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Abstract

In this work nanoscale features that are of importance in the stability of yttria-stabilized
tetragonal zirconia (Y-TZP) are quantified through atom probe tomography. In-depth analysis of
grain boundary chemistry revealed preferential segregation of lighter and smaller ions towards
specific grain boundaries. The relationship between elemental segregation and the local atomistic
structure is investigated at the sub-nanometer level to gain insights on nanoscale features
associated with the tetragonal-monoclinic phase transformation in Y-TZP through grain
boundary characterization. Principal component analysis was implemented to reveal any
potential biases from varied field evaporation across stabilizer-rich grain boundaries. The
observed variations in ion density across different grains suggested a variation in field which was
attributed to potential variations in grain crystal orientation. In order to reveal the subtle
depletion of oxygen atoms within grain boundaries a new methodology to map oxygen vacancies

is proposed, utilizing the relative neighborhood chemistry of individual yttrium atoms.
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The yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) system has been referred to as
“ceramic steel” due to its high mechanical strength (>1 GPa) and excellent fracture toughness (4-
6 MPa*m!”?) [1, 2]. Despite this claim, there are still limitations in the long-term strength and
mechanical stability of Y-TZP following the tetragonal to monoclinic (t-m) phase transformation
[3]. The t-m phase transformation is associated with a 3-4% volume expansion, which induces
compressive strains that initially work to inhibit further crack propagation [4-7]. Ageing-induced
t-m transformation has previously been investigated in relation to processing parameters such as
the sintering temperature, grain size, and stabilizer content [8, 9]. However, there is a need for
additional detailed analysis that incorporates the insights from nanoscale chemistry, to link
processing parameters with microstructural features associated with the t-m transformation.
Grain boundaries (GBs) are believed to be the nucleation site for the t-m transformation and the
path for transformation to propagate during degradation [10, 11]. Reducing the average grain
size in Y-TZP is often associated with improved stability; however, smaller grains result in more
potential GBs, which is kinetically favorable for phase transformation [12]. Previous studies
have incorporated varying dopant systems, such as alumina (Al>O3), to engineer GBs to improve
ageing resistance without reducing the resistance to crack propagation in Y-TZP [13, 14].
Experimental reports have shown segregation of stabilizer, dopant, and impurity species towards
GBs in Y-TZP [15-21]. The substitution of yttria into the zirconia sublattice introduces one
oxygen vacancy (Vo) for every pair of yttrium (Y) ions [17, 22]. The annihilation of Vos is
widely accepted as the major mechanism of the ageing-induced t-m transformation [17, 23-26],
however, current methods for quantifying Vos rely on indirect measurements of ionic
conductivity or photoluminescence bands [17, 27]. Space charge theory predicts that the GB

core is positively charged with adjacent Vo-depleted space-charge layers approximately 2.5 nm
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thick [1, 17, 28, 29]. Recently, direct experimental characterization of relative O concentration
across GBs indicated a depletion of Vos near the GB cores [30]. Contradictory findings from
theoretical and experimental results demonstrate that there is a need for verification of O
distribution relative to GBs [30-33]. Despite the previous effort to understand the t-m
transformation, direct experimental evidence of quantitative local chemistry, associated defects,
and defect complexes that cause the phase transformation is missing. In the current work,
characteristics of grains and GBs are reported at the micro- and nano-scale levels using scanning
transmission electron microscopy (STEM) and atom probe tomography (APT), respectively.
Further, a new methodology for mapping Vos is presented to reveal the subtle depletion of
oxygen atoms within GBs. The in-depth analysis reported here provides necessary insights on the
atomic-level relations between features associated with phase transformation in Y-TZP (GBs and

Vos).

The test structure is a commercially available tetragonal zirconia (IPS e.max ZirCAD LT, Ivoclar
Vivadent), with 3 mol.% yttria stabilizer (3Y-TZP). STEM provided the micrometer-level
investigation, including high resolution imaging for grain size distribution. APT facilitated the
nanometer-level investigation of GBs, including stabilizer segregation and mapping of Vos.
Principal component analysis (PCA) was implemented to reveal any potential biases from varied
field evaporation across stabilizer-rich GBs [34, 35]. Additionally, PCA scores are visually
represented within the region of interest to demonstrate the variation in features associated with
field evaporation. This revealed the potential influence of grain orientation, grain boundaries,
and elemental segregation on relative field evaporation. Further details on the experimental

