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Compressive strain-dependent bending strength property of Al,03—ZrO; (1.5
mol% Y,03) composites performance by HIP

A. Reyes-Rojas, H. Esparza-Ponce, S.D. De la Torre, E. Torres-Moye

Abstract

Nanometric powders and sintered ceramics of Al2O3—ZrO2 (1.5 mol% Y203)
prepared by hot isostatic pressing HIP have been studied. A detailed crystallographic
study has been performed throughX-ray diffraction, Williamson—Hall method, Rietveld
method and high-resolution electron microscopy HREM analysis.

The crystallographic structure data, such as domain size, lattice parameters, wt%
phase, and microstrain direction have been obtained using Rietveld refinement and
Williamson—Hall methods. The results revealed that the compressive strain ()
increased from0.56 to 1.18 (107%) as the t-ZrO; content increased too.

The HREM interface study conducted along the [0 0 0 1]Al>O3||[0 0 1]ZrO2 zone
axis revealed a micro-strain lattice distortion accumulated at the grain boundary due to
the ZrO2 martensitic phase transformation on cooling, t-ZrO2 grains coalescence and to
the grain growth of a-Al,O3z which cause elongated tetragonal crystals. Micro-strain
lattice distortion is adjusted by the shear displacements of the planes (11 0) and (11 0)
along [1 1 0] and [1 1 0] crystallographic directions, respectively; these planes are
arrested by the (1 01 0) alumina plane. In this case, semi-coherent interfaceswere
observed along the grain boundary. It is verified that the bending strength increased in
connection with the strain accumulation and amount of tetragonal structure.

Keywords: ZrO,-AloO3 ceramics, Williamson-Hall, TEM, Rietveld analysis, Micro-

strain.
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Introduction

Zirconia-toughened alumina (ZTA) ceramics have been studied by other authors
because it is high hardness, strength, toughness and chemical stability due to it is
perfect in vivo chemical behavior [1-3]. This Al2O3/ZrO> ceramic is useful as insulator,
refractory, cutting tools, high temperature filtering, biomedical application, etc. [4].

Undoped zirconia exhibits phase transitions from room temperature to high
temperature. At room temperature the phase is monoclinic (m) and is stable up to 1205
°C. The tetragonal phase (t) exists between 1205 -C and 2377 -C, it is stabilized by
doping with suitable cations, e.g. Y**, Sm®*, Mg?*, Ce**, and Ca?*, which randomly
occupy the cation sites of Zr, while charge balance is achieved by an appropriate
number of vacancies at the O sites [5]. However, when it is mixed with alumina the
solubility of Zr#* in Al,Os bulk is very low, and then the Zr atoms can exist only at the
very narrow region of the grain boundary [6]. This phenomenon can change the inter-
phase boundarymatching. Therefore, the inter-phase boundary has been analyzed by
transmission electron microscopy (TEM) and HREM in order to provide more
information about the structural defects closed to inter-phase boundary of the Al,O3—
ZrO2 (1.5 mol% Y203) composites.

The stress-induced transformation-toughening mechanism producedby the
partial-stabilizedzirconia ZrOzis verywell known; and it originates microcracks by the
transformation of particles from tetragonal to monoclinic phase [7]. The toughness of
Al,0O3-ZrO, composites is improved by stress-induced phase transformation and

microcracks toughening of dispersed zirconia. The strength and fracture toughness
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depend mainly ofAl,O3/ZrO; ratio the size of ZrO» grains, micro-strain and relative t-
ZrO2/m-ZrO> content. However, the stress has a direct relation with the strain [8].

During recent years, have appeared some contributions in the literature reporting
results of the strain in Al203/ZrO, ceramics [9-11]. However, the amount of mol% Y203
is higher; therefore the study of Al203—ZrO. composites with 1.5mol% Y20sis very
interesting. In addition, the strain is responsible of large variety of phenomena like
toughness enhancement, slow crack growth and environmental-assisted aging.
However, strain results are obtained principally by X-ray diffraction techniques;
therefore, the preferred orientation phenomenon in tetragonal t-ZrO2 crystals is possible
due to their ferroelastic domain orientation [12]. Other structural defects are present
such as instrumental broadening, dislocations, anti-phase domains, micro-strains and
small crystal sizes, which manifest in the X-ray diffraction pattern by a broadening of the
Bragg peaks. Therefore, to avoid instrumental line-broadening in this work we used a
resolution function for the diffractometer.

