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bstract

hree-dimensional tomography was performed on hydrothermal degraded zirconia by sequential focussed ion beam (FIB) sectioning and field
mission scanning electron microscopy (FE-SEM) observation. By means of image analysis the distribution of microcracks produced under the
urface was reconstructed and characterized.

Results show a microcrack network preferentially oriented parallel to the surface, and a gradient in microcrack density from the surface, which
s coherent with other measurements that reveal a decrease in monoclinic phase. The elastic properties of the reconstructed volume are simulated,

howing that the deterioration of mechanical properties of degraded zirconia can be mainly attributed to microcracking, with a minor contribution
f the phase transformation.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Zirconia ceramics have many applications due to their excel-
ent mechanical properties as well as other functional properties
uch as low thermal conductivity or high ionic conductivity.
he range of engineering applications is nowadays growing in

 number of different fields: e.g. solid oxide fuel cells,1 thermal
arrier coatings,2 as a tool in processing industry3 or in bio-
aterial applications4; making zirconia one of the most used
echnical ceramics.
The excellent mechanical properties of zirconia, particularly

ts fracture toughness, are due to the tetragonal to monoclinic
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hase (t–m) transformation that occurs in presence of stress
round a crack tip. This phase transformation is of marten-
itic type and induces a volume increase of around 4% which
esults in closure of an advancing crack. The metastable tetrag-
nal phase is stabilized at room temperature with the addition
f oxides, mainly yttria, calcia and ceria.

However, under the influence of humidity the material is
usceptible to a spontaneous t–m  phase transformation gen-
rally beginning on the surface due to the oxygen vacancy
nnihilation.5 This phenomenon, known as aging, degrada-
ion or low temperature degradation, has received considerable
ttention in recent years because it was one of the causes of
he premature failure of a batch of zirconia femoral heads
or hip replacement.6 Although these failures were due to a
anufacturing error in the sintering stage, the results were
he actual discard of zirconia as a femoral head material,
egardless of its superior properties compared to other mate-
ials currently used, particularly metals. Nowadays, there is an
ncreasing use of zirconia in many fields where low temperature
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egradation may be a reliability issue in the long term, as in
ental implants.7

It is then of capital importance to understand thoroughly
he mechanisms of degradation in zirconia in order to assure
ong-term structural integrity and reliability in any application,
nd many efforts have been devoted to this goal.8 It is now
ell established that degradation starts on the surface in contact
ith water around pores, cracks or other stress arising features.
nce a single grain is transformed, the tetragonal to mono-

linic transformation progresses to other grains by a nucleation
nd growth mechanism governed by a Mehl-Avrami-Johnson
MAJ) law.9 As soon as the first pair of monoclinic variants
as nucleated, the transformation spreads throughout the grain
nd it is stopped by the grain boundary, which acts as a barrier,
nless both grains have a particular crystallographic orientation
hat favours transgranular transformation.10 The strain associ-
ted with the formation of this first pair of monoclinic variants
s dominated by the shear component and will be accommo-
ated by grain boundary microcracking. This microcracking is
nduced by the high stress concentrations provided by defor-

ation twins,11 which have long been recognized as potentially
mportant in crack nucleation. This process results in the genera-
ion of microcracks below the surface, which leads to a decrease
n mechanical performance after the degradation has produced
bout 15% of monoclinic phase.12

Hydrothermal degradation can be detected by spectroscopic
echniques such as X-ray Diffraction (XRD) or micro-Raman13

r by microscopy techniques, such as scanning electron
icroscopy (SEM)14 or particularly atomic force microscopy

AFM),15 where the t-m  phase transformation is detected by the
plift at the surface. Recently, Gaillard et al.16 have also shown
hat instrumented nanoindentation is a valid tool to detect the
egradation and the thickness of the degraded layer. This is a
ocal technique and, therefore, can evaluate the properties in
ifferent areas of the material with a resolution of a few square
icrometers. Moreover, it is a depth-sensitive technique, and,

onsequently, can characterize a material at different depths,
nlike most scanning probe techniques, which usually work only
t a fixed depth. This methodology has shown a good agreement
ith experimental results by micro-Raman and transmission

lectron microscopy (TEM).12 However, as both microcracking
nd monoclinic phase are present at the same time, it is difficult to
econvolute their individual role in the drop of mechanical prop-
rties. It is worth mentioning that it is not trivial to estimate the
echanical properties of monoclinic phase because pure mono-

linic zirconia is completely microcracked at room temperature
nd therefore it is not easy to measure the properties of a bulk
rack-free sample.