methods are included in the Supplementary documentation.
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The grain size defines the microstructure and provides insights relating to the overall stability
[12]. STEM images were used to obtain the distribution of grain size and microstructural
chemistry. The approximate areas for grains were obtained from multiple regions of the 3Y-TZP
sample using the Materials Image Processing and Automated Reconstruction (MIPAR) software.
A representative region of grains is shown in Figure 1(a) with its corresponding color-coded
grain size map in Figure 1(b). The distribution of grain size taken from 5 different images is
reported in Figure 1(c). The average grain area was 0.09 um?, corresponding to an average
diameter of 0.31 um. Next, STEM with energy dispersive X-ray (EDX) spectroscopy and high-
angle annular dark-field (HAADF) images were acquired along a single GB in Figure 1(d),
revealing a decrease in Zr and an increase in O from Grain A towards Grain B in Figure 1(e).
This suggests potential variation in chemistry between different grains within 3Y-TZP.
Additionally, increased concentrations of Y and Al observed at the GB indicate segregation of

stabilizer content and impurities towards the GB.

To investigate the variations in local chemistry between grains and GBs, APT was employed for
its sub-nanometer level elemental characterization. For improved statistical significance, data
from two APT sample tips are included in the following analysis (from here on referred to as S1
and S2). A scanning electron microscopy (SEM) image of the 3Y-TZP GBs is included in
Figure 2(a) to demonstrate the region of a triple junction used for S1 and a GB edge used for S2.
The three-dimensional (3D) atom maps acquired through APT are shown in Figure 2(b), where
each orange point represents a single Y atom. The dark orange volumes correspond to Y-rich
GBs, which were generated using the CAMECA, Inc. Integrated Visualization Analysis
Software. The major GBs are labeled in Figure 2(b) for S1 and S2. The corresponding mass

spectrum from APT, shown in Figure 2(c), revealed unintentional impurities, including
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aluminum (Al), silicon (Si), and hafnium oxide (HfO). The presence of Hf impurities in zirconia
is unavoidable, as zirconium itself is always found with 1-3 wt.% Hf [36]. The level of Al
observed (0.05 at.%) is at trace levels and is expected in the commercial 3Y-TZP. To investigate
the 3D distribution of Al relevant to GBs, one-dimensional concentration profiles (1IDCPs) were
taken along cylindrical volumes (diameter = 15 nm) perpendicular to each GB. As demonstrated
by the 1DCPs in Figure 2(d), SI-GB1 has increased Al within the core of the Y-rich GB;
however, S1-GB4 does not demonstrate any segregation of Al. In addition to the chemical
variation between GBs, the GB profiles demonstrate varied thickness, indicated by the full width

at half maximum (FWHM) values in Figure 2(d).

To distinguish between GB characteristics and any potential artifacts, PCA was performed on a
set of variables associated with field evaporation. Y-TZP is an inhomogeneous crystal ceramic
with known complex features, such as GBs, which can demonstrate varied composition,
thickness, and orientation. These variations can modify the field evaporation during APT
acquisition leading to uncertainty in the resulting structure-chemistry analysis [37]. Parameters
chosen for the APT acquisition were optimized; however, given the known complex features
within the inhomogeneous Y-TZP ceramic, some variation is unavoidable. Implementing PCA
allows for dimensionality reduction of the atomic-level dataset and provides an indication of
each input feature’s contribution to variability, thereby revealing potential correlations, biases,
and relevant features [38, 39]. The region of interest selected for PCA was a 50 x 50 x 5 nm’
volume, capturing the triple junction in S1. The input features are listed and defined in Table 1
along with the results of PCA. The feature associated with the greatest contribution to variability
was AP, with 63.2%. The next highest contribution was 18.9% from like-NN, but this is

attributed to the segregation of elements at the GBs. The contribution from RSS can be
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disregarded as it is only a function of position. The remaining features, TOF and Vpc had

minimal contribution to the variability.

