile is
available and reliable in order to obtain the correct
values of P,(L) and {D),. In many cases, this require-
ment is not met, and it is impossible to obtain in-
formation on the distribution of crystallite sizes using
the single peak method. Smith [36] has noted that the
simplified single line method can produce significant
errors when there is a wide distribution of crystallite
sizes. In addition in the case when there are a few small
crystals, the area-weighted mean size, (D},, is more
affected than the volume-weighted mean size, (D).,
due to the large surface area of the small crystals. This
implies that the relationship between (D), and (D),
depends on the distribution of crystallite sizes.

It is apparent that the difference between (D), and
{D>, increases as the distribution of crystallite sizes
becomes broadened (or the width increases). Table 11
lists the <{D},/{D), and Dy/{D}, ratios that corres-
pond to the width of the crystallite size distribution for
samples 3, 4, 5, 6, and 7 with similar (D}, values. In
addition, the crystallite size distribution as a function
of the calcination temperature and HTX treatment
time are listed in Table I'V. It is clear that the distribu-
tion of crystallite sizes becomes broadened as the
calcination temperature, HTX treatment time or crys-
tallite size increases. The ratios of <D),/<{D), and
Dy/<{D>, exhibit similar trends to the width of the
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crystallite size distribution. If {D), =<{D), + A{D)
then the following equation can be obtained:

(D)/{Dpa = ({D)y + ALD?)/XD),

— 1+ ACDY/(DY, o ACDYKDY, (22)
The physical meaning of (D),/<{D), is not exactly the
same as the width of the crystallite size distribution.
The data for sample 9 in Table II as well as samples
A-C400 and A-X12 in Table IV show that the ratios of
(D»,/{D), and/or Dy/{D), are smaller although the
width of crystallite size distribution is larger than
others in the same table. Therefore, it can be con-
cluded that <D},/{D), and D;/{D}, show the charac-
teristics of a crystallite size distribution for powders
with similar mean crystallite sizes.

5. Conclusions

(1) X-ray line profile analysis is a powerful and conve-
nient method to probe the microstructural character-
istics of ceramics. However, it is critical to select
appropriate and reliable formulaec or methods that
correspond to the real situation in samples in order to
avoid misleading or wrong results. Moreover, the
evaluated mean crystallite size is area-weighted or
volume-weighted depending on which method or for-
mula is used.

(2) The relationship between the crystallite sizes
derived by BET, TEM and XRD line profile tech-
niques can be interpreted in terms of the microstruc-
tures of the zirconia powders. In fact, the crystallite
size, primary particle size and secondary particle
size are different physical quantities. It is believed
that the effective particle size obtained from the
BET method is equivalent to the size of the primary
particles.

(3) As the HTX time or calcination temperature in-
creases, the distribution of particles size as well as
mean particle size also increases. The evaluated crys-
tallite size distribution exhibits a similar behaviour.
(4) Ratios of the volume-weighted mean crystallite
size, <D}, (or Dy) and the area-weighted mean crys-
tallite size, <D),, reveal information concerning the
distribution of crystallite sizes. When the value of the
mean sizes is similar, the ratio of {(D),/{D), or
Dy/<D}, increases as the width of the crystallite size
distribution increases.
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