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The phase quantification in ceramic nanopowders presents technological interest for studying and design purposes.
Especially in zirconia ceramics where the mechanical and transport properties are strongly affected by the crystalline
composition. In this work we present the comparison XRD based methods and differential thermal analysis methods for

phase characterization and specially quantification.

A complete series of commercial nanopowders mixtures (D50 = 0.1 um) of monoclinic zirconia (m) and partially stabilized
zirconia (t: 3 % yttrium oxide) was studied. X ray diffraction (XRD) was performed and the relation m:t was quantified by
the so called Garvie-Nicholson (G-N), Toraya and Rietveld method.

A complete reversible DTA analysis was carried out to the same mixtures. Both m-t and t-m martensitic thermal transformations
were observed and pondered for the m-ZrO, containing samples. The graphical integration was performed and employed for
the construction of a calibration curve in the studied composition range.

The results were compared, the Toraya method presented equivalent results in comparison with the Rietveld method. The G-N
method presented appreciable differences (= 10 %). To assume a direct proportion of the m-ZrO, content with the peak area
resulted in important errors but if a simple calibration curve is constructed, the DTA method presents accurate quantification
with results comparable to the best XRD based quantification.

INTRODUCTION

Zirconia (Zr0O,) is derived from zircon and badde-
leyite in nature, and it has three polymorph forms
depending on various temperatures. Monoclinic ZrO,
(m-ZrO,) exists at temperatures lower than 1170°C.
Tetragonal ZrO, (t-ZrO,) exists between 1170 and
2370°C. When temperatures are higher than 2370°C,
the phase transition from t-ZrO, to cubic ZrO, (c-ZrO,)
occurs [1-4]. However by usually several cations as Ca*",
Mg*, Y**, Ce*, etc. fully cubic or partially tetragonal
phases can by stabilized at room temperature. Zirconias
are important ceramic materials for a broad range
of applications. The traditional applications of ZrO,
are use as refractory ceramics and abrasion-resistant
materials, biomaterials [5-6]. In addition, due to the fact
that ZrO, possesses the properties of high strength and
toughness, good wear resistance, hardness, and thermal
shock resistance, it has many engineering applications,
such as use in automobile engine parts, exhaust parts,
brake parts and cutting tools [1]. Moreover, also ZrO,
is an appropriate material for thermal barrier coatings
on metal components because it has a relatively high
thermal expansion coefficient (compared to many other
ceramics) and low thermal conductivity [3-10].

Monoclinic to tetragonal change in Zirconia is
known as martensitic transformation and occurs around
1170°C in heating and 800°C in cooling presenting a
significant volume change and a shear strain of =~ 4 %
and = 0.16 % respectively. If not controlled, the volume
change can result in fractures and, therefore, structural
unreliability of fabricated components [11-12].

In materials design the phase quantification is
an important tool for both designing and control. Quan-
tification of these phases can be done following two
different principles, crystallographic and differential
thermal analysis [13-16].

The relation between atomic structure, macroscopic
properties and final material behavior constitute a target
for material science, particularly in the design and
development of ceramic materials. For these a deep study
of the crystalline composition is important to understand
the final behavior of the material.

In zirconia ceramics systems, the monoclinic tetra-
gonal relation is important to understand for example the
mechanical and thermo mechanical behaviors and other
properties like catalytic activity [3].

Different strategies for phase quantification have
been developed. Like Raman spectroscopy [17-20],
neutron diffraction [21], hyperfine interacions [22], X ray
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absortion [23-25]. Particularly the X ray diffraction
(XRD) is one of the common techniques for crystalline
phase identification. Three different XRD methods are
usually employed in Zirconia materials design and
characterization, two of them based on semi-empirical
calculations (Garvie-Nicholson [26] and Toraya [27])
and the complete profile refinement iterative Rietveld
method [28-32]. The last being an effective analytical
tool for quantitative phase analysis on various materials.
Some attempts for the three more important polymorphs
have been also made but are more difficult to implement
[33], and on top of that is difficult to find the three
polymorphs in the same sample.

Recently Arata et al. successfully evaluated the
aging evolution of a zirconia dental material by the
Rietveld method and demonstrated that the G-N presents
some problems with the cubic zirconia pondering, and
that is an error to assume equivalence with the tetragonal
phase diffraction intensities, in fact t/c peaks could be
solved in their patterns [34].