Although some recent focussed ion beam (FIB) and TEM
mages have shown the shape and location of microcracks,9,17

hese are images of single cross section, and the information
s partial. Therefore, there are still some questions open: (1)

hat is the geometry and orientation of these microcracks?

2) What is the density of the microcracks? and (3) Is it
nly the microcracking, which is responsible for the drop in
echanical properties, specially hardness and elastic modulus

s measured by nanoindentation, or does the monoclinic phase

d
d
5
t
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ave a significant contribution to this decrease in mechanical
roperties?

Therefore, the objective of this work is to characterize the
icrocrack network generated by hydrothermal degradation

y FIB tomography, which allows a three dimensional recon-
truction from sequential cross sections of a volume of several
icrons with a resolution of a few nanometres. This tech-

ique is an extremely powerful tool for characterization of
icrostructure18,19 and damage of materials.20 FIB tomogra-

hy has higher resolution than X-ray tomography and larger
nalyzed volumes than with atom probe tomography. However,
o apply FIB tomography for a bulk ceramic is a challenge, since
harging effects may affect the stability of the process, having
etrimental effects on the resolution of the technique. 3D image
nalysis is essential for the characterization of complex and
patially connected microstructures because it enables the acqui-
ition of not only qualitative but also quantitative information of
he microstructure. This quantitative information allows corre-
ating the three-dimensional parameters to materials properties,
uch as density, hardness and elastic modulus.

. Experimental

Commercially available powder of tetragonal polycrystalline
irconia, stabilised with 3% molar Y2O3, 3Y-TZP (TZ-3YSB-
, Tosoh corporation, Tokyo, Japan) were used. The powder
as cold-pressed and sintered in order to obtain biomedical-
rade zirconia according to ISO 13356:1997 [Implants for
urgery—Ceramic materials based on yttria-stabilized tetrago-
al zirconia (Y-TZP)]. The materials were heat treated for 2 h at
650 ◦C, in order to produce a duplex microstructure with larger
rain size and larger microcraks, with a comparable behaviour
o as sintered microstructure.21

Samples were cut into discs of approximately 2 mm thickness
ith a diamond blade circular saw and polished with diamond

uspensions of decreasing particle size (30, 6, and 3 �m). After
echanical preparation, materials were treated for 1 h at 1200 ◦C

n order to release any residual stresses. Finally, they were pol-
shed with colloidal silica. Hydrothermal degradation treatments
ere done in an autoclave at 134 ◦C and 1.8 bar in water vapour

tmosphere for 14 h.
FIB tomography was done on a dual beam system Strata

B235 (FEI Company) following the procedure as described
or instance in.22 The dual beam system incorporates both a
ocused ion beam (FIB) and a field emission scanning electron
icroscope (FE-SEM) in a single instrument.
To avoid surface charging, samples were covered with a con-

uctive layer deposited on the sample by sputtering gold during
hree minutes and were attached to the sample holder with adhe-
ive copper tape and a drop of colloidal graphite. Once in the
acuum chamber, a platinum layer was deposited on the region of
nterest (ROI) so that the surface was protected from ion dam-
ge. First, platinum was deposited by electron beam induced

eposition (EBID), since this techniques does not produce any
amage at the material surface. After that, the sample was tilted
2◦ to have the surface perpendicular to the ion beam. Fur-
her deposition of platinum was done through ion beam induced
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Fig. 1. SEM image of the trenches milled by FIB around the region of interest
previously to sequential milling. Lateral trenches are produced in order to avoid
redeposition of the material on the observed section.
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Table 1
Influence of morphological operations on the measurement of volume fraction
(VV), specific surface density (SV), densities of the integral of mean (MV) and
total curvature (KV).

VV (×10−2) SV [�m−1] (×10−1) MV [�m−2] KV [�m−3]

3D 3D 3D 3D

Output 2.17 6.57 3.06 −71.1
Closure 3.53 6.36 1.25 −16.5
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foreground regions in a binary image to a lower dimensional
eposition (IBID), which has a higher deposition rate. A trench
as free milled in front of the ROI in order to have the XY
lane accessible for image acquisition with the electron beam
see Fig. 1 for axes description). Further trenches were milled at
he sides of the ROI avoiding shadowing effects and preventing
hat the redeposited material from the milling process hinders
he imaging of the cross sections. The milling of the trench was
one with higher ion currents (20 nA, 5 nA). Final polishing
he serial sectioning is done with lower currents, in this case
00 pA.