In order to elucidate the relation between bending strength, domain size, phase
content, lattice parameter change and strain on Al203—ZrO2 (1.5 mol% Y203)
composites a detailed structural analysis has been attempted using X-ray diffraction,
Williamson—Hall method and Rietveld method. In this work we also examine the
influence of strain orientation (tension or compression) on mechanical behavior.
Materials and methods

Nanometric powders and sintered ceramics Al203—ZrO> (1.5 mol% Y203) with
95-5 wt% and 87-13wt% concentrations which have reached bending strength values
ranging from 700MPa to 1GPa were prepared by TRI-Osaka and details of processing
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have been reported elsewhere [13]. Bending strength increased from 700MPa (normal
bending) to 1GPa. In order to elucidate this increase, the powder samples with 95%
(SA), 87% (SB) of Al,O3 and the ceramics sintering at 1575 -C and 1600 -C were
chosen for this study. A detailed crystallographic study has been performed.

Average of domain size and micro-strain by XRD: The crystal structure of the
sintering samples was studied by XRD in order to understand the increase of bending
strength. Domain size and micro-strain were evaluated through Williamson—Hall and
Rietveld methods.

It is known that in the powder XRD patterns, reflection broadening (FWHM) is
attributed to the contributions of domain size, micro-strain and instrumental broadening
[14]. Crystal size t is inversely proportional to the broadening (FWHM) of reflections
according to the Debye—Scherrer equation [15]. In our case, the contribution to
instrumental broadening was predetermined from the XRD pattern of Al.Oz and
subtracted from the total peak width.

Combining size and micro-strain € [16], the two broadening effects can be
obtained: as size and strain using the simple straight line equation or Williamson—Hall

approach:

0.94 2sinf
mHM:ﬁ:ﬁ:+ﬁ&=rcﬂsg+25(m)

Bcos® 09 +2€(2 sin 6‘)

P
where 3 represents full-width at half-maximum (FWHM) of XRD peaks; A,

wavelength of the X-ray; t, crystal size; €, internal micro-strain and 6, Bragg angle.
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Therefore, if B cos 6/A is plotted versus 2 sin 6/A from Eq. (1), the micro-strain is
obtained from the slope of the line that passes through the points and particle size is
determined from the ordinate intercept [17].

Domain size and micro-strain of the tetragonal phase was calculated from the
study of XRD patterns, trough strongest peaks (101),(002),(112),(103),(202)
and (0 0 4).

Rietveld analysis: Each sample was placed in the X-ray powder diffractometer,
model X‘Pert MPD (Phillips), equippedwith Cu Kl 'monochromatic radiation, and 6—26
geometry, using a 20 angle range from 20- to 110- in step-scanning mode with a step
length of 0.01- and using a step-counting time of 10 s. Structure parameters were
obtained by the Rietveld method with the FULLPROF program [18], and a peak shape
modified Thompson—Cox—Hasting pseudo-Voigt function for the calculated reflection
profile. Reproducibility for (a) background parameters, (b) scale factors, (c) instrumental
effects (zero point and sample off-centering), (d) structural parameters, (e) profile
parameters, (f) domain size parameters, (g) micro-strain parameters and (h) phase
guantification was considered for refinement until the results converged intominimum
values. Instrumental broadenings U, V, andWwere determined from the Rietveld
refinement of an X-ray diffraction pattern of the Al.O3 powder sample (a standard for
guantitative analysis in XRD) [19]. The results were used in the refinement of all
patterns by the incorporation of a new input file containing instrumental resolution
function (IRF). Calculated values were U= 0.009647, V =-0.007718, andW= 0.010112.
The Rietveld method was used to determine unitcell parameters and quantity of phase.
The determination of domain size (or crystal size) and micro-strainswas done
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considering the broadening of the Bragg reflection profile. All data for crystallographic

analysis were obtained from well-known Refs. [20-24].
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Fig. 1. X-ray diffraction patterns for Al;0;-Zr0; (1.5 mol% Y,0,) powders as the
starting materials, where SA represents the sample with 95% of Al;03 and SB 87%
of Al;0s. Inserts (a) and (b) confirm the residue of m-ZrO; phase after HIP sintering
for samples SA and SB, respectively.

Microstructures by TEM and HREM: Microstructures were analyzed by
transmission electron microscopy. Samples were prepared by using standard
techniques of mechanical grinding, dimpling and ion milling. As-received samples were
prepared to obtain disc specimens of 3mm diameter and dimpled on one side with a
Gatan dimpler until the central region was about 5um thick. Final thinning to perforation
was carried out with a Gatan ion-milling machine for their microstructural examination

using a Jeol 4000EX operated at 400 kV with a point resolution of =1.7A. The
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microscope was operated carefully to ensure that grain boundary was parallel to

electron beam during HREM.
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Fig. 2. Williamson-Hall plots for tetragonal crystals of the ZrO; (1.5 mol% Y,03)
solid solution. The straight lines are results of linear fit of data.

