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Abstract

In order to understand the mechanical behavior of layered composites with compositional gradient, it is necessary to determine their state
of residual stresses. Compositionally graded materials can offer the advantage of eliminating abrupt changes in composition between layers
having different thermal expansion coefficient. The existence of a compositional gradient can reduce discontinuities in thermal residual
stresses, something beneficial from the point of view of the mechanical properties.

We present here a study of the microstructure and state of residual stressses in a layered material made of homogeneous layers of alumin:
and alumina—zirconia separated by thin (less thanu30pintermediate compositionally graded layers. The composite was obtained by
controlled deposition of powders from solution using an electrophoretic deposition (EPD) method. The phase distribution and compositional
gradient in the sintered composite were investigated using scanning electron microscopy (SEM). Thermal residual stresses generated during
cooling after sintering were measured by using fluorescence ruby luminiscence piezo-spectroscopy and the profile of hydrostatic stress on
alumina was determined at steps of about @00along the direction of the compositional gradient, and at steps of abquin3@ the
compositionally graded layers. The obtained profile of hydrostatic stresses on alumina grains follows closely the profile of compositional
changes along the layered composite. The presence of thin intermediate graded layers reduce significantly changes in stress in the layerec
composite.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction variety of available processes have been reported for pro-
duction of compositionally graded materials, such as plasma
The internal stresses caused by the elastic and thermakpraying, centrifugal casting, common powder metallurgy,
properties mismatch at an interface of two bulk materials PVD, CVD and colloidal processing. Electrophoretic depo-
can mitigate the successful implementation of layered com- sition (EPD) is a fairly rapid low cost process, capable of
posites. To address this problem, compositionally graded producing continuously graded materials. EPD consists of
materials have been developed to satisfy the needs for proptwo processes: the movement of charged particles in sus-
erties that are unavailable in any single material and for pension in an electric field between two electrodes (elec-
graded properties to offset adverse effects of discontinu- trophoresis) and particle deposition on one of the electrddes.
ities. The introduction of gradual compositional changes EPD allows the formation of plate-shaped binary function-
removes large-scale interface-induced stress singularities andlly graded materials by depositing from a powder suspen-

can even result in stress-free materials jofrtsA wide sion to which a second suspension is continuously added

during the process. The deposit is a close packed powder
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In order to understand the mechanical behavior, it is nec- spectral range from 686 to 701 nm, including the doublet
essary to determine the state of residual stresses. In aluminaharacteristic of ruby luminiscence. An optical microscope
containing composites, the position of the characteristic dou- and a movabley sample stage were used to place the sample
blet in the luminiscence spectra from®rpresent in the  at successive 10m steps along the direction of the com-
alumina lattice, can be used to determine residual strésSses. positionally graded intermediate layer, perpendicular to the
The diameter of the exciting beam marks the limit to the lat- interfaces between the layers. The luminiscence spectra, with
eral spatial resolution, allowing measurements at the desireda laser beam diameter of 1, were taken at each step
microstructural feature in the size range from one micron along the line.
to macroscopic regions. This technique have been used in
alumina—zirconia composites, both a room temperditte,  2.6. Calculation of residual stresses
and at low temperaturés.

The high purity alumina powder used for sample prepa-
ration was taken as internal reference as the “stress-free”

2. Experimental procedure position and its spectrum measured before and after each set
of measurements. Observed peaks were fitted to a linear com-
2.1. Sample preparation bination of Lorentzian and Gaussian and to a Voigt function

using the Peakfit3 program; both fitting methods resulted in
The preparation and the indentation mechanical propertiesthe same peak positions. The dependence between the hydro-

of the layered composite have been described previdfsky. static stressyp, ‘seen’ by the annalyzed alumina grains with
The starting materials are 12mol% Cg®©o-precipitated  the spectral shift of the ruby luminiscence R-line, compared
ZrO, powder (Daiichi grade CEZ 12) with an average par- tothe stress-free position, was first established by He and
ticle size of~0.3um and ALO3z powder (Baikowski grade  Clarke in polycrystalline alumin&In our determinations of
SM8) with an average particle size ©0.6um. As-received stress calculations we have used the peak of the doublet with
powders were ball-milled in ethanol for 24 h. Electrophoretic higher wavenumber and the relationship:
deposition (EPD) at constant voltage was performed after
ultrasonication of freshly prepared suspensions of ball-milled ©h (MPa)= 2760 Ax (nm) @)
powders with acetone and n-butylamine as suspension media,
in a suspension flow-through deposition cell described previ- . .
ously, where a supply system add a second suspension to thd: Results and discussion
circulating suspension in the mixing cell ata controlled fite.

The green bodies after EPD were sintered for 2 h at 2480 SEM. Fig. 1 shows a polished and thermally etched

cross-section of the composite, illustrating the compositional
changes inthe layered structure of the alumina—zirconia com-
posite. There are three homogeneous and thicker layers, of

Surfaces of the layers were prepared for SEM by diamond alumina (left side irfFig. 1), alumina—20 vol.% zirconia (cen-
polishing, thermal etching at 140C for 1 h and finally Pt—Pd
coated before observation, using a JEOL apparatus.

2.2. Scanning electron microscopy (SEM)

2.3. X-ray diffraction (XRD)

Powder X-ray diffraction patterns were obtained using Cu
Ka radiation in a curved graphite-beam monochromator.

2.4. Raman

Raman spectra were recorded using the 547 nm excitation
wavelength of an Ar laser source equipped with a triple
monochromator and a charge-coupled device (CCD) detector.