The resolution of the FIB tomography is determined in the
 and Y  axes by the resolution of the SEM images. For the Z
xes it is the distance between the successive slices. In this work
he resolution of the tomography (equal to the voxel size) is:

 = 23 nm, y  = 29 nm and z  = 60 nm. Resolution is different in X
nd Y  axes due to the 52◦ tilting of the sample respect to the
lectronic column (y  = x/sin 52◦).

Visualisation of the FIB nanotomography, alignment of the
mages and crack network reconstruction was performed with
MIRA software (Mercury Computer Systems).
In order to achieve the crack reconstruction, the images

btained after the tomography, were aligned and cropped in
rder to have a succession of images that show only the
egion of interest without artefacts (Fig. 2). Then, the cracks
ere manually segmented because no automated algorithm was

ound consistent enough to perform automatically the segmen-
ation. The segmentation was performed mainly on the XY
mages and was completed with the help of the reconstructed
mages in YZ  and ZX  axis in order to correctly identify all

icrocracks.
Quantitative characterization of the crack network can be

one with the help of such features as surface area (S), volume
V) and their densities. In 3D, the volume density (VV)  and sur-
ace density (SV) were calculated as the volume and surface of
he network divided by the total volume analyzed. In 2D images
hese basic characteristics (SV and VV) can also be determined

rom the sum of the perimeter (LA) and area (AA) of all single
bjects divided by the area of the image (here the objects are the

s
i

keleton 1.14 6.49 8.89 −33.5

wo-dimensional sections of the three dimensional microcracks,
ccording to the stereological equations:23

V =  AA SV = 4

π
LA (1)

2D image analysis was performed in the three Cartesian
rientations. Whereas frontal images (XY) are the segmented
riginal images, axial (YZ) and sagittal (XZ) images were recon-
tructed from the segmented 3D crack network.

The quantitative microstructure analysis of the features was
erformed with the software A4i (Olympus) for the 2D-analysis
nd with MAVI (Fraunhofer ITWM, Kaiserlautern) for 3D-
nalysis.

The simulations of mechanical properties from the recon-
tructed 3D crack network were performed with the module
lastodict of the software GeoDict created in Fraunhofer ITWM.
his program only allowed the use of isotropic voxels, thus the
D image was respectively adjusted and the voxels size was set
o 62.3 nm. After this transformation, the image was cropped in
egments of five pixels in Y direction (parallel to the surface)
nd exported to GeoDict.

.  Results  and  discussion

As previously reported,13,14 the material below the surface
s severely damaged with a relatively high amount of micro-
raks, as seen in Fig. 2b. This microcracking is formed by shear
eformation of the first martensitic plates produced in a partially
ransformed grain, which generates local tensile stresses in grain
oundaries.

By sequential cross section of the material, the microcrack
etwork can be reconstructed in three dimensions. After the
egmentation of the original serial sections, the crack network
s well recognizable. However, the quality of the segmentation
oes not allow further direct quantitative analysis.

In order to improve the obtained structure, closure and skele-
on morphological operations were tested on a fraction of the
econstructed network and the results of the image analysis
ere compared (Table 1). The operation closure is the com-
ination of two morphological operators: dilatation (which adds
ixels to an object) and erosion (which removes pixels from
n object). The closure helps filling small holes in objects or
aps between neighbouring objects. Skeletonisation reduces
tructure preserving the original connectivity. The skeleton
mage consists of thin (one pixel thickness) curves or surfaces,
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Fig. 2. Scheme of the tomographic imaging and reconstruction procedure: (a) example of four SEM images obtained sequentially by cross-sectioning with sequential
cross-sectioning by Focused Ion Beam (b) cross section showing a detail of the microcrack network (c) segmentation of the microcracks and pores (d) series of
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egmented slices (e) reconstruction of the microcrack network (blue) and poros
egend, the reader is referred to the web version of the article.)

aving the same Euler number as the original object.24 The mor-
hological operations cause big changes in the volume fraction
VV) of the cracks. The increase observed for the closure image is
aused by the enhancement of connecting pixels after the oper-
tion. The decrease of volume fraction in the skeleton image
s caused by the reduction of the structures to planes and lines.
n contrast, the specific surface density (SV) after each morpho-
ogical operation is comparable to the output result. This main
eature appears to be less sensitive to the morphological opera-
ions and therefore seems to be a good descriptor for this type
f structures. The absolute value of the density of the integral
f the total curvature (KV which is a parameter that describes
he spatial connectivity) increases after the skeleton morpho-
ogical operation, which implies that this operation has caused
he separation of the elements of the crack network, reducing
he connectivity. This value decreases after the closure oper-

tion as the connectivity increases, leading to a better crack
etwork reconstruction. Therefore, subsequent quantitative
nalysis of the crack network was performed after the closure

F
s
p

ed, -small spheres-). (For interpretation of the references to color in this figure

orphological operation and considering the surface density as
he main descriptor.

