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Surface and grain boundary analysis of doped
zirconia ceramics studied by AES and XPS
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The surface- and grain boundary composition of Y, Ce and Ti doped zirconia were studied by
X-ray Photoelectron Spectroscopy and Auger Electron Spectroscopy/Scanning Auger
Microscopy. The grain boundaries and free surfaces showed the same enrichment levels. After
heat treatment > 1000 °C all yttria doped samples showed yttrium enrichment. In the
Zr0.,-Y,0, system the yttrium enrichment did not depend on the bulk concentration and
amounted 30-34 mol% YO, 5 in all cases. As a consequence the segregation factor increases
with decreasing solute concentration in the bulk. The thickness of the segregation layer was
about 2-4 nm. In the ternary Y doped systems yttrium is the main segregant. In ceria-doped
tetragonal zirconia polycrystals (Ce—TZP) systems significant segregation of cerium starts at
7> 1300°C and is mainly attributed to Ce3*. In Y, Ti-TZP systems also strong segregation of
Ti** occurs. The absolute value of the increase of the surface concentration in fine grained
material is smaller than in coarse grained material. This is mainly due to depletion of the bulk.

1. Introduction and theory

It is widely recognized that the mechanical and elec-
trical properties of ceramics can be influenced to a
large extent by the composition or stability of the
grain boundaries. In solid solutions differences are
often present in chemical composition between the
bulk and grain boundaries or interfaces due to the
presence of impurities which can segregate preferen-
tially to the interfaces. This is of great importance in
ceramic processing because it can control sintering
and grain growth to a large extent [1]. Besides this,
segregation of main components may decrease the
electrical conductivity [2, 3] or influence the thermal
stability of tetragonal zirconia in humid environments
[4].

Today some calculations have been made about
surface coverages {or segregation levels) of various
dopants in ceramic materials like Al,O, and NiO
[5, 6]. However, despite its considerable importance,
few data have been presented of doped zirconia sys-
tems and in particular of tetragonal zirconia.

Several reasons might exist for dopants to segregate
to the interfaces [ 7]. The most important mechanisms
for segregation in doped zirconia materials are (i)
strain energy (relaxation) and; (ii) electrostatic poten-
tial and charge compensation.

(i) strain relaxation
For equilibrium segregation, McLean [8] gave the
following expression:
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with X, and X, the saturation and actual value of the
fractional concentration at the grain boundary, re-
spectively, X, the (fractional) bulk concentration of
the dopant and E; the energy of adsorption. RT has its
usual meaning. The energy of adsorption can obtain
an important contribution from a size mismatch be-
tween atoms (ions) of the solute and the matrix of the
solvent. This contribution is given by

E, - 24I§fgr1r2(r2 — 1) @

7y + 3Kr,

with K and G the bulk and shear modulus of the
matrix, respectively and r; and r, the effective radii of
the solvent and solute atoms. So E, o £2 with € = (r,
— r,}/r, (where ¢ is the misfit value). Especially when
€ > 0.2 this mechanism will become important. For
smaller misfit values and if the segregant cation has a
valency which is different from the bulk (solvent)
cations the formation of charged interfaces becomes
important as an additional driving force for segre-
gation. Equation 1 however applies only to diluted
systems. In a model for concentrated systems [9] the
enrichment ratio B, of the grain boundary is described
by

Xy 1 f
Xbo Xc - Bb B XCo (3)

with X, the fractional saturation solubility in the
bulk and fa constant between 1 and 10. From this it
can be seen that B, increases with decreasing solu-
bility.
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(i1) Electrostatic potential.

Since g, # g_(g+ and g_ are the intrinsic energies of
formation of cation and anion vacancies, respectively)
there will be an excess of the defect with the smaller g-
value at the surface which results in a boundary
charge. Between the interface and bulk a space charge
region exist which is characterized by the Debye

length L,
gy kT 2
L, = | 222 4
d [Bnqznj' @)

with g, the dielectrical constant, g the charge, n the
concentration of charged species at a large distance
from the interface and where k T has its usual meaning.
In insulators: Ly ~ 2-10 nm. In oxides we normally
have an extrinsic situation (impurities) which gives a
relatively large concentration of aliovalent solute ions
compared to the thermally generated concentration of
vacancies.

