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Abstract

:

Zirconia-based cast refractories are widely used for glass furnace applications. Since they have to withstand harsh chemical as well as thermo-mechanical environments, internal stresses and microcracking are often present in such materials under operating conditions (sometimes in excess of 1700 °C). We studied the evolution of thermal (CTE) and mechanical (Young’s modulus) properties as a function of temperature in a fused-cast refractory containing 94 wt.% of monoclinic ZrO2 and 6 wt.% of a silicate glassy phase. With the aid of X-ray refraction techniques (yielding the internal specific surface in materials), we also monitored the evolution of microcracking as a function of thermal cycles (crossing the martensitic phase transformation around 1000 °C) under externally applied stress. We found that external compressive stress leads to a strong decrease of the internal surface per unit volume, but a tensile load has a similar (though not so strong) effect. In agreement with existing literature on β-eucryptite microcracked ceramics, we could explain these phenomena by microcrack closure in the load direction in the compression case, and by microcrack propagation (rather than microcrack nucleation) under tensile conditions.
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1. Introduction


The manufacturing of high quality glasses required for new applications (e.g., flat LCD or PDP screens) imply the development of new, high zirconia fused-cast refractories with excellent thermomechanical properties [1]. In order to build suitable refractory linings for glass furnaces, this ‘high zirconia’ (meaning high zirconia content) material is typically cast in heavy prismatic industrial blocks (about 1 m3) that are then adjusted to build the inner wall (lining). During the controlled cooling step after casting at about 2500 °C, dendrites of zirconia initially grow under the form of cubic domains (C), but then transform into tetragonal domains (T) at around 2300 °C. Upon further cooling, between 1000 °C and 900 °C, zirconia transforms from a tetragonal to a monoclinic (M) crystal structure. This transformation is associated with a large volume expansion of about 5% [2]. This generates large local (micro) stresses and typically microcracks [3]. While the polymorphism in zirconium ceramics is very well known [4,5], most of the literature is limited to the case of structural ceramics utilized in a rather low temperature range. In the present case, a high zirconia refractory material is targeted to very high temperature applications (typically 1500 °C, and even in excess of 1700 °C) within industrial furnaces for the production of ‘special’ glasses. In such a case, the stabilized (or partially stabilized) zirconia would be inadequate, since the refractory material is used above the zirconia phase transition (taking place between 1000 °C and 1160 °C in pure zirconia). Instead, a small quantity of glassy phase (SiO2) within the refractory microstructure is introduced to facilitate the industrial processing of large blocks (not otherwise possible). The glassy phase accommodates internal stresses induced by the large volume expansion associated to the zirconia phase transition during cooling (and also during preheating to the service temperature in the industrial furnace).



During the cooling stage, refractory blocks are also submitted to thermal gradients between their core and their skin. Thereby the martensitic transformation of zirconia usually occurs under a significant thermal gradient that generates additional macro-stresses, which can further significantly modify local microcracking mechanisms and induce macrocracks.



Thermally-induced microcracking (in the following simply thermal microcracking) generally occurs in ceramics with anisotropic coefficient of thermal expansion (CTE) when cooling from the sintering temperature [6]. Thermal microcracking distinguishes itself from mechanical microcracking, since it is: (a) Reversible and (b) mostly insensitive to the thermal cycle history [6,7]. Typical materials undergoing thermal microcracking are aluminum titanate [7,8], cordierite [8] and β-eucryptite [9,10]. The same phenomenon can occur in composites, where the (brittle) constituents have different CTE. This phenomenon is visible in the hysteresis of both the thermal dilatation (and of the CTE) and of the Young’s modulus as a function of temperature [11]. In the present study, high zirconia fused-cast refractory are typically constituted by pure ZrO2 embedded in a silica-rich glassy phase (though present in very small amounts). In this case, the network of microcracks stems from the 5% volume expansion associated to the T → M transformation in the 1000 °C to 900 °C range, but also from the anisotropic thermal expansion coefficient of the monoclinic (M) phase below 1000 °C. This network can be significantly modified by the additional macro-stress field induced by the thermal gradient during the whole cooling process. Thus, on one hand, industrial cooling condition of the blocks could greatly influence local microcracking, and on the other hand this network of microcracks could also significantly modify the thermo-mechanical properties (CTE, thermal conductivity, elastic properties). Depending on the microstructural features (dendrites and domains size), microcracks could play a key role in the appearance of macrocracks, which would render the block unusable. This is why a better understanding of the evolution of microcracking under operating conditions (especially thermal cycles, as well as mechanical loads) is of particular interest for both fundamental and industrial aspects. Due to the inhomogeneity of thermal stresses (large differences between core and periphery), we needed to reproduce the effect of the local stress field undergone by the materials during annealing and, more particularly, during the phase transition. Therefore, we reported that specimens were submitted to different levels of uniaxial load (tensile or compressive) during the phase transition (T → M) of zirconia. In this way, the occurrence of a TRansformation Induced Plasticity (TRIP) phenomenon during the zirconia phase transition could be characterized (such phenomenon is extremely poorly documented in the literature [12,13]). Since one current hypothesis is that the applied stress generates additional damage through microcracking, and both density and orientation of such microcracks would influence the ‘plastic’ deformation of the transition, the main target of the present work was to monitor the effect of thermal history (thermal cycling with/without external uniaxial loading) on the network of microcracks and on some thermomechanical properties (since a uniaxial load potentially leads to some anisotropy of such properties).