In recent works we proved that the TMA the
m-t-m loop area in the reversible thermal cycle over
the transformation temperature is proportional to the
m-zirconia content in a dispersoidal ceramic composite
[35-36].

In a series of articles focused in zirconia containing
composites we succeeded to estimate the amount of
zirconia in terms of the perturbed angular correlations
method (PAC) [37-39]. Similar approach was carried out
for some milled zirconia-ytriananopowders of the [40].
Not only m and t phases were evaluated and ponderated,
but the experimental difficulty of this technique,
implying neutron activated samples makes it difficult for
rapid feedback in materials development, from this point
of view the XRD advantages are evident, the thermal
analysis similar, both techniques are inexpensive and
usually available in ceramics laboratories.

Is evident that different ways for phase quantitation
are being used in literature but few discussions about
their accuracy exist, especially in nano sized powders.

Zirconia ceramic exhibits a phase transformation
between monoclinic and tetragonal phases. It can be seen
that most of the reported m-t and t-m temperatures are
in the temperature range 1400-1480 and 1250-1325 K,
respectively [35]. DTA zirconia materials were extensi-
vely reviewed by Wang et al. [7] the different reported
experimental data from the m-¢ transition was listed.
While the m-t peak is an endothermic symmetrical
Gaussian“like” peak, the #-m consists in an unsymmetrical
peak, with an abrupt left side. As expected the peak areas
(m-t and #-m) are generally equivalent and should be
directly proportional to the m-zirconia content in the
sample. This fact supports the hypothesis of employing
the area integral for quantifying the monoclinic content,
which is the proposed methodology using thermal
analysis.

In this work a whole series of commercial nano-
powders mixtures of monoclinic and partially stabilized
zirconia powders were prepared in order to evaluate and
discuss the mentioned analytical techniques (based on
the XRD pattern treatment and the DTA), their accuracy
and inherent errors.

EXPERIMENTAL

Materials and samples preparation

The materials used in the present work were
commercials nanopodwers. Pure monoclinic Zirconia
(m-ZrO,: MZ, Tosoh Corporation, Tokyo, Japan.)
and 3 mol. % Yttria-Partially-Stabilized tetragonal
Zirconia (PSZ, Tosoh Corporation, Tokyo, Japan.) with
specific surface of 14 and 16 (m>-g') respectively and
D5, = 0.1 pum for both powder.

SEM images (Scanning electron microscope: SEM
Quanta FEI) of both powders are shown in Figure 2.
Clearly in both cases microstructure is homogeneous.
Grains present a rounded shape and a monomodal
particle size distribution of approximately 80 nm can be
seen.

Different mixtures were intimately mixed in etha-
nol, stirred and homogenized in an ultrasonic bath.
Four intermediate successive equidistant mixtures were
prepared as shown in Table 1. Finally the mixtures were
dried (110°C) and studied.

Table 1. Different MZ and PSZ nanopowders mixtures com-
position.

Mixture MZ (wt. %) PSZ (wt. %)
myg0-to 100 0
mgg-tr 80 20
Meo-Lag 60 40
Myg-teo 40 60
Moot 20 80
mo-t100 0 100

Zirconia nanopowders characterizations

The nanopowders were characterized by X-ray
diffraction (XRD, Philips PW 3710 with Ka: Cu as
incident radiation and Ni filter). The equipment was
operated at 40 kV and 35 mA and the scanning was
performed with a step of 0.04° and 2 s per step in the
range between 20 = 10 - 80°. The dried powders were
studied and analyzed in aluminum sample holders. A
punctual scintillation detector was employed. The set of
divergence, receiving and scattering slits were 1°, 0.2°,
1° and in this study no monochromator was used.

The Differential Thermal Analysis (DTA) and Ther-
mogravimetric (TG) were recorded simultaneously with
the equipment Netzsch STA 409C in the temperature
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range between 25-1400-100°C using reversible mode
with heating rate of 10°C-min!. Oxidizing atmosphere
were used by introducing analytical air and using
alumina crucibles and calcinated alumina (Al,O5) as
reference.