Estimates of the contribution of the several mech-
anisms in metal oxide ceramics indicate that the strain
relaxation term is the most important one, especially
for specimens treated at high temperatures where
electrostatic contributions may be neglected [7].
Nevertheless, when aliovalent dopants are present and
the misfit is not too big, the space charge contribution
can be considerable. For zirconia ceramics doped with
Y3* and Ti** the misfit is bigger than 0.20 (0.21 and

— 0.28, respectively [10]) whereas the misfit with
Ce** is smaller (0.15). However the misfit of Ce*” is
much bigger (0.36) and moreover there are charge
differences present between Y**, Ce** and Zr**.

From Equation 1 it can be seen that in most cases
the degree of segregation under equilibrium condi-
tions will increase as the temperature is lowered or the
dopant concentration increases. Although, in general,
segregation is a combination of equilibrium and non-
equilibrium segregation Waite [11] showed that equi-
librium conditions can be expected after an annealing
treatment (for several hours) at 1000°C. After the
annealing treatment very fast cooling is required to
freeze this high temperature “equilibrium” situation.

Although segregation to grain boundaries might
differ from that to surfaces, in ceramic materials the
correlation factor between grain boundary and surface
segregation seems to be close to unity [7]. As the
method to analyse grain boundaries is rather time
consuming, in general surface segregation measure-
ments will be used and measurement of grain bound-
aries will only be done incidentally.

In order to find an explanation for observed grain
growth differences in doped zirconia materials [12,
13] the surface and grain boundaries of these mater-
ials were investigated by means of Auger electron
spectroscopy (AES) and X-ray photoelectron spectro-
scopy (XPS).

2. Experimental procedure

2.1. Sample preparation

Zirconia powders with an overall composition
(ZrO3)100-(YOy 5), (code:  ZYX), (ZrOy)i00-y
(CeO,),, (code: ZCeY); (ZrO3)100—x—y
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(YOI.S)x(CeOZ)y! (COde: ZYxcey) and (Zr02)100—x—z
(YO, ), (TiO,),, (code: ZY , Ti,) were prepared by gel-
precipitation starting from metal chlorides or alkoxi-
des [14, 15]. The powders were isostatically pressed at
400 MPa and sintered at temperatures ranging from
1000-1400 °C. Generally, dense samples with a rela-
tive density of more than 95% and a grain size larger
than 0.1 um were obtained.

The following procedure was adapted for all sam-
ples unless stated otherwise. Before the surface ana-
lysis experiments were carried out, the specimens were
polished with 0.3 um Al,O; and ultrasonically
cleaned in ethanol. After this, the specimens were
submitted to a heat treatment 600-1400 °C, quenched
to room temperature and stored in a desiccator. As a
standard, coarse grained and dense rods were pre-
pared which fractured transgranularly under ultra-
high vacuum conditions. In this way surface contam-
ination could be avoided and a fresh surface having
the bulk composition was obtained. In the Y-TZP,
Y,Ce-TZP and Y,Ti-TZP materials intergranular
fracture was obtained when using fine grained ceram-
ics (le. grain size less than 0.3 pm). Intergranular
fracture could also be obtained by fracturing materials
with a relative density of about 80% [3]. In the
Ce-TZP materials, intergranular fracture surfaces
were obtained by cycling the material a few times
through the monoclinic-tetragonal phase transition.

-2.2. Methods of analysis

Auger (AES) experiments were performed with a cylin-
drical mirror analyser, type 10-155 (Physical Elec-
tronics) with a beam diameter of about 100 um, a
primary beam current of 0.25 pA and a primary beam
energy of 3 keV. No sample charging occurred under
these conditions when clean specimens were used. The
argon ion beam used for the sputtering experiments
had’an energy of 2 keV and a beam current of about
30 pAcm 2

Scanning Auger measurements (SAM) were per-
formed with a PHI 600 SAM system. The analysed
arca was about 0.5 um? (beam diameter 0.7 um) at a
primary beam energy E, = 3 keV and a beam current
I, = 0.1 pA. The resolution of the cylindrical mirror
analyser was set at 0.6%. Alternate sputtering and
Auger analysis were used during in-depth analysis.
The argon ion beam with an ion energy of 3.5 keV was
produced by a differentially pumped ion gun.

In case of AES the spectra were examined in a semi-
quantitative way using the equation of Palmberg
et al. {16]

. _ 1]

= (5)

Y [L/S,]
with C the concentration (in at%), I the peak intensity
and S the relative elemental sensitivity factor for the
Auger line used. The subscripts x and o represent
element x and the sum of all the elements involved in
the quantification, respectively. The yttrium and zir-
conium sensitivity factors were obtained from stand-
ard spectra (with transgranular fracture surfaces [3,



17]), giving the oxygen sensitivity factor a fixed value
[18]. The cerium and titanium sensitivity factors were
obtained from Palmberg [16]. More details con-
cerning the method of analysis can be found in Re-
ferences 3 and 18.