To define the extent of potential bias, the spatial variation of these features was investigated. The
region of interest (ROI) used for PCA is shown in Figure 3(a), with all Y and Al atoms
displayed. The density of total detected ions was collected from 2 x 2 x 5 nm? voxels within the
ROI and plotted in Figure 3(b), where the highest density zones are red and the lowest density
zones are blue. The scores (values projected into eigenspace) from PC1 and PC2 are plotted in
Figures 3(c) and 3(d), respectively. The mapping of the density of ions in Figure 3(b) indicates
that the GBs have a higher density of ions, but also suggests that Grain C has a lower density of
ions than Grain A and Grain B. The observed variation in density does not align with the bias
associated with the laser-heated side of the sample. The reduced density of ions in Grain C could
be due to a variation in field evaporation associated with a change in grain orientation, relative to
the neighboring grains [37]. This inhomogeneity is somewhat unavoidable, considering the
polycrystalline nature of Y-TZP, however, this variation in density did not hinder the elemental
quantification within the observed grains or GBs in the dataset. PCI1, corresponding to AP,
demonstrated the highest contribution to variability; however, the distribution relative to the
triple junction grains is homogeneous in Figure 3(c). This suggests that the variability in AP
detected by PCA was not a result of physics but is rather corresponding to noise. The scores from
PC2, corresponding to the like-NN distance in Figure 3(d) demonstrated an inverse relationship
with the density of ions from Figure 3(b). This is somewhat intuitive, as regions with a lower
density of ions will have larger separation distances between events, thereby resulting in larger
values for like-NN. These findings helped elucidate inhomogeneities in the material, to allow for

accurate quantification of the grains and GBs.
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After verifying that the changes in field evaporation were minimal and did not bias the observed
segregation to GBs, the GB characterization was carried out confidently. Characteristics for the
six major GBs from S1 and S2 are tabulated in Table 2, including elemental composition and GB
thickness. Within GBs the Zr at.% reduces while the Y at.% increases, indicating increased
substitution of Y3* for Zr**. As shown in Table 2, GBs with higher Y concentration (4-5 at.%)
demonstrate a tendency towards greater thickness (7-11 nm) compared to the other Y-rich GBs.
S1-GB1 and S2-GB2 demonstrated preferential segregation of Al and Si. Interestingly, the GBs
with Al and Si segregation have less Y and are thinner than the other Y-rich GBs, suggesting an
interrelation between the chemical and physical properties of GBs. Compared to the bulk

composition of samples, the concentration of O and Hf within GBs appears similar.

To better understand the 3D distribution of elements relative to the GBs, 2D concentration
profiles were taken in three planes around the GBs. In Figure 4, two GBs were selected for
comparison, an Al-rich S1-GB1 in Figure 4(a) and an Y-rich S1-GB4 in Figure 4(b). S1-GB1 in
Figure 4(a) demonstrates the segregation of Al and Si to the Y-rich GB in the xy-plane, but not
the GB perpendicular to it (GB 2). There is also no indication of Al or Si segregation shown in
Figure 4(b) for S1-GB4. The observed preferential segregation in SI-GB1 could be a result of
lighter and smaller ions like Al and Si diffusing interstitially, compared to the slower process of
Y?3* substituting Zr** [40]. Previous investigations on high-temperature plastic deformation in Y-
TZP confirmed that Zr and Y are the slowest moving species [41, 42]. Additionally, the diffusion
mechanism of Al** within the GB diffusion is much slower than within the bulk grain [43]. Both
diffusion routes will result in strengthened GBs since the segregated ions will form strong bonds

with the Vos [17, 28]. Strong GBs were previously exemplified through the predominant
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occurrence of transgranular fracture (as opposed to intergranular fracture) at the surface of

alumina-doped (0.05 and 0.25 wt%) 3Y-TZP [17].

The segregation of yttria to GBs and the positive charge of the GB core suggest that the GB has
an enhanced concentration of Vos [28]. Here, the atomic concentration of O is utilized as a direct
measure of Vos, indicated by depletion of O [44]. In Figure 4, the Y-rich GBs have been outlined
in magenta to aid the visualization of potential O depletion. Ionic concentration profiles indicated
a decrease in '°0 and ZrO at the GBs. The depletion of overall (decomposed) O content at the
GBs is not significantly visible in Figure 4 and may be too subtle to observe in this manner.
Here, a new methodology is proposed for mapping Vos in which a pseudo-coordination number
(p-CN) is defined for each Y atom. The coordination number refers to the number of atoms,
molecules, or ions bonded to the central atom. The unit cell of yttria has a cubic structure with
one Y atom in the center and 8 corners including 6 O atoms and 2 vacancies. The methodology is
schematically shown in Figure 5a, where 8 nearest neighbors of the central Y atom are indicated
with arrows. The p-CN defined here will rely on APT data which does not detect 100% of the
atoms from the original structure. For this reason, p-CN is a relative measure for regions of likely
O-depletion. In Figure 5b, the ROI captures the same triple junction area (XZ plane) as Figure 3,
but with a thicker y-dimension (8 nm). Here, each point is a Y atom, and the color is an
indication of how many of its nearest neighbors contain O. The right-most image in Figure 5b
provides a close-up of the boxed region at the triple junction where several O-depleted Y atoms
are observed. Colors corresponding to fewer O neighbors (red, magenta, and green) are likely
zones for Vos. There is a clear trend in O-depletion within the GBs that was previously more
difficult to detect via composition profiles. The composition profile, which relies on an average