Results and discussion

Determination of domain size and micro-strain by XRD: Fig. 1 shows X-ray
diffraction patterns of Al,O3—ZrO2 (1.5 mol% Y203) with 95% (SA) and 87% (SB) of
Al20g. It clearly confirms the formation of Al.Os rhombohedral phase and the ZrO>-1.5
mol% Y203 solid solution which is principally made of cubic and monoclinic structure.
The insert of Fig. 1(a) shows the sample series (SA) HIP sintering at 1575 -C and 1600
°C; in this case, cubic structure changed to tetragonal structure during the sintering
process. This transformation was confirmed as other authors [25,26] by the XRD study
in the region between 72 and 76- (20), where planes (0 0 4)t and (2 2 0)t confirmed the
presence of tetragonal zirconia polycrystals (Y-PSZ) and the absence of (4 0 0). plane

confirmed the total transformation from cubic to tetragonal structure. However, there are

>

7



https://cimav.repositorioinstitucional.mx/jspui/

very small amounts of monoclinic phase at 1600 -C, which is formed through diffusion-
less transformation from the high temperature tetragonal phase during cooling [27]. The
other insert on the right side of Fig. 1(b) shows sample series (SB) sintering at same
temperatures; there is similar behavior as in the samples of series (SA), however, when
the amount of ZrO.—5 mol% Y203 solid solution increases, the residual monoclinic
phase increases too.

Addition of the ZrO>—5 mol%Y .03 solid solution intoAl.O3 polycrystals affects
grain growth [28] and increases micro-strain in the tetragonal structure.

Williamson—Hall(WH)measurements showed the separation of individual
contributions of size and strain for sample series SA and SB. Fig. 2 shows WH plots
where 3 cos 6/A is plotted against 2 sin 6/A for ceramics with 95% (SA) and 87%(SB) of
Al203 sintering at 1575 -C and 1600 -C. For all cases, 3 cos 6/A shows a linear 2 sin 8/A
dependence and negative slopes, which indicate the presence of effective compressive
micro-strain in tetragonal crystal lattices [29]. This can be caused by alumina crystals
growth, which is inhibited during HIP sintering process by tetragonal crystals of the
ZrO>—1.5 mol% Y>03 solid solution [30].

The study of crystallographic behavior of the (101),(002),(112),(103),(20
2) and (0 0 4) planes in the Williamson—Hall plots indicated that domain shape is
anisotropic, so the lines are connected by two orders of plane families. The (1 0 1) and
(2 0 2) crystallographic planes show a considerable slope, which indicate strong lattice
distortion in the {101} plane family along [1 1 O] crystallographic direction. A similar
behavior was obtained for (0 0 2) and (0 0 4) crystallographic planes indicating strong
lattice distortion in the {001} plane family along [0 O 1] crystallographic direction.
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Fig. 3. Example of the experimental and calculated XRD pattern by the Rietveld method for Al;03-Zr0; (1.5 mol% Y30z ) ceramics HIP sintered at 1600°C, where (a) 95%
Al;07 and (b) 87% Al;0s. It shows an amplification of the region between 28 and 32°. Planes (111), and (11 1)y, confirm the presence of the monoclinic phase.

Domain size (t) and micro-strain (€) values obtained from intercept and WH slope
plots are shownin Fig. 2 insert. It is observed that t does not change considerably,
however, ¢ increased from—0.56 to —=1.18 (107%) by a considerable amount of tetragonal

crystals in the ZrO>—1.5 mol% Y203 solid solution. This could be due, first to a slight
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tetragonal distortion [31] and, second, to the difference in the elastic module that exists
between the plane family {001} and {101} of tetragonal crystals.

Rietveld, size and micro-strain analysis: Results with the Rietveld method for the
Al,03-ZrO> (1.5 mol% Y203) sample series SA and SBwere obtained using the space
group Fm3m for the cubic phase, P42/nmc for the tetragonal phase, P21/c for monoclinic
phase and R3c for hexagonal phase [32]. As anexample, Fig. 3 shows the final
ceramics fitting with 5% ZrO2 (1.5 mol%Y203) (a) and 13% ZrO2 (1.5 mol% Y203) (b).
The experimental profile is indicated by (+), then calculated by () and the difference
plot between the observed and calculated intensities is shown in each case. All the
samples showed similar behavior. In these figures, an acceptable adjustment for the
differences between the observed and calculated profile intensities was registered. In
the insert of Fig. 3(a) and (b) an amplification of the region between 28- and 32- is
presented. Here, crystallographic planes (111)m and (111)m confirm the presence of the
ZrO2 (1.5 mol% Y203) monoclinic phase, whereas plane (1 1 0); indicates the presence
of ZrO2 (1.5 mol% Y20s3) tetragonal phase.