XRD pattern treatments

Garvie Nicholson (G-N) method is based in X-ray
diffraction and estimate the m-ZrO, and 7-ZrO, content
from the relations of intensities of the reflections in the
diffraction pattern according the following equations:

Im (111) + Im (111) = It (101) (1)

The molar fraction of the content of m-ZrO, is
given by:

 Im (1) + Im (111)
" m () + Im (111) + 12 (101)

Being Im (111) and Im (111) the intensity of the
monoclinic phase for the peak corresponding to planes
111 and (111) respectively. It (101) corresponds to the
intensity of the 101 plane.

The so called Toraya method is also based in only
some peak intensity values. This technique estimates the
volumetric fractions of the m-ZrO, (Vm) and ¢-ZrO, (V1)
phases from the intensities of the diffraction peaks (111)
and (111) of m-ZrO, and line diffraction (101) ¢-ZrO, as:

)

13l X
C1+0.311x 3)
where,
Im (111 + Im (111)
X = -
Im (111) + Im (111) + I (101) )

The tetragonal fraction (77) is given by:
Vi=1-Vm (5)

a) MZ
Figure 1. SEM micrographs of the studied commercial nanopowders; a) MZ and b) PSZ.

The third and more accurate method is the known as
the Rietveld method devised by Hugo Rietveld for use
in the characterization of crystalline materials. Uses a
least squares approach to refine a theoretical line profile
until it matches the measured profile. The introduction
of this technique was a significant step forward in the
diffraction analysis of powder samples as, unlike other
techniques at that time; it was able to deal reliably with
strongly overlapping reflections. The method was first
reported for the diffraction of monochromatic neutrons
where the reflection-position is reported in terms of the
Bragg angle 260 [28].

Quantitative Phase Analysis (sometimes called
also Standardless Phase Analysis, Multiphase Rietveld
Phase Quantification, Rietveld Quantitative Analysis or
Rietveld XRD Quantification) is a powerful method for
determining the quantities of crystalline and amorphous
components in multiphase mixtures. This is quantitative
analysis results from the refined scaling factors for each
phase (S;) according to the following equation:

_ Si (ZMV)I /Tl
TS, (zmv), /z, (6)

where, W; is the weight fraction of the phase i, the sum
is over all phases present and S;, Z;, M;, V; y 1; are the
scale factor, the number of molecules per unit cell,
the molecular weight, the volume of the cell and the
correction factor for mass absorption of the particles
phase i, respectively. This method has proven to be
an effective tool for quantitative analysis of phases in
various materials [30-31], this requires knowing the
crystal structure of each phase present in the sample
The advantages of Rietveld Quantitative Analysis
are that the calibration constants are computed from
reliable structural data, rather than by laborious expe-

b) PSZ
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riments, secondly all reflections in the pattern are expli-
citly included for calculation, the effects of preferred
orientation and extinction are reduced, since all reflection
types are considered as well. Finally the crystal structural
and peak profile parameters, particle statistics, micro
absorption, etc. are refined as part of the same analysis.

The sample analysis is performed using the program
Fullprof [8]. It was assumed that the tetragonal phase
corresponds to the space group P4,/nmc with cations
Zr*" and Y** in special positions 2a and anions O* in
positions 4d and the monoclinic phase to the group P2,/c
with ion Zr*" and O in general positions (x, y, z). The
profile of the diffraction peaks was adjusted using a
pseudo-Voigt function.

Zirconia nanopowder differential
thermal analysis (DTA)

The progressive growth of the monoclinic to tetra-
gonal DTA endothermic peak area with the amount
of m-Zr0O,, is expected due to the nature of the trans-
formation and the DTA analysis fundamentals, and will
be employed for constructing a kind of calibration curve,
this strategy in not odd in material science and particularly
in ceramic materials [43]. This peak presents a Gaussean
shape [7] which is an advantage over the unsymmetrical
t-m exothermic one; however the same analysis could be
performed. A Gaussean fit was performed to the peaks
for complementing the study. Once built the calibration
curve will be contrasted with the XRD quantifications
performed.