For quantification the yttrium MNN (76 eV), the
zirconium MNN (147 ¢V) and the oxygen KLL
(503 eV) Auger peaks are used. As in some cases a
small amount of silica (which segregates quite easily) is
present and the silicon LMM peak has the same
kinetic energy as the yttrium peak (76 ¢V) special
attention is paid to silicon. The intensity of the silicon
peak at 76 eV (Ig; 4¢) can be derived from the intensity
of the free KLL silicon peak at 1606 eV (oxide form,; in
elemental form the peak is situated at 1619 eV [16]).
Using the sensitivity factors calculated from the stand-
ard SiO, Auger spectrum [16] the derivation is per-
formed as follows:

l:lsme =

The yttrium intensity (Iy) is obtained by subtracting
the silicon intensity from the total measured intensity
at 76 eV (under the assumption of symmetric peaks).
Because only the upper part of the Auger peak at
76 €V has been taken into account [3, 18], I5; ;¢ has to
be divided by a factor of two to obtain the real yttrium
intensity

ISi,1606 SSi,76 :I (6)

SSi, 1606

1721, 76 (7)

in which I, ;¢ represents the measured half peak
height at 76 eV.

XPS measurements were performed with a Kratos
ES 200B spectrometer (Al-K,, ; , radiation) and a Kra-
tos XSAM-800 apparatus using both Al-K,, ,
(1487 eV) and Mg-K, , (1253.6 ¢V) radiation in a
vacuum chamber operating at a pressure lower than 7
x 10719 torr. The analysed area was about 0.2 mm?
The emitted electrons were collected and energy ana-
lysed in a concentric hemisphere analyser (CHA} lo-
cated perpendicular to the sample surface. The energy
resolution, defined as the full width at half maximum
(FWHM), of the CHA amounted to 0.99 eV at a pass
energy of 20eV. A 3keV Ar* ion beam was used
during sputtering. The instrument was calibrated us-
ing the Cu2p3/2, Cu3p3/2 and Cu(L;M ;M) lines as a
reference. Charge corrections were made using the free
Cls signal (285.1 eV) as a reference. In case of absence
of the Cls peak, the Zr3d5/2 peak with a binding
energy (BE) of 182.2 ¢V (in accordance with the results
of Hughes [19]) was chosen as a reference. For chem-
ical state identification, quantitative analysis and peak
deconvolution, detail scans were run. The peaks were
deconvoluted assuming Gaussian profiles according
to the method described by Sherwood [20]. In order
to obtain good counting statistics, clear spectra and
low noise levels multiple scannings were performed on
every sample.

An equation similar to Equation 5 was used to
quantify the XPS measurements [21]. The sensitivity
factors were supplied by Kratos and are in good
agreement with the sensitivity factors which were

IY = Itol,76 -

derived from standard rods (transgranular fracture
surfaces).

Angle resolved XPS measurements were performed
to measure the segregation levels as a function of the
distance to the surface. The surface sensitivity was
enhanced when low angles of electron exit, «, to the
surfaces were used [22]. The vertical depth sampled, d,
is maximal when o = 90° and is given by

[d = 3\sing] ®)

An Hitachi S-600 scanning electron microscope
(SEM) was used for direct observations of the fracture
surfaces.

3. Results and discussion

3.1. Y-TZP

To see whether the surface and grain boundary se-
gregation levels were similar Y-TZP, Y, Ce-TZP,
Y, Ti-TZP and Ce-TZP samples were fractured inter-
granularly. Two typical fracture surfaces are shown in
Fig. 1. As can be seen from the rough surface and
clearly visible grain boundaries both fracture surfaces
show nearly 100% intergranular fracture. For all sys-
tems the grain boundary concentration was in all
cases nearly identical to the surface concentration. It
could be concluded that the measured surface concen-
tration in these systems after a heat treatment
> 1000 °C gives a good approximation of the grain
boundary concentration.

An Auger spectrum of a polished surface of ZY17
which is not-treated and heat treated at 1000 °C, is
shown in Fig. 2a and b, respectively. It can be seen that
the Y/Zr peak intensity ratio of the temperature trea-
ted specimen (Fig. 2b) is higher than that of the non-
treated (Fig. 2a). The inaccuracy in the choice of the
baseline is smaller than the observed differences in the
peak intensity ratio between the two spectra. There-
fore, it can be concluded that yttrium enrichment
occurs at the surface of ZY17.