As observed in Fig. 3, almost flat differences were obtained between observed
and calculated profile intensities. Adjustment degree for fitting patterns was from 5 to 9
(Rwp) [33].

The results of Rietveld refinements are given in Table 1. Crystallographic data,
relative phase abundance and micro-strain data are given for each sample. It is evident
from Table 1 that for the as-received samples series A and B that the content (wt%) of
ZrO2 (1.5 mol% Y20s3) solid solution is different as expected. The phase content of
cubic (c-ZrO2) and monoclinic (m-ZrOz) polycrystals of powders (SA) is 3.6% and 2.9%,
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respectively, whereas wt% for the sample (SB)was 6.7% and 6.1%. Coherent domain
size or crystal size of a-Al>Os3 crystal is close to 200 nm and does not change for the
different compositions, whereas for m-ZrO, and c-ZrO- polycrystals, domain size was
around 50nm and remains invariable for different compositions too. These smaller
crystal sizes of ZrO; in Al20Oz matrix benefit the sintering process, by the specific surface
resulting on a dividing force increase for the diffusion process [34]. No remarkable
differences of unit-cell (a, b, c) parameters were found between powder samples (SA)
and (SB).

However, it is evident from Table 1 that after HIP sintering at 1575 -C and 1600
°C the c value for a-Al>O3 crystals decreases slightly when the ZrO2 (1.5 mol% Y>053)
solid solution increases from 5 wt% to 13 wt%, this smaller change in the cell can
induce t-ZrO> micro-strain due to a-Al>O3 crystal relaxation through grain boundary [35].
The cell parameter a, for a-Al.O3 crystals remains unchanged after HIP sintering.
Similar behavior was observed in other works, but in ZrO; crystals Y>Os-free [36]. The
m-ZrO; crystals in both series SA and SB after HIP sintering process increase cell
parameters. These volume expansions have been attributed to the tetragonal to
monoclinic (t—m) ZrO, phase transformation on cooling [37]. Tetragonal polycrystals
after HIP sintering at 1575 -C and 1600 -C show that the cell parameter “c” of both
samples decreases slightly when the t-ZrO2 phase increases to 11.5 wt%. A similar
change is observed for cell parameter “a” of t-ZrO> polycrystals. The phase content of t-
ZrQy increases from 5.5 wt% to 6.35 wt% (SA) when the temperature increased from

1575 -C to 1600 -C and a-Al2O3 content is around 93.4 wt%.
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::‘rili; E;I%I:?fzn:gji;gﬂeamn micrograph of the Al;03-13% ZrO; (1.5 mol% Y;03) composite after HIP sintering at 1600°C. (a) HREM image of a a-Al; 03 grain. (b) HREM

However, when a-Al.Oz content decreases to around 87.1 wt% the t-ZrO:

amount does not change with temperature (SB). The m-ZrO: crystal residue found in

both series SA and SB varies from <0.5 wt% to 1.4wt%.
The coherent domain size after HIP sintering of a-Al2O3 crystals is >1000nm and

around 100 nm for the m-ZrO: crystals (two magnitude orders from the powders).

However, for tetragonal crystals it increases from 175 nm to 289nm and these values

are consistent with WH values. Micro-strain values (1073) are shown in the sametable;

as expectedfromWHresults, the micro-strain increases when the HIP sintering

temperature and the t-ZrO> phase increase too. Micro-strain varies from 0.59 to 1.23

(1073); in this case, the sample with 11.5 wt% of t-ZrO, crystals (SB) and HIP sintering

>
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at 1600 -C showed a micro-strain level slightly smaller than earlier reports with other
concentrations [38].

The results of the Rietveld and Williamson—Hall methods indicated that when the
amount of ZrO2 (1.5 mol% Y203) solid solution increases from 6.5% to 12.8%, bending
strength increases from 700 MPa to 1GPa. These results can be explained by amount
of tetragonal phase in Al203—ZrO> (1.5 mol% Y»03) ceramics and the presence of
compressive micro-strain.