RESULTS AND DISCUSSION

XRD analysis of
the as received nanopowders

The as received commercial nano powders diffrac-
tion patterns are shown in Figure 2, the top right inset
presents the detail (in the region between 27 and 33°
(26)) of the overlapped patterns. As expected, the
mygo-ty sample only presents the m-ZrO, peaks. On the
other hand the m-t,,, sample presents the #-ZrO, as the
principal phase which is accompanied by the m-ZrO,
peaks in a smaller proportion. Particularly in the inset
the (111) and (-111) peaks for the monoclinic (72,y-f)
phase and the (101) for the tetragonal (m-t,oy) phase can
be observed for both nanopowders

It is clearly seen that while the monoclinic Zirconia
(mygo-ty) present only peaks of the monoclinic phase,
mo-t,0o presents both the peaks corresponding to the
tetragonal and monoclinic phases.

Commercial PSZ (m-t,y,) present also monoclinic
peak because is partially stabilized. In fact, after the
Rietveld quantification it was found that the amount of
m-Zr0, is 32 % of the total zirconia. Over 1170°C these
amount of monoclinic phase will transform in totally

tetragonal Zirconia, but the monoclinic can be previously
chemically stabilized (during a thermal treatment) in the
presence of cations, by the cation migration, if there
is diffusion pathways available like in activated or not
fully crystalline phases, this kind of transformation do
not present the mentioned endothermic peak and is not
reversible [44-45].

— Mooy E(101)

— Mg-tioo

m-(-111)
111

&

N

T T T T T T T T
27 28 29 30 31 32 33

T T T T T T T T T T T T T
0 20 30 40 50 60 70 8

26 (°)
Figure 2. Diffraction patterns of the studied commercials na-
nopowders (m,y-t, pure monoclinic Zirconia and miy-t,yy PSZ).

Intensity (a.u.)

1 0

Differential thermal analysis (DTA)

Differential Thermal Analysis was performed in
order to observe the reversible martensitic transformation
of m-ZrO, to t-ZrO, Figure 3 shows the DTA curves
of the as received MZ and PSZ Zirconia (m,y-t,) and
(my-t;40) in a reversible heating cycle up to 1350°C.

The martensitic m to t transformation can be easily
observed in the first powder, the endothermic negative
peak beginnings at 1173°C, presents the critical point at

Heating

— Motpo

>1 T Cooling
2 Phaiill N
% | Heating
T T T T
900 1000 1100 1200 1300

Temperature (°C)

Figure 3. Differential thermal analysis: Reversible chart of the
nanopowder MZ and PSZ.
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1208°C and ends at 1236°C. The cooling curve present
an exothermic peak, corresponding to the inverse trans-
formation beginning at 1025°C, a maximum at 1000°C
and ends at 963°C. The value of 1173°C for the mono-
clinic to tetragonal transformation is in concordant with
literature as well 963°C [7].

On the other hand no evident peaks can be observed
in the PSZ, this was unexpected due to the not negligible
amount of m-ZrO, that was evaluated in this powder
(28 wt. %) evidencing chemical stabilization.

XRD analysis of the zirconia nano
powders mixed polymorphs

Figure 4 shows the XRD patterns of the series of
prepared samples. Samples were vertically translated
for better observation. In the top right inset the detail of
the overlapped patterns can be observed in the G-N and
Toroya zone.

Intensity

A Rietveld refinement was performed for the series
of patterns. The results of the refinement can be observed
in Table 2. The adequate goodness of the performed
refinements arises from the Rwp values, it is important
to keep in mind that the profiles obtained are typical of
the zirconia nanopowders, in terms of peak width and
intensities. The accuracy of the cell parameters would
be affected by this fact. The results of the Rietveld based
phase quantification is shown in Table 3. Afterward from
the respective peak intensities (numerical integral), the
two semi-empirical described methods were carried out;
the results are shown in Table 3 as well.

Table 3 shows the estimated values of m-ZrO,
content by G-N and Toroya methods and the Rietveld
refinement method. Assuming that the Rietveld results
is the true one, the accuracy of the Toroya method is
remarkable the observed differences are neglect able,
on the other hand the results of the classical and more
simple G-N method underestimates the amount of
monoclinic phase (over estimates the amount of the
tetragonal proportion) in the phase quantification in these
nanopowders. The observed errors are in some case over
10% in relative basis. In conclusion the G-N method is
only recommendable for a rapid quantification.