taken perpendicular to the GB, could be influenced by the of Vos within the space-charge layer
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of the GB, which is typically one-half of the thickness of the GB core [28]. Figure 5b also
suggests that there is more depletion of O within Al-rich GB1 than the Y-rich GB2. Due to the
trivalent nature of Al, there may be a higher concentration of Vos accommodated at the interface
of alumina and zirconia than within the grain [45, 46], which is associated with improved

stability of the t phase [46].

In this work, the relationship between elemental segregation and the local atomistic structure was
directly shown through 3D compositional analysis at the sub-nanometer level, providing insights
on features associated with the t-m transformation and subsequent ageing in Y-TZP. PCA was
implemented to reveal potential biases from varied field evaporation across the inhomogeneous
ceramic structure. An in-depth analysis of GB chemistry revealed preferential segregation of
light element impurities to specific GBs. The subtle depletion of O atoms within GBs was not
significantly visible in standard composition profiles. Here a new methodology to map Vos was
implemented, utilizing the relative neighborhood chemistry of individual Y atoms. This work
establishes the foundation for understanding atomic scale interaction between GB and chemical
species that plays a significant role in material degradation and can be employed to comprehend

t-m transformation mechanisms.
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Figure 1: (a) LAADF image of grains from a representative region and its corresponding (b)
grain size map. (c) Distribution of grain diameters from five different images. (d) EDX with

atomic-resolution HAADF image of a single GB with corresponding (e) composition profile.
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Figure 2: (a) SEM image of GB regions, (b) 3D atom maps of Y in S1 and S2 with iso-surfaces

capturing GBs with more than 1.9 at.% Y. (c¢) Mass spectra for 3Y-TZP. (d) 1-D line profiles

taken perpendicular to GB 1 (upper) and GB 4 (lower) from S1 with full-width half-maxima

values indicated. Cylinders for the line profiles had cross-sections with 15 nm diameters.
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Figure 3: (a) 50 x 50 x 5 nm?® ROI used for PCA, with all Y and Al atoms displayed, where the
upper Al-rich GB and the lower Y-rich GB form a triple junction of three neighboring grains:

Grain A, B, and C. (b) Density of detected ions within the ROI and PC scores corresponding to

(c) AP and (d) like-NN features.
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Figure 4: Three planes of 2D concentration profiles for light elements (O, Al, and Si) and heavy

elements (Zr, Y, and Hf) within (a) GB 1 and (b) GB 4 from S1. Y-rich GBs in the xy and xz

planes are outlined in magenta.
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Figure 5: (a) Schematic of the pseudo-coordination number method applied to yttria-stabilized
tetragonal zirconia. Arrows indicate the distances from an Y atom to its eight nearest neighbors.
(b) Mapping of likely Vos within the 50 x 50 x 5 nm?® ROIL. Each point is an Y atom. The color of
the atom indicates the number of neighboring atoms that contain O. The cropped image (right)

provides a close-up of the triple junction contained in the boxed region.
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Tables

Table 1. Principal Component (PC) contribution to variability and corresponding feature.

Component  Contribution to Feature Feature Definition
variability (%)

PCl1 63.2 AP Number of pulser firings since the last recorded
ion event.

PC2 18.9 Like-NN Average distance to the first 8 nearest
neighbors of the same species.

PC3 13.0 RSS Root sum squared of the Xpetector and Y Detector
position.

PC4 5.0 TOF Time-of-flight

PC5 0.02 Vbc DC voltage

Table 2. Grain Boundary (GB) composition and thickness characterization.

Samples Sample 1 Sample 2
Regions Bulk GB1 GB2 GB3 GB4 Bulk GB1 GB2
Oat% 708 704 70.2 71.7 712 706 697 699
Composition 10 00 005 1.5 0.1 0.0 0.0 004 01 05
Light Ions
Siat% 002 04 0.0 0.0 0.0 002 00 0.1
Zrat% 275 @ 24.1 24.4 23.8 25.4 277 254 273
Composition v . 3 33 5.0 4.2 3.1 14 46 1.9
Heavy Ions
Hfat.% 0.3 0.3 0.3 0.3 0.3 03 02 03
Thickness (nm) ; 4.8 9.3 7.0 8.3 - 11.0 7.6
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