With this aim, we used novel techniques such as X-ray refraction radiography. The application of X-ray refraction [14] as a microstructure characterization technique at a macroscopic scale has proven to provide answers to questions that cannot be tackled even by the highest resolution techniques such as computed tomography. This is because X-ray refraction techniques possess detectability of features (cracks, pores, etc.) with size (~1 nm) well below their spatial resolution (~1 μm in the best case) as well as that of computed tomography. This detection power has been exploited in previous works using X-ray refraction [15,16], whereas model has been elaborated to rationalize the evolution of a network of microcracks in terms of propagation of large microcracks that could lead to the closure of smaller ones.



We will see below that microcracks evolved as a function of mechanical load, and are retained at the end of the thermal cycles. Such microcracks also engender a change of the equivalent elastic constants, therefore impacting the materials properties.



It belongs to future work to embed this damage behavior in new elasto-plastic constitutive laws.




2. Materials and Methods


2.1. Specimen Manufacture


The studied material was a fused-cast refractory containing 94 wt.% of monoclinic ZrO2 and 6 wt.% of a silicate glassy phase. Materials were typically obtained under the form of large blocks (1 m3) by a melting process in arc furnaces followed by controlled cooling in ceramic or graphite molds. All investigated specimens were machined by diamond tools from these cast blocks.



For investigations under a uniaxial load at a high temperature, specimens were prepared from cylindrical rods of 20 mm in diameter with metallic parts glued at each end. The final dog bone geometry was obtained by machining simultaneously the central zone (25 mm gauge length) of the specimen down to a diameter of 16 mm and the metallic parts. This allowed obtaining an optimized alignment with the loading axis.



In the second step, for X-ray refraction investigations, smaller prismatic specimens (30 mm × 16 mm × 0.5 mm) were machined in the central zone of the previous ones with a good identification of the load axis. For elastic properties measured by ultrasound in different directions at room temperature, cubic specimens (10 mm × 10 mm × 10 mm) cut with the same procedure, were used.




2.2. Microstructural Characterization


In order to investigate the complex microstructure of these high zirconia fused-cast refractories, coupons were cut and polished for SEM imaging. A Carl Zeiss AG-SUPRA 40 (Carl Zeiss AG, Oberkochen, Germany) with the following experimental conditions was used: Accelerating voltage = 15 kV and specimen-detector distance = 7 mm. A total of 4 material conditions were investigated: As-cast, after purely thermal cycling and after thermal cycling under tensile and compressive loads.




2.3. Dilatometry


A horizontal dilatometer (Netzsch DIL 402 C, NETZSCH-GERÄTEBAU GMBH, Selb, Germany) was used for thermal expansion analysis (no applied load). A large specimen (25 mm length) was prepared in order to reduce measurement error. As usual for such dilatometric experiments, a first test had to be performed on a calibration specimen (high purity sintered alumina), so as to determine and then subtract the specimen holder’s dilatation for further experiments on investigated materials.




2.4. Constrained Expansion Measurements


To reproduce the stress field undergone by the materials during the casting process (and during the phase transition), some specimens were submitted to different levels of uniaxial stress when undergoing the T → M transformation. These tests were performed with an INSTRON 8862 electro-mechanical universal testing machine (INSTRON, Norwood, MA, USA), which can operate up to 1600 °C. Strain was measured from the variation of a 25 mm gauge length obtained by 2 capacitive extensometers placed on the opposite faces of the specimen. The specimens were first heated up to 1500 °C with a rate of 10 °C/min, and then dwelled for 1 hour. This allowed them to return to a stress-free state. Then specimens were cooled with different temperature ramps, simulating the industrial production process of these materials. During cooling, the load was applied after a short dwell at 1150 °C. This ensured starting the application of the load at a low enough temperature to limit the risk of rupture, yet well above the T → M transformation. Once the load was applied, it was kept constant down to room temperature. A total of 2 tests were carried out with different stress levels (tension, +1 MPa and compression, −5 MPa). The values of the load were chosen, taking into account the strength values observed in tension and in compression at the temperature of the zirconia phase transition (about 1000 °C). We aimed at maximizing the effect of the TRIP phenomenon on the associated macroscopic deformation. In fact, at above 1.5 MPa tensile, rupture was systematically observed during the zirconia phase transition. The value of −5 MPa compressive was selected so that a more clearly visible effect on the deformation associated with the phase transition could be observed.



A reference cycle without any load (0 MPa) was run. As a side remark, we observed that the free dilation measured with the dilatometer and with the test rig, while having a similar trend, did not quantitatively match. This is due to the different calibrations of the 2 machines.




2.5. Ultrasonic Transmission


Ultrasonic measurements, in different directions, were carried out on specimens in the 4 conditions mentioned above. The velocities of longitudinal waves in infinite mode were measured according to the pulse transmission echo method [17]. The transmission method was applied due to the presence of some defects after thermal cycling under load, which can disturb the signal leading to a false measurement of the velocity if the reflection method were used.



A pulse generator/receiver system and 2 piezoelectric transducers (10 MHz) were used. A transducer was applied on 1 face of the specimen and directly sent ultrasonic waves across it. A second transducer collected the waves on the other face. The received signal was recorded on a digital oscilloscope. After signal analysis, the transit time through the thickness of the specimen was measured and related to wave velocity along a particular direction. Measurements were made in 3 perpendicular directions. The knowledge of the density allowed the calculation of the corresponding elastic constants.