The yttrium enrichment at the surface is also indic-
ated by a decrease of the yttrium signal as function of
the Ar® ion-sputtering time. No preferential
sputtering of yttrium or zirconium was observed, as
was also shown by Winnubst et al. [3]. After 30to 40 s
of Ar* ion sputtering the Y/Zr peak intensity ratio
becomes constant. The thickness of the segregation
layer can not be determined with any precision be-
cause some reduction of Zr** to zirconium metal may
occur (both peaks do not have the same Kinetic en-
ergy) and the not exactly known sputter rate, but is
estimated to be about 2 to 4 nm. The (XPS) sputter
profile of a ZYS5 single crystal is shown in Fig. 3. The
surface concentration equals the bulk concentration
after about 8-10 min of sputtering. Assuming a sputter
rate of about 0.5 nmmin~?! [23] the thickness of the
segregation layer is estimated to be 4 nm which com-
pares rather well with the AES results obtained by
Winnubst et al. [3]. When sputtering polycrystalline
material the measured surface concentration is higher
than the initial bulk concentration even after longer
times of sputtering. A surface composition of ZY9 is
found in a ZY5 sample after 10 min of sputtering. The
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Figure 1 Fracture surfaces showing mainly intergranular fracture (a) ZCe9; (b) ZY3Ti13.
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Figure 2 Auger spectra of polished ZY17 surfaces (a) non-treated (b)
treated for 5h at 1000°C. The numbers 2.5, 0.1 and 30 denote the
enlargement factor of the relevant parts of the figure.

same has been observed in ternary systems (a surface
composition of ZY13Ti5 in a ZY5Ti5 sample after
30 min of sputtering). This effect is attributed to the
surface roughness of the polycrystalline materials
which increases during sputtering and which causes
averaging of the concentration over areas with differ-
ent composition.
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Figure 3 Ar™ sputter profile of a ZY5 single crystal as measured by
XPS. Heat treatment: 1000 °C for 2 h. The dashed line represents the
expected profile.

The quantitative results of the measurements (for
ZY, compositions) are given in Table I. It can be seen
that after a heat treatment at 1000 °C a pronounced
yttrium enrichment takes place up to about
30-34 mol% YO, s (these results are already correc-
ted for possible silicon contamination if present).

In a sample deliberately contaminated with about
0.5-1 wt% SiO, the real peak intensity of yttrium was
about 20% lower than for the case where the total
76 eV peak intensity was ascribed to yttrium. Ignoring
silicon a composition of ZY42 was calculated whereas
ZY34 was calculated with silicon taken into account.



TABLE I Surface composition of ZrO,-Y ,0, ceramics heat trea-
ted for 5h as determined by AES (materials with compositions
between 4 and 9 mol% YO, 5 have a tetragonal structure, the others
have a cubic (fluorite) structure).

Surface concentration
(mol% YO, )

Bulk concentration
(mol% YO, )

Temperature
treatment (°C)

4 600 5
4 1000 31
5% 600 6
5% 1000 30
6.1 600 6
6.1 700 14
6.1 1000 30
8.9 1000 29
13 600 11
13 700 12
13 1000 34
17 600 17
17 1000 35
17* 1000 31
264 600 28
264 1000 34
32 600 33

* Single crystals

In this case 3 at% silicon was found at the surface.

The fact that the increased intensity of the 76 eV
peak after heat treatment is not due to silicon is better
illustrated with XPS where the silicon and yttrium
peaks are well separated. In the XPS spectrum shown
in Fig. 4a, performed on a sample with a Si contam-
ination < 0.05 wt% no significant amount of silicon
seemed to be present (the binding energy of the Si2s
peak is 153 eV [21]. The detection limit is about
0.2 at%). The XPS spectrum of a contaminated
sample is shown in Fig. 4b. There the silicon peak is
clearly visible.

In the XPS spectra yttrium enrichment is also
observed after heat treatment. A surface composition
of ZY?28 is calculated (bulk composition ZY6.1). This
value is close to a concentration of about 30 at%
yttrium as measured by Hughes [19] with XPS on a
mainly intergranular fracture surface of a ZY19
sample. The results were also confirmed by Steele and
Butler [24], who found with XPS a concentration of
33 at% yttrium on the (00 1)-surface of ZY15.

