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Abstract

Surface residual stresses play a key role in the stability of the quadratic phase in stabilised zirconia. The first objective of is work is to investigate the reliability of the stresses tensor measurement by X-ray diffraction on such a material according to the experimental conditions and parameters. On that purposes, surfaces stresses were generated from mechanical and thermal treatment on 6% Y2O3 stabilised zirconia samples and characterised by mean of a -2 diffractometer with Euler circle.
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Introduction

It is well known that stabilised zirconia is an advanced ceramic exhibiting interesting mechanical properties and especially a high toughness at room temperature. This property results from a phase transformation under tensile stresses, the metastable quadratic form transforms into stable monoclinic form with a slight volume expansion which opposes to crack propagation [1] [2] [3].

When considering such reinforcement mechanism it appear obvious that residual stresses existing in the parts at initial stage may play a role on the material properties. Moreover, time and environmental conditions may lead to a slow destabilisation of the quadratic form so that the mechanical properties decreases. In this case also the residual stresses should influence the destabilisation.

X-ray diffraction (XRD) is an efficient method for the characterisation of surface stresses [4]. X-ray penetration is usually a few tens of micrometers and vary with the energy of the beam, the incidence angle and the chemical composition of the investigated material.

The objective of is work is to investigate the reliability of the stresses tensor measurement by XRD on stabilised zirconia according to the experimental conditions and parameters.

Experimental procedures

1. Stress tensor determination

A residual stresses field in a polycristallin material yields in an elastic deformation of the crystal lattice. The principle of stresses measurements by X-ray diffraction is based on the measurement of the variations in inter planar distances directly related to lattice deformations: crystal plans are used as deformation gauges [4].

For a selected hkl family plans, the inter planar distance d is easily measurable by diffraction by applying the Bragg’s law :

d = /2sin
{1}

with  the wavelength of the anti-cathode and  the diffraction angle.

Derivative of this relation gives:
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d0, inter planar distance without residual stress.

If the strain  is homogeneous over all the irradiated volume (1st order stresses), the diffraction peak shifts by . If is not homogeneous (2nd and 3rd order stresses), then a width increases in the diffraction peak is observed.

In a conventional -2 diffractometer geometry, the diffraction plans (hkl) are parallel to a reference plan  itself perpendicular to a plan containing the incidence and diffraction directions (figure 1). Consequently, the strain is measured in a direction N( ( . Tilting () and rotating () the sample allow the measurement of strains  in different directions N(.

In the most general case, the stress tensor  is deduced from strain measurements for several  in three different  directions (typically 0°, 45° and 90°). The analyse is realised in references axes x1(;x2(;x3( with x3(// n(, normal at sample surface. Stress tensor components ij and ij are deduced from graphs  versus sin² (figure 2) were S1 and ½.S2 are radiocristallographique elastic constants.

If the depth under sample surface analysed does not exceed a few µm (high X-ray absorption) 33 may be considered as equal to 0 (condition for equilibrium at sample surface). The non zero components can be calculated from only two sin2 curves collected for  = 0° and 90°.
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Figure 1 : diffraction system geometry
Figure 2 : typical sin2 curve

2. Correction for diffractometer misalignments

Misalignments in the diffractometer goniometer yields in 2 shifts varying with  and generates errors in strain measurements. Therefore correction are applied to equation {2} by collecting 2rshifts for the same  angles on a reference powder (no 1st order stresses) :
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3. X-ray diffraction system

The diffractometer used for this work is a -2 SIEMENS D5000 with an Euler circle, using a Co anticathode and Fe filter. Irradiated surface is about 2 mm diameter. The software allowing the stresses measurement is Stress AT supplied by SIEMENS.

RESULTS and discussion

1. Selection of the diffraction peak.

The reliably of the stresses tensor calculation is linked to the accuracy of the 2 shift measurement. Equation {1} says that for a given strain , the high the 2 angle, the larger the shift. However the peak intensity should also be high to obtain an accurate measurement of the 2 position.

According to the JCPDS file (42-1164), several peaks exhibits suitable intensities and high 2 positions (> 100° with Co radiation). On the other hand, the X-ray pattern collected on the starting materials shows that numerous of theses peaks are convoluted with one or more other peaks (figure 3) what is not favourable with an accurate 2 position measurement.

Plans (400) diffract around 162° without any convolution but the important width and low intensity of the peak make the 2 position measurement not easy. Plans (321) diffract around 128° also without convolution but the intensity of the peak is low. The peak corresponding to plans (312) shows a diffraction angle near 117° and appears as the best candidate. The determination of the peak position was investigated in order to limit the influence of the neighbouring peak corresponding to plan (204).