2.6. X-ray Refraction


2.6.1. Generalities about X-ray Refraction Techniques


X-ray refraction techniques were introduced a couple of decades ago [18] and have been successfully used for both material characterization and non-destructive testing [19]. X-ray refraction techniques are used to obtain the amount of the relative internal specific surface (i.e., surface per unit volume, relative to a reference state) of a specimen, and are therefore beneficial in the investigation of defects such as cracks and pores within ceramic components.



X-ray refraction occurs whenever X-rays interact with interfaces between materials of different densities as in the case of cracks, pores and particles in a matrix. The difference in the refraction indices between the 2 interfacing materials, the so-called refraction decrement, determines the refraction angle at the interface. The refraction decrement is dependent on the wavelength of the radiation. Since the refraction decrement for X-ray radiation is of the order of 10−5, X-ray optical effects can only be observed at very small scattering angles, which lie between a few seconds and a few minutes of arc. Since the typical X-ray wavelengths are approximately 0.1 nm, X-ray refraction detects pores and cracks as soon as they exceed a size of some X-ray wavelengths (so that the wave ‘notices’ the density difference at the interface). That means the smallest detectable object size is down to the nanometer range. This is not to be confused with the spatial resolution or the size of the objects that can be imaged. The spatial resolution is limited by the pixel size (in this work of about 4 μm × 4 μm) of the detector system. It must be emphasized that because of the inevitable background noise, it is impossible to conclusively detect one single defect. A certain population of objects is necessary to yield an integrated signal above the background noise. Thus, X-ray refraction is used primarily in radiographic mode with thin specimens (platelets) and yields a 2.5D signal, i.e., integrated over the specimen’s thickness. This results in the detection and imaging of a population of defects rather than the imaging of single defects. The X-ray refraction signal has been quantitatively correlated to microstructural changes and micromechanical models [20]. Furthermore, X-ray refraction techniques are sensitive to defect orientation, thereby allowing different kinds of defects to be identified [21]. The refraction signal of an isotropic inhomogeneity, such as spherical voids, will also be isotropic, whereas for cracks or elongated pores the signal vanishes when the defect surface normal is oriented perpendicular to the scattering vector of the detection system.




2.6.2. Synchrotron Radiation X-ray Refraction


SXRR measurements were carried out at the BAM synchrotron laboratory BAMline at Helmholtz-Zentrum, Berlin, Germany [16,22]. The 3 specimens were mounted in a slide frame as shown in Figure 1. The beam energy was set to 50 keV (with ΔE/E ~0.2%) to achieve a specimen X-ray transmission of about 30%. A Princeton Instrument camera (2048 × 2048 pixel) in combination with a lens system and a 50 μm thick CWO scintillator screen provided a pixel size of 3.5 μm × 3.5 µm, capturing a field of view of about 7 mm × 3 mm [23].



A Si(111) analyzer crystal was placed in the beam path between the specimen and the camera system, shown in Figure 1, to perform refraction radiographs. The analyzer crystal reflect the beam coming out of the specimen into the detector system if the incidence angle is set to the Bragg angle, θB = 2.2664° at 50 keV. By tilting the analyzer crystal around an axis perpendicular to the scattering plane (the scattering plane of the Si(111) crystal lies in the plane of Figure 1), the so-called rocking curve is recorded. This describes the reflected beam intensity as a function of the deviation from the Bragg angle, Δθ = θ − θB. The rocking curve was recorded for each specimen by taking 41 radiographs between θ = 2.2651° and θ = 2.2685° with a step size of Δθ = 0.0001° and exposure time of 5 s. All specimens were measured in two orientations: (a) Load direction of the specimen perpendicular and (b) parallel to the scattering plane (see Figure 1). In addition, the following images were acquired: Dark field (beam off) and flat field (beam on, but without specimens). The dark field image was used to subtract the dark current and detector readout noise from the specimen and flat field acquisitions. The flat field images quantified the instrumental artefacts and noise that were used to correct the X-ray radiography images according to Equation (1). The corrected rocking curve images were analyzed using an in-house software code based on LabView®. Figure 2 shows the typical rocking curves extracted from one arbitrary detector pixel. Open circles indicate the measurement without and filled circles with the specimen in the beam, respectively. The peak maxima are normed to unit to show the increase in beam divergence due to the refraction effect at interfaces (e.g., cracks and/or pores) inside the specimen. The analysis software delivered the values of the rocking curve integral, the peak height, peak position and the Full Width at Half Maximum FWHM (see Table 1). By using the image calculating software “Fiji Image J” [24] the attenuation (µ·d) and the refraction value (Cm·d) were evaluated for each pixel according to Equations (1) and (2), respectively. A detailed description of the data processing and evaluation can be found in [25,26].


μ·d=ln(I0I)



(1)






Cm·d=1−IR·I0IR0·I



(2)







The influence of the specimens’ thickness d is eliminated by dividing the local refraction value (Cm·d) by the local attenuation property (µ·d). This yielded the relative specific refraction value (Cm/µ), which is proportional to the relative specific internal surface of the specimen up to a calibration constant, depending on the instrument, the material and the experiment (geometry and energy).