2 Table 3. Results the semi-empirical quantifications (Garvie
% Nicholson and Toraya) and Rietveld based quantification.
E Garvie-Nicholson Toraya Rietveld
Samples  m-ZrO, t-ZrO, m-ZrO, t-ZrO, m-ZrO, t-ZrO,
my0-to 100 0 100 0 100 0
Mgg-tro 80 20 84 16 840 16.0
. . . : \ : Meg-tag 64 36 70 30 704 29.6
10 20 30 40 50 60 70 80  Maoleo 52 43 58 42 584  41.6
26 (%) Myg-teo 40 60 46 54 458 542
Figure 4. XRD patterns of the samples -ty to m99-t,. Mol100 28 72 33 67 327 613
Table 2. Rietveld refinement results.
ICSD a Error b Error c Error a Error B Error g Error Rwp
MZ 26488 5.1690 - 5.232 - 5.341 - 90 - 9925 - 920 - -
PSZ 62994 3.6055 - 3.606 - 5.18 - 90 - 90 - 920 - -
Sample Phase
) 5.1570  0.0040 52040 0.0009 5.3140 0.0008 90 0 98910 0009 90 0 11.4
(000 3.6070  0.0010 3.6070 0.0010 5.1660 0.0004 90 0  90.000 0 9 0 -
. m  5.1490  0.0030 52071 0.0008 53081 0.0007 90 0 99.056 0.008 90 0 122
207ls0 { 3.6080  0.0010 3.6080 0.0010 5.1670 0.0004 90 0  90.000 0 9 0 -
- m  5.1460  0.0030 5.2077 0.0006 5.3080 0.0006 90 0 99.129 0.007 90 0 13.7
407760 ¢ 3.6080 0.0010 3.6080 0.0010 5.1684 0.0005 90 0  90.000 0 9 0 -
. m  5.1450  0.0030 5.2090 0.0006 5.3090 0.0006 90 0 99.164 0.006 90 0 159
Me07t40 t 3.6090 0.0020 3.6090 0.0020 5.1691 0.0007 90 0  90.000 0 90 0 -
_— m  5.1447  0.0005 5.2086 0.0006 5.3093 0.0006 90 0 99.194 0.005 90 0 187
807720 t  3.6108 0.0006 3.6108 0.0006 5.171  0.0010 90 0  90.000 0 9 0 -
Mmooty  m 5.1460  0.0030 5.2103 0.0006 5.3106 0.0006 90 0 99214 0.007 90 0 232
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Differential thermal analysis (DTA) of
the zirconia nanopowders and mixtures

Figure 5 shows the DTA peak for the six studied
samples and Table 4 shows the properties of mentioned
peaks together with the gaussean fitting results. From
these, the gaussean shape is evident and the gradual area
increase. The position, width and FWHM of the peaks
are similar to the once reported in literature [7]. The
small differences in the initial temperature observed are
attributed to the low amount of m-ZrO,.

A remarkable result is the absence of endothermic
peak in the PSZ nanopowder (m-t,oy). This fact might
be explained by the chemical, cation based stabilization
of the former m-ZrO, into ¢-ZrO, before this temperature
range. The powder presents nanocrystalline structure and
certain amount of Ytrium oxide. In order to eluci-date this
issue, an XRD analysis of a thermally treated (1350°C)
sample, of MZ (mg-t,y), Was carried out. No m-ZrO,
peaks were detected, the only crystalline manifestations
corresponded to the #-ZrO,, sustaining that the Badelleyite
was irreversibly stabilized during the thermal processes.

Employing the Rietveld quantification results and
the Peak integral (graphical) area the calibration curve
can be easily constructed. This is shown in Figure 6
in solid red. The results of the linear fit are shown as
well. The linear behavior is evident. The residual values

DTA (uV)

-10 T T
1200 1250
Temperature (°C)

Figure 5. DTA curves detail in the 1100-1300°C range in the
heating semi cycle of the studied zirconia commercial Nano
powders.

T
1150

were in all the cases below 2 % showing the accuracy
of employing the calibration curve in the complete con-
centration range. On the other hand if no calibration curve
is build and the proportionality with the pure m-ZrO,, is
assumed, a great underestimation would be the result;
especially at low m-ZrO, concentration as it can be
observed in the difference between the red line and the
dashed line, this methodology should be discarded.