So in conclusion one can say that all samples which
were heat treated at 1000 °C showed an yttrium en-
richment of the surface to a concentration of
30-34 at% (and as indicated before, the same concen-
tration will be found in the grain boundary [3, 7, 25]).
The yttrium enrichment is independent of the crystal
structure (both 100% tetragonal and 100% cubic
materials show the same result) and bulk composition.
Hence this concentration seems to be a saturation
value. Stubican [26] reported a stable phase with a
composition of 40 mol% YO, 5 which suggests the
possibility of a surface phase. If one keeps in mind that
ZY34 is an average value over a range of some
nanometres (the information depth is a few nano-
metres) it is possible that the real surface concentra-
tion is somewhat higher. However when low angles of
electron exit (x = 10°) were used, no higher segrega-
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Figure 4 XPS spectra of ZY specimen heat treated at 1000°C for
5 h: (a) ZY6.1 without Si contamination; (b) ZY4 with Si contamina-
tion (about 0.5-1 wt% Si).

tion levels were detected. Probably the surface con-
centration is constant in the first few nanometres.

The grain size might influence the results of the
measurements (section 3.4). Because coarse grained
(> 0.1 um) and polished materials are used, in this case
this effect is thought to be unimportant.

The impact of the segregation behaviour of yttrium
in zirconia is that the enrichment factor B (defined as
Courface/ Coun) fOr materials containing low amounts of
yttria (i.e. tetragonal materials) is much larger than for
the (cubic) materials containing high percentages of
yttria. This might result in a stronger “solute” drag
during grain growth for zirconia ceramics doped with
low amounts of yttria. This is outlined in more detail
in Reference 35.

3.2. Ce-TZP and Y,Ce-TZP

The cerium containing samples are difficult to quan-
tify with AES due to strong overlap of the cerium peak
with other zirconium and yttrium peaks in the low
kinetic energy range between 60 and 100 ¢V, whereas
the sensitivity of the high energy cerium peak is rather
weak to give clear peaks. Thus only in the case of large
enrichment of the surface some attempts have been
made to obtain quantitative results (Table II). Only
after a heat treatment at 1400°C the surface was
clearly enriched in cerium.

XPS measurements were performed due to the diffi-
culties mentioned above and in order to get informa-
tion on the oxidation state of cerium. This is complic-
ated by the presence of shake-up satellite lines in the
XPS spectra which may approach that of the main line
as is especially the case for the Ce3d line.

The results for. Ce~TZP and Y,Ce-TZP are pre-
sented in Tables IT and III, respectively. The Ce-TZP
surfaces are hardly enriched in cerium up to about
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TABLE II SAM and XPS measurements on surfaces of Ce-TZP ceramics. No heat treatment has been applied after non-isothermal
sintering. The fraction Ce®* is given as the fraction of the total amount cerium present at the surface.

Bulk composition Method T(¢°C) Preil Y0) Surface composition* Fract. Ce3*
ZCe9 XPS 1000 60 ZCe9 0.38

ZCe9 XPS 1100 85 ZCe9 045

ZCe9 XPS 1200 92 ZCel0 0.46

ZCe9 XPS 1300 96 ZCel4 0.49

ZCe9 XPS 1400 96 ZCe22 0.51

ZCe9 XPS 1000 # 96 ZCel3 not analysed
ZCe9 SAM 600 96 ZCe9

ZCe9 SAM 1300 96 ~ ZCe50

* due to C-contamination, the surface was sputtered for 2 min to remove the C-layer.

#heat treatment time of 7 h, respectively.

TABLE III XPS measurements on surfaces of Y,Ce-TZP ceramics
heat treated for 2 h.

Bulk composition Temperature Surface composition
(ZY,Ce,) treatment (°C) (ZY,Ce))

ZY4Ce2 1000 ZY6Ce2

ZY4Ced 1000 ZY9Ce5

ZY4Cel0 1000 ZY10Cel0
ZY3.5Ced.5 1000 ZY7Ce5

ZY4Ce2 1400 ZY9Ce4d

ZY4Ced 1400 ZY10Ce6

1200 °C. At higher temperatures clear enrichment oc-
curs. In the Y,Ce-TZP samples (Table IV) yttrium
segregates preferentially (with hardly any cerium en-
richment) although the segregation level is much
lower than in Y-TZP. The enrichment factor at
1000 °C varies from 1.5 with low ceria content to 2.5
with high ceria content while for Y-TZP enrichment
factors of about 7 are found (Table I). At 1400 °C the
enrichment of both yttrium and cerium is slightly
increased. Compared to Ce—TZP the segregation level
of cerium is much lower in the Y,Ce-TZP systems. An
explanation might be that yttrium is already present at
the surface before segregation of cerium starts which
reduces the driving force for cerium segregation.