3. Results


3.1. Microstructure


Microstructural features associated with the cooling process are very complex. Figure 3a illustrates the different steps of microstructure evolution during the different stages of the cooling process [27]. At a very high temperature (2500 °C), dendrites of zirconia initially grew with a cubic structure (C). These dendrites possess primary and secondary ramifications (tree structure in Figure 3c); the structure transformed into tetragonal domains (T) at around 2300 °C. Between 2300 °C and 1700 °C, the mix (Figure 3b) was not supposed to be fully solid, and nucleation-growth of zirconia dendrites probably continued in this temperature range. Below 1700 °C, the material could be considered as fully solid with zirconia dendrites embedded in a silica glassy phase (Figure 3d). Between 1000 °C and 900 °C, the martensitic transformation of zirconia from the tetragonal to the monoclinic structure (M) occurred (Figure 3a). The cubic-to-tetragonal transformation was associated to a 45° rotation of the a- and b-crystal axes around the c-axis. This rotation induced the possible formation of three distinct crystallographic variants from one single cubic crystal. During the tetragonal-to-monoclinic transformation, it was possible to form 24 different crystallographic variants. The β angle (between a and b) differed thus from 90° (being close to 99°). At room temperature each zirconia dendrite was therefore constituted of different monoclinic variants (Figure 3e,f). Considering the anisotropy in thermal expansion along the different crystallographic axes in the monoclinic structure, these different crystallographic variants induced thermal mismatches and then potential microcracking between variants (Figure 3f). The glassy phase within the microstructure was assumed, because of its low viscosity at this temperature, to accommodate internal stresses induced by the anisotropic expansion mismatch between ZrO2 grains during this transformation.




3.2. Free and Constrained Thermal Expansion


As a reference without any external applied stress, a classic dilatometric experiment was carried out up to 1500 °C. This determined the characteristic temperatures for phase transformations of zirconia, as well as the average amplitude of the different effects in the unconstrained case (Figure 4). The general shape of this curve described an open hysteresis cycle with expansion discontinuities due to dimensional changes in the zirconia structure associated with transformations M ↔ T. The M → T transformation took place around 1115 °C, during heating (beginning of curve descent), whereas the inverse transformation occurred around 1010 °C, during cooling (beginning of sudden expansion). The amplitude of linear expansion associated with the phase transformations of zirconia depend on the zirconia content. In the present case, an expansion of 1.7% during cooling corresponded to a volume variation of 5.1%. This experimental value on high zirconia fused-cast refractories can be compared with the intrinsic volume variation associated with the transformation T → M in the case of a pure zirconia that can be measured by X-ray diffraction at high temperatures (3.6%) [12,28]. The macroscopic linear expansion of the present material was much larger than the microscopic (lattice) one, measured by XRD. The presence of a small amount of vitreous (silica) phase (6 wt.%, i.e., 12 vol.%), which has a slightly lower thermal expansion than zirconia, cannot explain this difference. This difference can only be explained by the variation of free space (void, microcracks) within the microstructure.



Results of the constrained dilation tests are presented in Figure 5, where strains are presented using 1500 °C as the reference state. It is clearly observed that the applied stress directly affected the strain associated with the tetragonal to monoclinic transformation. A tensile stress increased the strain associated to the T → M transformation, whereas a compressive one reduced it.



The ability of an external stress to influence the deformation associated with a phase transition has been already observed in metals [29].This phenomenon is known as Transformation Induced Plasticity. Thus, an interpretation of the present results can be based on similar mechanisms. The TRIP is a permanent macroscopic deformation occurring in the materials subjected to a phase transformation under an external mechanical stress even if this stress is much lower than the yield limit of the different phases that are present in the material. From a microstructural point of view, two mechanisms are usually considered to explain TRIP phenomenon in metals:

	
The Greenwood–Johnson mechanism [30] corresponds to the micro-plasticity at the grain boundaries, which is required for the accommodation of the density differences during the phase transformation;



	
The Magee mechanism [31] corresponds to a selective orientation of some crystallographic variants depending on the direction of the applied stress.








In the case of brittle material such as zirconia, a third mechanism corresponding to damage is also involved: Microcracking. The strain associated to microcracking is related thus to the number, the width and the orientation of microcracks generated under stress. The evolution of the microcrack density can be quantified by an elastic property measurement [8,9]. To this aim, Young’s modulus of all specimens was measured at room temperature before and after each test, applying a compressive stress between 0 MPa and 0.5 MPa. The relative changes of Young’s modulus after different cycles are reported below. A decrease in Young’s modulus was systematically observed after each test. In addition, this decrease was strongly correlated with the applied stress, being larger in the case of thermal cycles run under tensile stress. A thermal cycle run under compression induced a smaller decrease in Young’s modulus in comparison with an unconstrained thermal cycle.




3.3. Microcracking


Figure 6 shows the local linear attenuation coefficient μ as 2D color-coded images (the color spread is the same for all images). The 0 MPa and +1 MPa specimens show similar values of the linear attenuation coefficient. The attenuation of the 5 MPa specimens is about 5% higher. The attenuation is not homogeneous (areas of higher attenuation intersect with a network of lower attenuation). The spatial distribution of the attenuation is similar for all specimens, but the peak attenuation is higher for the 5 MPa specimen.



Figure 7 and Figure 8 show the local relative specific refraction value Cm/µ as 2D color-coded images, respective for the load direction of the specimen perpendicular- and parallel-oriented to the scattering plane of the analyzer crystal (the color spread is the same for all images) for each specimen.