Fig. 3 presents three perspectives of the microcracks and
ores as reconstructed from the FIB images where it can be
bserved that they appear to lay mostly parallel to the surface
nd are confined to a certain depth below the surface. In order
o verify quantitatively this visual assessment, the orientation of
he microcracks was analysed on 2D images in YZ  and XZ  direc-
ions. The orientation of each object on the plane was obtained
rom the orientation of the main axis of the ellipse adjusted to
he particle, as shown in Fig. 4. From this figure, the preferential
rientation of the microcraks parallel to the surface is clearly
isible. The plane YZ, perpendicular to the surface (see also
ig. 1), shows a preferential distribution of microcrack surface
arallel to the material surface, whereas the XZ  plane (paral-
el to the material surface) shows no preferential distribution.

ig. 5 presents the orientation of the particles, where particles
maller than 4 pixels have been deleted in order to eliminate
ossible artefacts derived from the anisotropic pixel. Again, it is
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Fig. 3. Three different perspectives of the reconstructed volume of microcracks, showing platinum protective layer deposited previous to the tomography (yellow),
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een how microcracks are preferentially oriented parallel to the
urface (planes YZ  and XY). From this preferential orientation
t is expected that microcracks will not significantly contribute
s channels for water penetration, and, consequently, will not
ccelerate the nucleation and growth of the monoclinic phase
roduced by hydrothermal degradation.

The average volume fraction of the microcracks in the XY
nd YZ  planes, in the region where microcracks are present, was
stimated to be VV = 0.03 ±  0.01 and the microcrack surface per
nit volume was estimated to be SV = 0.5 ±  0.2 �m−1.

Previous studies25,26 have shown that while performing a FIB
omography of indentations with cracks, these can open due to
he relief of residual stresses due to the residual stress field pro-
uced by indentation. In the case of degraded zirconia, the t–m
hase transformation produces residual stress which may not
e fully accommodated by surface uplift and microcracking. In
rder to analyse the possible influence of the FIB tomography
n the crack distribution, surface density of the crack network
as determined in the XY  (directly observed by SEM imaging).
ig. 6 shows the distribution of specific surface area (SV) in the
D XY  images along the X  axis (front to back). In this figure, a lit-

le increment of the surface density and a decrease of the amount
f cracks at the back of the tomography are observed. This dis-
ribution corresponds to the observation on the SEM images that

p
m
i

ig. 4. Particle orientation distribution as a function of their surface area for the pla
urface (0◦ and 180◦) especially of the large particles can be observed. On the plane 
the references to color in this figure legend, the reader is referred to the web

he cracks are visibly wider in the front of the analyzed volume
han on the last images.

The opening of the cracks can be attributed to a stress release
ue to the lack of surrounding material caused by the trench
rosion in front and on both sides of the analyzed volume. The
ack part of the sample is still in contact with the rest of the
ample, which could explain that the cracks in that zone were
ore closed and resulting in a lower volume fraction. The sur-

ace area density should not be very sensitive to the opening of
he cracks. This variation can be explained by the fact that the
tress relieve initiates the opening of the small cracks in the front
mages. On the last images, these cracks are not seen and there-
ore do not contribute to the enlargement of the crack volume
raction or the specific surface area. This effect should be taken
n consideration when analyzing connected network of cracks
r pores under stress.

In Fig. 7 the volume fraction and microcrack surface per unit
olume for the XZ  plane (plane parallel to the surface) are pre-
ented as a function of the distance to the material surface. It
s seen that most microcracks are located in a region nearby
he surface, however the microcrack density is not constant, but

resents a decreasing gradient with increasing depth. 75% of the
easured cracks were comprised in a depth of 3.8 �m, which

s slightly larger than the depth estimated by nanoindentation

nes YZ and XZ. On the plane YZ preferable orientation parallel to the sample
XZ no preferential orientation can be seen.
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Fig. 5. Orientation of microcracks for the three different planes: XY, YZ and
ZX. Crack surfaces show a preferential orientation in the XY and YZ planes. The
microcracks are preferentially oriented parallel to the material surface.