Khan [27] performed XPS measurements on selec-
ted compositions in the zirconia rich corner of the
Z1rQ,~Ce0,-Y,0; system. In the ceria poor composi-
tions both cerium and yttrium were found to be
present at the grain boundary, although ratios are not
given. In the ceria rich compositions ( > 4 mol%) no
yttrium was found at the grain boundary. However,
their measuring time seems to be rather short (giving a
bad signal/noise ratio). The enrichment factor for
cerium ranges between 1-2 which seems also not so
different from our results.

In Ce-TZP significant segregation starts at 1300 °C.
A level of 22 mol% CeQ, is reached at 1400 °C (where
cerium is both in the tetravalent and trivalent oxida-
tion state). As is shown in Reference 13 this can be
related to the grain growth behaviour of these ceram-
ics. In some of the Ce-TZP ceramics the grain size
distribution was very broad. Therefore both large and
small grains were examined in one sample (SAM) to
see whether the surface composition of large grains is
different from that of small grains, but this was not
found.
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Longo [28] revealed the presence of a Zr—Ce phase
in the ZrO,-CeO, phase diagram. This (tetragonal)
phase was identified as Ce,Zr;0,, and was believed
to be stable at temperatures below 870 °C. Although
the estimated composition measured by SAM (Table
II) is close to the composition of this phase, the XPS
measurements clearly yielded lower enrichment levels.

In addition, percentages of the Ce®* species were
calculated relative to the total amount of cerium
present (Table IT) as TGA experiments [13] suggested
the presence of a significant amount of Ce** above
1200 °C. The segregation tendency of Ce® ™ is expected
to be higher because of its larger misfit and difference
in valency with respect to Zr**. This might explain the
increased enrichment at high temperatures. This is
supported by the XPS measurements which show an
increasing fraction Ce** with temperature (the frac-
tion Ce®* increased from about 0.38 at 1000 °C to 0.51
at 1400°C (Table II)). The procedure of oxidation
state determination is discussed below.

The binding energy of Ce** (Table IV) is lower than
the binding energy of the Ce-metal species although
the difference is not very large. This is rather strange
because for all the other lanthanides the reverse is the
case. No explanation has been found for this behavi-
our. The reported values for the binding energy of
Ce3* show a large variation (Table IV), one being
lower and the other being higher than the binding
energy of Ce**. Because of the uncertainty in the exact
line position of Ce** the position of the Ce®*3d5/2
peak is evaluated by sputtering. During this process

TABLE IV Binding energies of Ce3d5/2 lines.

Oxidation state BE (eV) Reference
Ce 883.2 29

883.9 30
Ce(3+) 880.7 31

885.8 29

886.0 This work
Ce(d +) 881.8 21

881.93 31

882.2 32

882.2* 33

882.7 34

882.5 This work

* oxidation state uncertain.



the oxygen ions are preferentially sputtered (indicated
by a decrease in oxygen concentration). No preferen-
tial sputtering of Ce®>* or Ce** has been observed.
The electrons which are left behind are taken up by
cerium thus changing its oxidation state from 4 + to
3 4+ . A Ce3d spectrum before and after sputtering is
shown in Fig. 5. After sputtering the shape of the curve
has clearly changed. The deconvoluted Ce3d spectra
are shown in Fig. 6. The peaks at 889.6 and 888.6 eV
(Fig. 6a and 6b, respectively) can be regarded as satel-
lite lines [23]. In accordance with Table IV the peak
with the lowest binding energy (about 882.5¢V in
both figures) is designated as the Ce**3d5/2 peak. The
binding energies found were in good agreement with
the data of Sarma [34]. After sputtering, the relative
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Figure 5 Ce3d XPS line spectra of a ZCe9 sample heat treated at

1000°C for 2 h before (—) and after (----) 10 min of + Snm
sputtering.
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Figure 6 Deconvolution of the Ce3d core level spectra of a ZCe9
sample heat treated at 1000 °C for 2 h (a) before sputtering (b) after
10 min of sputtering.

area of this peak has clearly diminished whereas the
relative area of the peak with a binding energy of
886¢V has increased. Apparently this is the
Ce3*3d5/2 peak. The binding energy of this peak is in
good agreement with the binding energy given by
Praline [29]. It should be noted that the binding
energy of this peak is higher than the binding energy
of the Ce**3d5/2 peak. It is possible that the peak
ascribed to Ce*” is the peak of the Ce-metal species.
However Wagner [21] and Briggs [22] pointed out
that in that case the intensity of the satellite peak
would not increase. Fig. 6b clearly shows that the
reverse is the case.