The 0 MPa specimen shows the highest specific surface in both orientations. The value of Cm·d was roughly the same for both orientations (no preferred orientation of the features causing refraction, namely grain boundaries and microcracks). The areas of high specific surface are localized.



The −5 MPa specimen shows the lowest specific surface. The value of Cm·d was higher for the orientation of the load axis perpendicular to the scattering plane (preferred orientation of features parallel to the load axis). Also, the local maxima are higher than for the other two specimens.



The 1 MPa specimen shows intermediate specific surface. The value of Cm·d was roughly the same for both orientations (no preferred orientation). The local maxima are similar to the 0 MPa specimen.




3.4. Quantification of Elastic Constants’ Anisotropy


Since the arrangement of microcracks depends on the applied load during cooling (closure occurs in the case of compression, propagation in the case of tension), the degree of anisotropy of damage was quantified here through the measurement of the anisotropy of elastic constants (the microcrack induced anisotropy of properties has been predicted by Kachanov [32]). For this purpose, some entries of the stiffness tensor (Cij) were determined on specimens cooled under different applied stress through ultrasonic transmission measurements in different directions. A uniaxial load is likely to induce a transverse isotropic symmetry, therefore, measurements were focused on the constants C11, C22 and C33 (axis 3 is parallel to the applied load). For an isotropic material, the constants C11, C22 and C33 should be equal, whereas in the case of transverse isotropy, C33 would be different to C11 = C22. This anisotropy of the elastic constants was quantified (Figure 9b) through the index AI.


AI=C33[C11+C222]−1



(3)







Figure 9 shows that:

	
An unconstrained cooling yields a value of AI close to 0 (similar values of elastic constants in each direction), therefore to a rather isotropic microcrack arrangement;



	
The application of a tensile stress during cooling leads to negative values of AI (C33 is smaller than C11 and C22). This implies the generation of a network of microcracks that are preferentially oriented in the plane perpendicular to the direction of application of the load;



	
The application of a compressive stress during cooling leads to positive values of AI (C33 is larger than C11 and C22). This implies the generation of a network of microcracks that are preferentially oriented in the direction of the applied load.








In conclusion, these results suggest that the modulation of the deformation during the T → M transformation of zirconia under load could be related to the preferential direction of microcracks. This would establish a relationship between damage distribution (orientation) and the applied load during the T → M transformation that leads to the TRIP effect. In some other work, the orientation anisotropy of the microcrack arrangement has already been deduced (from lattice strain neutron diffraction measurements) and exemplarily observed by electron backscatter diffraction (EBSD) in porous Al2TiO5 by Bruno et al. [11]. Nevertheless, it was not possible in this case to clearly determine the preferential orientation of microcracks in SEM pictures, since their field of view was limited.





4. Discussion


It was expected that an external uniaxial stress should close microcracks oriented perpendicular to the load axis in the compression case, and open them in the tensile case. Correspondingly, we also expected that in the compression case, a possible rise of the opened microcracks in the direction parallel to the load axis would occur. Table 2, summarizing the X-ray refraction results, shows some expected results: In the parallel orientation of the load axis to the scattering plane, the decrease of refraction value in the −5 MPa specimen (with respect to the behavior of the 0 MPa specimen) corresponded to the decrease of microcrack density (or specific surface); in the perpendicular orientation of the load axis to the scattering plane, the (slight) decrease of refraction value for the +1 MPa specimen (with respect to the behavior of the 0 MPa specimen) corresponded to microcrack closure in the direction perpendicular to the load (Poisson’s effect as microcrack lips come together and fall below the detection limit of the technique). However, some apparently surprising trends also appeared: In the parallel orientation of the load axis to the scattering plane, a slight decrease of the refraction value in the +1 MPa specimen occurred, which corresponded to a decrease of microcrack density (or specific surface); in the perpendicular orientation of the load axis to the scattering plane, the (slight) decrease of refraction value for the −5 MPa specimen occurred, which corresponded to microcrack closure in the direction perpendicular to the load. These two effects cannot be explained by Poisson’s contraction (tension case) or expansion (compression case). A plausible explanation has been predicated in [15]: Damage in microcracked ceramics actually proceeds by propagation of existing microcracks, rather than by formation of new microcracks. This would imply that small microcracks can suddenly find themselves in the shielding zone of larger ones, thereby falling below the detection limit of X-ray refraction (~1 nm). Indeed, it has been shown in [15] that even under tension, some regions of a microcracked material undergoes local strain release, and when unloaded the detectable specific surface decreases even if the actual microcrack density (defined as ρ = 1/V·∑iai3, where V = investigated volume and ai = radius of the i-th microcrack) increases, because of its cubic dependence on the crack size a. Furthermore, the 1 MPa specimen did possess a larger refraction value in the parallel orientation of the load axis to the scattering plane, i.e., a larger specific surface of microcracks oriented perpendicular to the applied load, but the amount of external tension is not enough to propagate existing microcracks to the same amount that a compressive stress of −5 MPa can do.



We also have to take into account that the quantitative analysis of the X-ray refraction maps of Figure 7 and Figure 8 strongly depends on the segmentation procedure utilized to extract the refraction value. By applying different masks to the images, one can obtain slightly different results. In Figure 10 it is shown that different masks are obtained with different methods (see [33,34]). Those masks yield slightly different refraction values, as summarized in Table 3. Table 3 shows a similar trend to Table 2, with one important exception: Specimens 0 MPa and 1 MPa do not differ much. This analysis would rather support the hypothesis that indeed specimen 1 MPa did not undergo enough deformation to induce significant microcrack propagation (further damage to the initial condition), but this is subject to future work.