100
m.ZrO, = 34.5 — 0.245 x P
R2 = 0.994
80
£ 60
=
o}
c
[e]
S 40 -
Q N n
N N
E \\\
20 -
M.ZrO, = -0.266 x P
0 T T T T T T T T T T T >
300  -250 200 -150  -100  -50 0

P: m-t ZrO, DTA Peak area

Figure 6. Calibration curve build with the endothermic m-¢
zirconia transformation peak and the XRD-Rietveld quantifi-
cation of the m-ZrO,.

Comparison of the different
studied methods

In order to compare the studied techniques in Figu-
re 7 the results of the XRD semi-empirical and the two
DTA approaches (Zi) are plotted as a function of the
Rietveld refinement m-ZrO, quantification results (Zr).
The full black line corresponds to the line with slope one,
the difference between Zi and Zr is plotted in the left
inset of Figure 7.

The accuracy can be compared from this plot; the
accuracy of the DTA method with calibration curve is
comparable to the excellent behavior of Toraya method:
a semi empirical method function of the principal
diffraction peaks of m and t polymorphs, differences. The
Garvie Nicholson method, also semi empirical but with

Table 4. Peak properties and Gaussean fit results of the m-t endothermic DTA peak.

Temperature (°C

Mixture _ Peak _ p ' ure (°C) : Gaqssean peak FWHM Gaussean ﬁg

integral Initial Maximum Final integral goodness R
migo-to -266.1 1173 1208 1236 -268.37 28.24 0.998
Mgyt -211.2 1175 1207 1235 -217.07 28.50 0.997
Meo-t40 -153.3 1173 1207 1235 -155.15 28.48 0.997
Myg-tgo -94.6 1173 1206 1234 -96.40 27.12 0.996
Moyt -37.8 1180 1204 1233 -37.32 25.46 0.994
Mo-t100 not observed 1200-1210 not fitted not fitted not fitted
Ceramics — Silikaty 59 (4) 318-325 (2015) 323
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—m— Garvie-Nicholson

—e— Toraya

—w— DTA with calibration curve
—a— DTA without calibration curve

100

80

60

Zi

40

20

0 20 40 60 80
Zr
a)

100

—m— Garvie-Nicholson

—e— Toraya
10 —w— DTA with calibration curve -
—a&— DTA without calibration curve
3 SR b SRR ST S
M a
" u [ |
-10 4
N A
&
-20
A
-30
A A
-40 T T T T T T T T
0 20 40 60 80 100
Zr
b)

Figure 1. a) Monoclinic zirconia content (studied methods (Zi)) as a function of the zirconia evaluated by the Rietveld method
(Zr); b) Differences between methods (Zi-Zr) as a function of the zirconia content (Zr).

a direct relation within the diffraction peaks, presents
rough accuracy, in relative basis the error is in some
cases over 10 %. However this could be recommended
for rough quantification in the m-t ZrO, nano-powder
systems.

Finally from the carried out analysis it can be
concluded that the DTA analysis cannot be employed
assuming a direct proportionality with the pure m-ZrO,
peak area without a calibration curve this approach
introduced up to = 35 % of error. However if a simple
calibration curve is constructed with the intensities of
the endothermic monoclinic to tetragonal DTA peak an
excellent accuracy is achieved.

CONCLUSIONS

The monoclinic and tetragonal phases are widely
used as reinforcement of materials by martensitic
transformation or microcraks formation. For these it is
important to be able to measure adequately the phases
content in complex mixtures with available technique as
X-ray diffraction (XRD) and differential thermic analysis
(DTA).

The aim of this study was to use and compare
different techniques for Zirconia phase quantifications
using XRD and DTA. Different monoclinic and tetra-
gonal Zirconia mixtures prepared with commercial nano-
podwers were characterized measuring morphology and
particle size by SEM, and phase transformations with
differential thermal analysis (DTA). Also the phases
quantification was followed by DTA analysis and using
three different XRD methods: Toraya, Garvie-Nicholson
(G-N), and Rietveld refinement method.

The semi-empirical method of Garvie-Nicholson
showed to by only suitable for quick phase comparison,
on the other hand the Toraya methodology, also
empirical, obtained excellent correspondence with the
Rietveld based quantification.

Finally the methodology based in the thermal
behavior (DTA) of the nanopowders mixture was only
adequately accurate when a previous calibration curve
was constructed with well-known mixtures, the direct
m-t exothermic peak integral usage is not recommended,
especially for low monoclinic content mixtures.
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