In summary: the binding energy of the Ce**3d5/2
peak is 882.5 + 0.2 eV withan FWHM of 3.7 + 0.2 eV
whereas the Ce®*3d5/2 peak is situated at 886.0
+ 0.2 eV withan FWHM of 3.6 4+ 0.3 ¢V. Using these
data it could be shown that already at 1000°C a
significant fraction of Ce3* is present at the surface.
The fraction Ce** increases with temperature. This
means that Ce** becomes a more powerful segregant
than Ce** at high temperature.

3.3. Y, Ti-TZP

The SAM and XPS results are presented in Table V.
AES gives higher titanium concentrations but lower
yttrium concentrations which might be due to the
small yttrium peak which is hardly visible above the
background. Yttrium as well as titanium segregates to
the surface although the surface is relatively more
enriched in yttrium (with similar bulk concentrations).
The surface is enriched in titanium with a factor of
approximately two while yttrium is enriched with a
factor 2-3 (not found with AES). The unchanged Y
concentration and strongly enhanced Ti concentra-
tion in the ZY3Til3 sample, as well as the high Ce
concentration in ZCe9 (SAM, Table I1) may suggest
the formation of an “overcoat” layer mainly consisting
of Ti or Ce oxide (or compound). This has been
observed by Van Hassel et al. [23] in Ti ion implanted
oxides.

Just like cerium, titanium has several oxidation
states. In a similar way as for cerium, the trivalent
species could be introduced by sputtering (no prefer-
ential sputtering of titanium has been observed). Fig. 7

Intensity (arb. units)

470 465 460 455
Binding energy (eV)

Figure 7 Ti2p core level spectra of a ZY5Ti5 sample heat treated at
1400 °C for 2 h before (——) and after (- - - -) 30 min of + 15 nm
sputtering.

5063



TABLEV XPS and SAM measurements on Y,Ti-TZP samples heat treated for 2 h.

Bulk composition Method Temperature Surface composition
(ZY,Ti;) treatment (°C) (ZY,Ti,)

ZY3Til3* XPS 1300 ZY7TTi25

ZYS5TiS XPS 600 ZYA4Ti5

ZY5Tis XPS 1000 ZY12Ti8

ZY5TiS XPS 1400 ZY18Till

ZY5Ti5 SAM 1400 ZY25Ti20
ZY3Til13* SAM 600 ZY3Til3

ZY3Til13* SAM 1300 ZY2Ti30

* received from Alusuisse Lonza, treatment time: 1 h.

shows a Ti2p spectrum before and after sputtering.
The deconvoluted spectra are presented in Fig. 8 using
the binding energies of Table VI. Then the Ti**2p
peak becomes clearly visible. The binding energies of
the Ti2p peaks are seen to agree very well with the
literature data (Table VI).

After sputtering, about 55% of the Ti—species is in
the trivalent oxidation state. In the mnon-sputtered
sample no Ti** is present (Fig. 7a). This spectrum is
representative for all the titanium spectra obtained.
Therefore it can be concluded that all Ti in the
samples used was in the tetravalent oxidation state.

3.4. Segregation in fine grained materials

Since in fine grained materials the total amount of
yttrium present is not enough to provide for a concen-
tration profile similar to that in coarse grained mater-

E 4589 eV
= ~—Ti*" Ti2pa2
o
S 4647 eV
a Til“',Tinwz
3 [
=
re rd
-
) T T
465 460 455

(a) Binding energy (eV)
B 4586 eV

g Ti%* Tizpw2 4571 ev

3 Ti3+Ti
5 4628 eV " Tizpara
2 Ti3* Tizpne
21 userev

g Ti% Tizpwa

£

T
465 460 455
(b} Binding energy {eV)

Figure 8 Deconvolution of the Ti2p core level spectra of a ZY5TiS
sample heat treated at 1400 °C for 2 b, (a) before sputtering, (b) after
30 min of sputtering.
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TABLE VI Binding energies of Ti2p lines.