For that peak, the depth analysed is very low, about 6µm, so that 33 is considered as equal to 0 and the stress tensor can be measured from only two  angles (see §1.1.)
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Figure 3: High angles diffraction pattern of zirconia sample 

2. Method for the determination of peak diffraction angle

Several methods may be used for the determination of the peak diffraction angle: maximum intensity, middle of cord, gravity centre. Moreover mathematical treatments can be applied to the pattern before peak angle determination: subtraction of background, subtraction of K2 lines, peak smoothing… The method leading to the best results has been determined from the investigation of the reproducibility of the 2 position measurements on a zirconia test sample for the  and  angles that will be used for sin2 curves acquisitions. From this studied it was found that a measurement without any mathematical treatment and using the middle of cord at 80% of the maximum peak intensity leads to the best reproducibility, 2 ( 0.038° with standard scanning conditions (§2.3.) and avoid the influence of the neighbouring peak (204).

3. Scanning conditions

Adjustable parameters for 2 scanning are the angle step width and the counting time per step. Conventional step width is 0.02° but acquisitions with 0.01° were also performed to check the influence on reproducibility (table 1). To obtain a high peak / noise ratio, a counting time of 5 sec appears as the minimum but reproducibility for 10 sec were performed.

A scanning step of 0.01° does not significantly improve the reproducibility on the contrary to the increase in counting time. The conditions retained are 0.02° / 10 sec.


0.02° / 5sec
0.02° / 10sec
0.01° / 5sec

 = 0
0.038
0.026
0.036

 = 90
0.028
0.015
0.023

Table 1 : influence of scanning parameters on reproducibility in  measurements

4. Misalignments corrections

Misalignments were corrected according to equation {2}, using an alumina powder (A16 SG Alcoa) with reference to plans (226) diffracting at 2 = 122°. Scanning conditions for 2r measurements were 0.02 / 10sec.

5. Applications

Stresses measurements were performed on an 6% Y2O3-stabilised zirconia. The samples were tested as received, that is to say just after sintering (A), after quenching in air (Q), grinding under drastic conditions (G) and polishing (P) in order to modify the surface residual stresses.

An easy comparison between the different samples is obtained from the graphs showing - (= 2versus (sin)2 (figure 4). The slops indicate the stress levels in the  directions (positive = tension; negative = compression).
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Figure 4 : - versus (sin)2 for samples : as received (A), after quenching in air (Q), grinding under drastic conditions (G) and polishing (P) 

The calculated stress tensor were compared in a qualitative way more than quantitatively as the values of the radiocristallographiques elastic constants S1 and ½ S2 required for calculations are not exactly known ($1.1.). Calculations are given in table 2

As expected it is observed that the machining tests generates high surface compression stresses both in the grinding direction that transversely. The high linearity of the curve in sin2 indicates that the stresses are homogeneous (no significant gradient) over all the depth investigated (~ 6µm). Indeed, the depth investigated varies with  (it decrease when  increase [4]), the slop of the curve indicates the average stress over the investigated the depth so that a variation in slope can be linked to a stress gradient.

More surprisingly the quenching test does not generate measurable stresses. The test was performed on a sample 20 x 20 x 3 mm3 at 1000°C with pulsed air. The sample show numerous cracks that can explained a stresses relaxation.

Careful polishing was performed with SiC polishing paper (grade 800) during 2min. The thickness of material remove was estimated at 2 µm from the sample weight loss. This test does not generate measurable stresses. Such a polishing can be used to follow the stresses variations under the sample surface in the case of grinding tests.

Sample
A
Q
G
P

0 (MPa)
-22(25
-25(29
-1842(83
-13(15

 = 90(MPa)
-16(24
-7(28
-1260(147
-10(23

Table 2 : Stresses calculated from the curves sin2
Conclusions

Experimental conditions have been determined to characterise X-ray diffraction the residual surface stresses in Y2O3 stabilised zirconia.

After grinding under drastic conditions, significatives diffraction peak shifts are observed. The sin2 curves indicates high compression stresses both along the grinding direction than transversal to this direction.

Reliable quantification of the stresses observed would need the knowledge of the radiocristallographiques elastic constants. However relative stresses values can be calculated by using approximated constants.

Future work will focus on the influence of the grinding parameters on the stresses generated and on the effect of a relaxation thermal treatment.
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