2.5. Luminiscence

The luminiscence spectra was measured using the blue
and green lines, at 547 and 514.5nm, respectively, of an
Ar™ laser equipped with a spectrometer T64000 with a triple Zmm
monochromator and a CCD detector. Exposition times and
laser power were 0.1-0.3s and 500 mW, and the recorded Fig. 1. SEM micrographs of a polished cross-section.
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ter) and alumina—10vol.% zirconia (right side), separated both phases for the three homogeneous layers. Arrows in the
by thinner compositionally graded intermediate layers. The micrograph showing the microstructure of the central layer
SEM micrographs of polished and thermally etched sur- show the presence of zirconia (bright grains) bigger grains,
faces inFig. 2 show the grain sizes and the distribution of oragglomerates, in some cases with associated porosity. This
can be deletereous for the mechanical stability of the com-
posity, as we can expect higher thermal residual stress in
the vicinity of zirconia agglomerates. It is also known that
the martensitic transformation into the monoclinic phase of
lower density, associated to the expansion of the zirconia
grain and the subsequent creation of microcraking, is more
likely to occur in bigger grain? However, the XRD and
Raman studies carried out did not detect the presence of mon-
oclinic zirconia associated to the agglomerates.

3.1. XRD

Fig. 3shows the spectra of the alumina side layer and the
alumina-zirconia homogeneous layers at the opposite side
and the center of the layered plate. In the alumina layer only
the features of-alumina (corundum) are observed. In the
alumina-zirconia layer, corundum peaks and with less inten-
sity tetragonal zirconia (t-Z) peaks are clearly detected. XRD
detected only traces of the main monoclinic zirconia (m-
ZrOy) doublet Fig. 4). We used the E(2) to estimate the
maximum volume fraction of m-Zr@relative to tretragonal
zirconia,

Im

Vn=16———
" (161 + It)

(< 1.7%), (2)
wherel, andl; are the intensity of the peaks for m- and t-
ZrO». The calculated volume fraction of monoclinic zirconia
relative to total zirconia is less than 1.7%. This estimation
means that the content of monoclinic zirconia in the cen-
tral layer is less than 0.4 vol.%. For the calculation we did
not eliminate background noise, because of the small signal
at the sites of the main m-ZgQdoublet, where the signal
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Fig. 2. SEM micrograph of polished and thermally etched surfaces of the 20(deg)

alumina side (A), the alumina—zirconia homogeneous layers at the center ] ) )
(B) and the bottom side the composite (C). Fig. 3. XRD spectra at each side of the composite.
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Fig. 4. XRD spectrum showing the region of the main tetragonal zirconia (t-
ZrO) peak and monoclinic (m-Zr§) zirconia main doublet, for the central
alumina—zirconia layer.

to noise ratio was less than 1. The given value is there-
fore an overestimation due to the resolution limit of our
measurement.

3.2. Raman

Raman is a more powerful technique for the detection of
zirconia allotropes2 Given the observation by SEM of the

presence of zirconia agglomerates in the central layer, we
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Fig. 6. Cr-luminiscence spectra for the higher wavenumber peak of the R-
line luminiscence doublet.

3.3. Residual hydrostatic stress on alumina

Fig. 6shows the Cr-luminiscence spectra taken in each of
the three homogeneous alumina or alumina—zirconia layers.
The spectral shift illustrated Irig. 6is associated to a signif-
icant change in the hydrostatic stress on the alumina grains at
the different layers. The maximum spectral shift, between the
center of the composite and the alumina side, is equivalent to
a stress change of 23010 MPa, calculated using E€L).

Fig. 7 shows the spatial evolution of the shift in wave-

used micro-Raman spectroscopy in order to determine thelengths and the hydrostatic stress on alumina along the direc-

presence of monoclinic zirconia in the agglomerates. Mea-

tion of the compositional gradients, taken at intervals of

surements detected clearly the Raman features of tetragonat300um. The graph of the peak position vs. distance have

zirconia (t-Zr@) and a-Al203, while the features of other
zirconia allotropes were not detectddd. 5). We can there-
fore conclude that the amount of monoclinic zirconia is not

significant even in the agglomerates at the central layer with

higher zirconia content.
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Fig. 5. Raman spectra of the two-phase layer.
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Fig. 7. Hydrostatic stress distribution along the layered composite.
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been superimposed at the same scale on the SEM micro4. Summary

graph of Fig. 1, the cross-section along the direction of

compositional changes, to illustrate clearly the correspon-  The microstructure and state of residual stressses in a lay-
dence between the different layers and the measured stressesred alumina—zirconia compositionally graded composite,
No change of residual stresses was detected away from theobtained using an electrophoretic deposition method, were
compositionally graded layers in any of the composition- studied.

ally homogeneous layers. The region of stress changes is The profile of residual stresses measured by ruby luminis-
limited to the region with compositional changes. The pro- cence piezo-spectroscopy in the layered composite matched
file of hydrostatic stresses, obtained from the spectral shiftsthe compositional gradient observed by scanning electron
measured using ruby fluorescence piezo-spectroscopy, fol-microscopy. The hydrostatic stresses on alumina grains vary
lows closely the compositional gradient observed in the gradually according to the variation of composition in the
composite. compositionally graded layers.

Regarding the stress distribution in the compositionally ~ Results indicate that the introduction of thin intermediate
graded thin layers, we did new measurements at smaller inter-graded layers is a suitable method to reduce significantly
vals of 30um in the intermediate compositionally graded changes in stress in the layered composite.
layers, the region delimited by dotted linedHig. 7, between
the darker layer at the left and the brighter layer at the center.
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