5. Conclusions


We have confirmed that synchrotron X-ray refraction is a useful technique to determine the evolution of damage, especially in brittle (microcracked) materials. While classically limited to light materials, we have expanded the use of X-ray refraction to a high-density material such as electro-fused refractory zirconia. We have shown that one can change the amount of microcracking in this material, a ZrO2-SiO2 composite, by means of an externally applied uniaxial stress during the cooling branch of a thermal cycle: A compressive load will close microcracks perpendicular to the applied load. This change therefore caused the anisotropy of the microcrack orientation. Upon application of a tensile load during cooling, microcrack propagation seemed to take place, whereby small cracks virtually closed (i.e., they fell below the detection limit of X-ray refraction techniques), however the X-ray refraction data can also be interpreted so that the investigated tensile load may not have induced enough damage to be detected. To clarify the issue, further investigations are needed.







Author Contributions


Conceptualization, M.H. and G.B.; Experimental Investigation, F.G, R.L. and B.R.M.; Data Curation, F.G., R.L. and B.R.M.; Writing—Original Draft Preparation, M.H. and G.B.; Writing—Review & Editing, F.G., R.L., B.R.M., G.B., G.A., T.C. and M.G.; Supervision, M.H., T.C., G.A. and G.B.; Project Administration, M.H. and T.C.; Funding Acquisition, M.H. and T.C.




Funding


This research was funded by the French National Research Agency grant number [ANR-12-RMNP-0007].




Acknowledgments


Authors are thankful to Saint-Gobain CREE for the supplying of materials. We thank HZB for the allocation of synchrotron radiation beamtime. We thank HZB colleagues for their support as well as Ralf Britzke and Thomas Wolk (BAM) for their assistance during beam time at BAMline.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Duvierre, G.; Boussant-Roux, Y. Fused Zirconia or Fused AZS: Which Is the Best Choice? In 59th Conference on Glass Problems: Ceramic Engineering and Science Proceedings; American Ceramic Society: Hoboken, NJ, USA, 2019; pp. 65–80. [Google Scholar]

	



Garvie, R.C.; Hannink, R.H.; Pascoe, R.T. Ceramic Steel? Nature 1975, 258, 703–704. [Google Scholar] [CrossRef]

	



Patapy, C.; Gey, N.; Hazotte, A.; Humbert, M.; Chateigner, D.; Guinebretiere, R.; Huger, M.; Chotard, T. Mechanical behavior characterization of high zirconia fused-cast refractories at high temperature: Influence of the cooling stage on microstructural changes. J. Eur. Ceram. Soc. 2012, 32, 3929–3939. [Google Scholar] [CrossRef]

	



Kisi, E.H.; Howard, C.J. Crystal Structures of Zirconia Phases and their Inter-Relation. Key Eng. Mater. 1998, 153–154, 1–36. [Google Scholar] [CrossRef]

	



Badwal, S.P.; Bannister, M.J.; Hannink, R.H.J. Science and Technology of Zirconia V; Technomic Pub. Co.: Lancaster, PA, USA, 1993. [Google Scholar]

	



Bruno, G.; Efremov, A.M.; An, C.; Nickerson, S. Not All Microcracks are Born Equal: Thermal vs. Mechanical Microcracking in Porous Ceramics. Ceram. Eng. Sci. Proc. 2011, 32, 137–152. [Google Scholar] [CrossRef]

	



Thomas, H.A.J.; Stevens, R. Aluminium titanate—A literature review. Part 1. Microcracking phenomena. Br. Ceram. Trans. J. 1989, 88, 144–151. [Google Scholar]

	



Bruno, G.; Kachanov, M. Porous microcracked ceramics under compression: Micromechanical model of non-linear behavior. J. Eur. Ceram. Soc. 2013, 33, 2073–2085. [Google Scholar] [CrossRef]

	



Bruno, G.; Kachanov, M. Microstructure–Property Connections for Porous Ceramics: The Possibilities Offered by Micromechanics. J. Am. Ceram. Soc. 2016, 99, 3829–3852. [Google Scholar] [CrossRef]

	



Bruno, G.; Garlea, V.O.; Muth, J.; Efremov, A.M.; Watkins, T.R.; Shyam, A. Microstrain temperature evolution in b-eucryptite ceramics: Measurement and model. Acta Mater. 2012, 60, 4982–4996. [Google Scholar] [CrossRef]

	



Bruno, G.; Efremov, A.M.; Wheaton, B.R.; Webb, J.E. Microcrack orientation in porous aluminum titanate. Acta Mater. 2010, 58, 6649–6655. [Google Scholar] [CrossRef]

	



Gouraud, F. Influence des Transformations de Phase de la Zircone sur le Comportement Thermomécanique de Réfractaires à Très Haute Teneur en Zircone. Ph.D. Thesis, University of Limoges, Limoges, France, 2016. [Google Scholar]

	



Patapy, C. Comportement Thermomécanique et Transformations de Phase de Matériaux Réfractaires électrofondus à Très Haute Teneur en Zircone. Ph.D. Thesis, University of Limoges, Limoges, France, 2010. [Google Scholar]

	



Kupsch, A.; Müller, B.R.; Lange, A.; Bruno, G. Microstructure characterisation of ceramics via 2D and 3D X-ray refraction techniques. J. Eur. Ceram. Soc. 2017, 37, 1879–1889. [Google Scholar] [CrossRef]