Microstructure and interface study: In order to elucidate the modifications
observed in the Williamson—Hall (WH) and X-ray diffraction measurements, a
morphological analysis according to TEM images was performed. For comparison
effects, the “as-received” starting Al2O3—ZrO2 (1.5 mol% Y203) powders were observed
by means of TEM which showed irregular shape agglomeration of a-Al.Oz particles from

100 nm to 500nm can also be seen surrounded by minute ZrO. particles <100 nm.

Fig. 5. HREM image of an interface between c-Alz203 and t-ZrO: with heavily
twinned structure. The observation was obtained on the [0001]AlLOz]||001]Zr0;

zZone axis.
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Fig. 4 shows an example of transmission electron micrograph of as-sintered (SB)
ceramic. The dark and bright grains are ZrO. and a-Al2Oz grains, respectively. In all
samples sintered at 1575 -C and 1600 -C, ZrO- grains are located at grain boundary a-
Al203 corners [39]. The alumina grain size for all sintered samples ranged from 0.5um
to 1um. Grain sizes of ZrOz (1.5 mol% Y20s3) were smaller than those of a-Al2Oz (in the
range 100—-300 nm). Alumina grains are nearly to equiaxed form, no pores and
dislocations were observed as demonstrated in Fig. 4(a) insert, and there are planes
with absence of dislocations. However, ZrO> grains show some elongated grains due to
grain coalescence and to grain growth of alumina [40]. The elongated grains show
contrast lines which indicate a flow of strains and presence of dislocations, as observed
in the HREM image of Fig. 4(b) insert. It is attributed mainly to strain accumulation from

slip of dislocations to twining.

Fig. 5. HREM image of an interface between a-Alz03 and t-ZrOz with heavily
twinned structure. The observation was obtained on the [0001]Al; 05]|[001]Zr0;
Z0Ne axis.

>
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The TEM study reveals the presence of twining in tetragonal crystals for all HIP
sintering samples (generally when the orientation 0 0 9||00g is fulfilled). There is an
example (SB, 1600 -C) in Fig. 5. This twining on the elementary cell with basis vectors
a1, az and as corresponds to vectors in the [101), [010] and [1 O 1] crystallographic
directions, respectively. The tetragonal unit cell is delineated by thick lines in Fig. 5
insert and twining shear is along —a; direction on the a: xa, crystallographic plane. This
can be explained by the tetragonal distortion between the family of planes {001} and
{101} which are adjusted by plane shear displacements (1 1 0) and (11 0) along [1 1 0]
and [1 1 o] crystallographic directions, respectively. These planes are arrested by the (1
01 0) alumina plane. These observations are consistent with the results obtained by the
WH and Rietveld methods.

Fig. 6 shows a typical HREM image taken with the incident beam parallel to the
[0 0 0 1]Al203][[0 0 1]ZrO2 zone axis, together with the convergent beam electron
diffraction (CBED) pattern. The interface between a twinned ZrO> elongated grain and
an Al,Osz grain is shown. The boundary presents a small-angle with semi-coherent
interface, in which the (1 0 0) ZrO, and the (101 0) Al203 planes make an angle of about

20. There are no lattice deformations along the boundary.
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Fig. 6. HREM image of a semi-coherent a-Al;03/t-Zr0; interface along of the
[D001]Al:0:]/[001]Zr0; zone axis. CBED of the (a) at-Al; 03 and (b) t-Zr0; confirm
the hexagonal and tetragonal symmetry, respectively.

Conclusions

Nanometric powders and sintered ceramics Al203—ZrO: (1.5 mol% Y203) with
95-5 wt% and 87-13wt% concentrations have been evaluated. The relationship
between microstructure and bending strength depends directly of the amount of
tetragonal phase, micro-strain amount and strain orientation.

Crystallographic study indicated that the maximum bending strength it is due to
accumulation of compressive micro-strain. These results can be attributed to displasive
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tetragonal to monoclinic phase transformation on cooling, t-ZrO> grains coalescence
and to a-Al2O3 grain growth, which causes elongated tetragonal crystals.

The results of the Rietveld and Williamson—Hall methods indicated t-ZrO: lattice
distortion in the plane family {101} and {001}, which is presented along [1 1 0] and [0 O
1] crystallographic direction, respectively. Strong lattice distortion was obtained when
the amount of tetragonal phase increased to 11.5% and it is compressive micro-strain
value was around € = 1.2 (1073).

The HREM interface study conducted along [0001] Al>Os3||[0 0 1]ZrO2 zone axis
revealed a flow of strains and presence of dislocations, which cause, micro-strain and
lattice distortion accumulated close to grain boundary. It is attributed mainly to strain
accumulation from dislocation slip to twining.
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