Fig. 6. Distribution of specific surface area (SV) in the 2D XY images along the
Z-axis (front to back).

Fig. 7. Volume fraction and specific surface of microcracks obtained by the
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omographic reconstructions as a function of depth. The estimated thickness by
anoindentation is also indicated.

2.3 ±  0.4 �m).16 This may be attributed to the fact that small
icrocracks which are detected by tomography will not have a

ignificant effect in the mechanical response, and to the fact that
he methodology for extracting the degraded layer from nanoin-
entation assumes a layer of degraded material with an abrupt
ransition to the healthy material. Despite this slight difference,
anoindentation correctly determines the depth where there is a
aximum in the density of microcracks and where most of the
icrocracks are located (see Fig. 7). The gradient of microc-

ack density is coherent with a Mehl-Avrami-Johnson diffusion
odel, which has been measured for the monoclinic phase by
aman microscopy.13

The peaks that can be observed in Fig. 7 are related to the
onvolution of the gradient in density with the grain size of the
aterial. In fact, if a Fourier analysis is performed in the data,

 signal with 2.8 ±  0.8 mm periodicity can be extracted. This
s similar to the grain size of the material, which consists of
etragonal grains of 1.37 �m and cubic grains of 3.84 �m mean
iameter (cubic grains are 25% volume of the material).27

Nanoindentation tests calculated a value of elastic modu-
us of the degraded layer equal to Ed = 185 ±  15 GPa. In this
ayer both microcracks and monoclinic phase (up to 80%) will
oexist, and there is the question if the decrease in mechanical
roperties is due to the monoclinic phase or to the microcracks.
n order to solve this, once the tomography is performed the
lastic modulus of the reconstructed volume is calculated with
he software GeoDict, which analyzes the elastic properties of
omposite microstructures, in our case cracks (Ecrack = 0 GPa)
nd healthy material (Ematrix = 240 GPa). The average Young’s
odulus obtained by the software is 208 ±  80 GPa. The elas-

ic modulus calculated at different depths is presented in Fig. 8,
ogether with the values of Young’s modulus obtained by nanoin-
entation. It should be taken into account that is a simplified
odel, however, it is observed that there is a good agreement

etween the elastic modulus measured by nanoindentation and

he one calculated from the reconstructed microstructure in 3D.
t large depths, the calculated elastic modulus increases due to

he decrease in microcracks. For the case of the nanoindentation
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ig. 8. Young’s modulus obtained by nanoindentation and calculated through
n elastic analysis of the reconstructed volume using the software GeoDict.

ata there is also the increasing contribution of the substrate,
hich will contribute to the overall elastic response, as elastic
elds in nanoindentation are deeper than the penetration depth.

In addition, the elastic modulus was also estimated by using a
odel for indentation response of porous zirconia.28 The mea-

ured volume fraction of microcracks was used as a volume
raction of pores, and a form factor of around 50 was assumed
or this porosity. The elastic modulus calculated was 192 GPa,
n good agreement with the value obtained by nanoindentation,
onfirming thus that the decrease of mechanical properties in
ow temperature degraded zirconia can be mostly attributed to

icrocracking and not to monoclinic phase.

. Conclusions

The focused ion beam tomography has allowed the three
imensional reconstruction of the microcrack network produced
uring hydrothermal degradation. According to image analysis
esults, closure morphological operation has been shown to be
he best option for improving quality of the segmentation, and the
urface density is the most robust parameter in order to quantify
he microcrack distribution. Moreover, the developed recon-
truction and characterization procedure provides solid basis
or further correlations of the microstructural parameters with
aterial properties of degraded zirconia and other microcracked

olids.
It has been shown that microcracks are preferentially oriented

arallel to the surface, and are not connected with the surface.
n addition, the density of microcraking decreases with depth,
n agreement with the decrease of monoclinic phase content

easured by other techniques, coherent with a diffusion model.
Modelling the elastic properties of the measured microc-

ack network has shown that the elastic decrease measured by
anoindentation can be mostly attributed to the loss in stiff-
ess produced by the microcracks. Therefore, the decrease in

echanical performance in degraded zirconia is largely due to
icrocraks, and that the monoclinic phase has similar elastic

roperties than the tetragonal phase.
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