	



Müller, B.R.; Cooper, R.C.; Lange, A.; Kupsch, A.; Wheeler, M.; Hentschel, M.P.; Staude, A.; Pandey, A.; Shyam, A.; Bruno, G. Stress-induced microcrack density evolution in β-eucryptite ceramics: Experimental observations and possible route to strain hardening. Acta Mater. 2018, 144, 627–641. [Google Scholar] [CrossRef]

	



Müller, B.R.; Lange, A.; Harwardt, M.; Hentschel, M.P. Synchrotron-Based Micro-CT and Refraction-Enhanced Micro-CT for Non-Destructive Materials Characterisation. Adv. Eng. Mater. 2009, 11, 435–440. [Google Scholar] [CrossRef]

	



Fuller, E.R., Jr.; Granto, A.V.; Holder, J.; Naimon, E.R. 7. Ultrasonic Studies of the Properties of Solids. In Methods in Experimental Physics; Coleman, R.V., Ed.; Academic Press: Cambridge, MA, USA, 1974; Volume 11, pp. 371–441. [Google Scholar]

	



Hentschel, M.P.; Hosemann, R.; Lange, A.; Uther, B.; Bruckner, R. Small-Angle X-Ray Refraction in Metal Wires, Glass-Fibers and Hard Elastic Propylenes. Acta Crystallogr. A 1987, 43, 506–513. [Google Scholar] [CrossRef]

	



Müller, B.R.; Hentschel, M.P. Micro-diagnostics: X-ray and synchrotron techniques. In Handbook of Technical Diagnostics—Fundamentals and Application to Structures and Systems; Czichos, H., Ed.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 287–300. [Google Scholar] [CrossRef]

	



Cooper, R.C.; Bruno, G.; Wheeler, M.R.; Pandey, A.; Watkins, T.R.; Shyam, A. Effect of microcracking on the uniaxial tensile response of β-eucryptite ceramics: Experiments and constitutive model. Acta Mater. 2017, 135, 361–371. [Google Scholar] [CrossRef]

	



Laquai, R.; Müller, B.R.; Kasperovich, G.; Haubrich, J.; Requena, G.; Bruno, G. X-ray refraction distinguishes unprocessed powder from empty pores in selective laser melting Ti-6Al-4V. Mater. Res. Lett. 2018, 6, 130–135. [Google Scholar] [CrossRef]

	



Görner, W.; Hentschel, M.P.; Müller, B.R.; Riesemeier, H.; Krumrey, M.; Ulm, G.; Diete, W.; Klein, U.; Frahm, R. BAMline: The first hard X-ray beamline at BESSY II. Nucl. Instrum. Methods Phys. Res. Sect. A 2001, 467, 703–706. [Google Scholar] [CrossRef]

	



Rack, A.; Zabler, S.; Müller, B.R.; Riesemeier, H.; Weidemann, G.; Lange, A.; Goebbels, J.; Hentschel, M.; Görner, W. High resolution synchrotron-based radiography and tomography using hard X-rays at the BAMline (BESSY II). Nucl. Instrum. Methods Phys. Res. Sect. A 2008, 586, 327–344. [Google Scholar] [CrossRef]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671. [Google Scholar] [CrossRef] [PubMed]

	



Nellesen, J.; Laquai, R.; Müller, B.R.; Kupsch, A.; Hentschel, M.P.; Anar, N.B.; Soppa, E.; Tillmann, W.; Bruno, G. In situ analysis of damage evolution in an Al/Al2O3 MMC under tensile load by synchrotron X-ray refraction imaging. J. Mater. Sci. 2018, 53. [Google Scholar] [CrossRef]

	



Cabeza, S.; Müller, B.R.; Pereyra, R.; Fernandez, R.; Gonzalez-Doncel, G.; Bruno, G. Evidence of damage evolution during creep of Al–Mg alloy using synchrotron X-ray refraction. J. Appl. Crystallogr. 2018, 51, 420–427. [Google Scholar] [CrossRef]

	



Patapy, C.; Huger, M.; Guinebretière, R.; Gey, N.; Humbert, M.; Hazotte, A.; Chotard, T. Solidification structure in pure zirconia liquid molten phase. J. Eur. Ceram. Soc. 2013, 33, 259–268. [Google Scholar] [CrossRef]

	



Krogstad, J.A.; Gao, Y.; Bai, J.; Wang, J.; Lipkin, D.M.; Levi, C.G. In Situ Diffraction Study of the High-Temperature Decomposition of t′-Zirconia. J. Am. Ceram. Soc. 2015, 98, 247–254. [Google Scholar] [CrossRef]

	



Mitter, W. Umwandlungsplastizität und ihre Berücksichtigung bei der Berechnung von Eigenspannungen; Gebrüder Borntraeger: Berlin/Stuttgart, Germany, 1987. [Google Scholar]

	



Greenwood, G.W.; Johnson, R.H.; Rotherham, L. The deformation of metals under small stresses during phase transformations. Proc. R. Soc. Lond. Ser. A Math. Phys. Sci. 1965, 283, 403–422. [Google Scholar] [CrossRef]

	



Magee, C.L.; Paxton, H.W. Transformation Kinetics, Microplasticity and Aging of Martensite in Fe-31Ni. Ph.D. Thesis, Carnegie Institute of Technology Pittsburgh, Pittsburgh, PA, USA, 1966. [Google Scholar]