Oxidation state Peak BE (eV) [23]
Ti 2p3/2 453.2
Ti2* 2p3/2 4553
2p1/2 461
Tid+ 2p3/2 457
2p1/2 4629
Ti4* 2p3/2 458.5
2p1/2 462.2

ials this concentration profile will be different. Two
situations may occur: (i} the thickness of the se-
gregation layer remains the same during sintering
while the bulk is completely depleted; (ii) the concen-
tration changes gradually (requiring assumptions
concerning the profile shape) with a distribution coef-
ficient (segregation factor) which does not change and
which is similar to the distribution coefficient in coarse
grained material. The latter implies a lower surface as
well as bulk concentration with respect to coarse
grained material. Which situation represents the real

situation is not clear but the last situation is thermo-

dynamically more likely.

The question however remains how segregation
measurements on fine grained material should be
interpreted. It is not believed that porosity has much
influence on the surface concentration although lower
values might be measured owing to the rougher sur-
faces. Moreover the distribution coeflicient and thick-
ness of the segregation layer are generally not known.
Measurement of the real surface concentration is more
complicated by the fact that the information depth is
equal to or somewhat larger than the expected thick-
ness of the segregation layer. This gives an averaged
result and hence a lower measured surface con-
centration.

An example is given in Fig. 9 where the surface
concentration of a ZY5 sample is given as a function of
the grain size. All (unpolished) samples were heat
treated during 10 min at temperatures above 1000 °C).
The surface concentration increases with increasing
grain size. With a relatively large thickness of the
segregation layer (1.5-2 nm) it can be calculated that a
similar concentration profile to that in coarse grained
material can be expected at a grain size between
50-100 nm [35]. More information and calculations
about various situations and grain sizes which satisfy
certain conditions can be found in Reference 35. As the
temperature was high enough for segregation and no
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Figure 9 Surface concentration in (porous) Y-TZP ceramics as a
function of the grain size. No heat treatment has been applied after
non-isothermal sintering from 1000-1300°C. The samples heat
treated at 1000 and 1100 °C were 65 and 90% dense, respectively.
The other samples were more than 95% dense.

ZY34 is measured on the surfaces of the sample with a
grain size smaller than 0.1 pm a considerable amount
of yttrium should be present in the bulk. This means
that the most likely situation in fine grained materials
is a situation with a smaller thickness of the se-
gregation layer and a lower surface concentration (as
well as a lower bulk concentration). Therefore with
XPS and SAM precise information about surface
compositions will only be obtained on relatively
coarse grained material (grain size larger than about
0.10 um). Measurements on fine grained material only
give a qualitative picture.

4. Conclusions

1. In doped zirconia intergranular fracture surfaces
(i.e. grain boundaries) and free surfaces show a
similar segregation behaviour.

2. Sputtering of a heat treated ZY5 single crystal
showed that the thickness of the segregation layer is
maximally 2-4 nm.

3. After a 5 h heat treatment at 1000 °C, ZrO,-Y,0,
ceramics contain about 30-34 at% yttrium at their
surface, regardless of the bulk composition of the
ceramic.

4. 30 at% yttrium at the surface of ceramics contain-
ing low amounts of yttria (in the bulk) gives a larger
yttrium enrichment factor than in ceramics con-
taining larger amounts of yttria. The yttrium en-
richment factor therefore increases from 1.5 to 7
with a bulk concentration of yttria decreasing from
26 to 4 mol% YO, .

5. Low angle XPS measurements provided similar
segregation levels to those from the high angle
measurements suggesting that the solute concen-
tration remained constant over the information
depth (2—4 nm).

6. To obtain reliable resuits for the quantification of Y
(with AES), special attention was paid to the pre-
sence of silicon. In doing so, good agreement was
obtained between AES and XPS measurements.

7. In Y,Ce-TZP ceramics yttrium is the only
segregant at low temperatures although the

enrichment is less compared to the yttrium
enrichment in Y-TZP. At high temperature
( + 1400 °C) small amounts of Ce segregates.

8. In Ce-TZP, significant segregation is observed at
temperatures > 1300 °C. Atlow temperatures both
Ce®* and Ce** ions are present. Although the
driving force for segregation of Ce3* at low tem-
perature is large it does not occur which is probably
due to a low mobility.

9. In Y, Ti-TZP ceramics both yttrium and titanium
segregate. In these cases all the titanium present at
the surfaces seems to be tetravalent.
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