	



Kachanov, M. Elastic Solids with Many Cracks and Related Problems. In Advances in Applied Mechanics; Hutchinson, J.W., Wu, T.Y., Eds.; Elsevier: Amsterdam, The Netherlands, 1993; Volume 30, pp. 259–445. [Google Scholar]

	



Otsu, N. A Threshold Selection Method from Gray-Level Histograms. IEEE Trans. Syst. Man Cybern. 1979, 9, 62–66. [Google Scholar] [CrossRef]

	



Huang, L.-K.; Wang, M.-J.J. Image thresholding by minimizing the measures of fuzziness. Pattern Recognit. 1995, 28, 41–51. [Google Scholar] [CrossRef]








[image: Materials 12 01017 g001 550]





Figure 1. Experimental set up of the X-ray refraction station at BAMline. The specimens were mounted in a slide frame shown on the right. The scattering plane of the Si(111) crystal lies in the image plane. 
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Figure 2. Rocking curves measured at one detector pixel and normalized to the peak maximum. Open circles: Without specimen (FWHM = 0.00034°); and filled circles: With specimen (FWHM = 0.00062°). 
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Figure 3. (a) Microstructure evolution of the ZrO2-SiO2 refractory; (b) 3D microtomography reconstruction of a cylindrical specimen, showing the dendritic structure, as in (c,d) (SEM pictures). (e,f) show the monoclinic variants stemming from the C → T and then T → M phase transformations. 
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Figure 4. Unconstrained thermal expansion curve of the ZrO2-SiO2 refractory. 
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Figure 5. Constrained thermal expansion curve of the ZrO2-SiO2 refractory upon cooling, calculated assuming the strain-free state to hold at the maximum temperature (1500 °C). The stress was applied just before the start of the phase transformation (see vertical arrow). 
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Figure 6. Visualization of the local values of the linear attenuation coefficient µ as 2D color-coded images (top left), unloaded (top right) 1 MPa tensile loaded and (bottom left) 5 MPa compression loaded. Bottom right: The integral values of the linear attenuation coefficient µ across the loaded and unloaded specimens are shown as bar graphs. The small bars represent the inhomogeneity of the µ values across the measured area of the specimen. 
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Figure 7. Visualization of the local values of the relative specific refraction value Cm/µ of the specimen as 2D color-coded images. The load direction of the specimen was perpendicular to the scattering plane of the analyzer crystal. Top left: Unloaded, top right: 1 MPa tensile loaded and bottom left: 5 MPa compression loaded. Bottom right: The integral values of the relative specific surface for all specimens are shown as bar graphs. The small bars represent the inhomogeneity of the Cm/µ values across the measured area of the specimen. 
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Figure 8. Visualization of the local values of the relative specific refraction value Cm/µ of the specimen as 2D color-coded images for the orientation of the load direction of the specimen parallel to the scattering plane of the analyzer crystal. Top left: Unloaded, top right: 1 MPa tensile loaded and bottom left: 5 MPa compression loaded. The load direction was parallel to the scattering vector. Top left: Unloaded, top right: 1 MPa tensile loaded and bottom left: 5 MPa compression loaded. Bottom right: The integral values of the relative specific surface for all specimens are shown as bar graphs. The small bars represent the inhomogeneity of the µ∙d values across the measured area of the specimen. 
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Figure 9. Room temperature elastic properties evolution due to thermal cycling (and cooling under applied stress, where axis 3 is the direction of the applied stress): (a) Decrease in Young’s modulus measured along the direction of the applied load and (b) evolution of the anisotropy index. 
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Figure 10. Segmentation of the refraction map for the 1 MPa specimen (Figure 7): (a) Mask with Otsu threshold; and (b) mask with Huang threshold. 
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Table 1. The rocking curve parameter used to calculate the attenuation properties and the relative specific refraction value of the specimens.
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	Symbol
	Quantity





	IR
	peak height (curve with filled circles) with specimen in the beam



	IR0
	peak height (curve with open circles) without specimen in the beam



	I
	peak integral (curve with filled circles) with specimen in the beam



	I0
	peak integral (curve with open circles) without specimen in the beam
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Table 2. Normalized global refraction value Cm/μ as a function of orientation of the load axis of the investigated specimens to the scattering plane of the analyzer crystal. Relative error bars lie around 1–2%. Note that cracks perpendicular to the load axis are visible if the scattering plane is parallel to the load axis and vice-versa.
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	Specimen
	Load Axis Perpendicular to Scattering Plane
	Load Axis Parallel to Scattering Plane





	+1 MPa
	0.057
	0.063



	0 MPa
	0.067
	0.075



	−5 MPa
	0.051
	0.036
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Table 3. Normalized refraction value Cm/μ as a function of direction for the investigated specimens, calculated using two different segmentation masks (Otsu and Huang).
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Cm/μ

	
Otsu

	
Huang




	
Specimen

	
Load Axis Perpendicular to Scattering Plane

	
Load Axis Parallel to Scattering Plane

	
Load Axis Perpendicular to Scattering Plane

	
Load Axis Parallel to Scattering Plane






	
+1 MPa

	
0.048

	
0.060

	
0.042

	
0.047




	
0 MPa

	
0.061

	
0.062

	
0.046

	
0.057




	
−5 MPa

	
0.038

	
0.030

	
0.037

	
0.032
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