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Abstract 

Transformation-induced plasticity in a ceria-stabilized-zirconia based composite was studied 

in four-point bending, with particular emphasis on nucleation and growth of tetragonal-to-

monoclinic transformation bands. They initiated on the side in tension at a given value of 

stress and grow in size and number with increased applied load. The spacing between them 

was related to samples’ thickness: thicker samples led to a smaller number of larger/deeper 

bands. Residual stresses around indentations, placed on the tensile surface of some samples, 

triggered transformation bands nucleation but had no significant effect on the final total 

number of bands. A simple stress shielding model suggests that wide bands hinder adjacent 

thinner bands to propagate and expand because of stress shielding around them. Nucleation of 

a given transformation band is thus related to: (i) stress concentrations at the surface, (ii) 

geometry (stress-field inside the sample) and (iii) a shielding effect from the bands already 

present. 
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Introduction 

Transformation toughening in zirconia-containing ceramics involves an increase of crack 

resistance thanks to the tetragonal to monoclinic (t-m) phase transformation occurring at the 

crack-tip. It has been described and applied mostly to yttria-doped zirconia systems [1-4]. 

Literature is less abundant, but quite consistent about transformation-induced plasticity 

especially for ceria-doped zirconia systems, for which phase transformation may occur before 

crack propagation, leading to genuine ductility [5-10].  

Studies on Ceria-doped Tetragonal Zirconia Polycrystals (Ce-TZP) have shown that the 

transformation-induced plasticity is a stress-assisted phenomenon [11, 12], which occurs by a 

strain accommodation from t-m transformation variants development [13]. It is manifested by 

the formation of visible transformation bands leading to inhomogeneous and localized 

distribution of the monoclinic phase inside the material [8]. This localization of t-m 

transformation and thus plasticity is in some aspect analogous with Lüders bands present in 

some metallic materials [14], although the mechanism of plasticity is different. During four-

point bending experiments, observations have shown that transformation bands were only 

present on the tensile side of samples and did not penetrate to the compressive side, 

highlighting the stress-state sensitivity and the asymmetric nature of the transformation [11]. 

The deformation bands were found to exhibit a wedge-like shape with a tip close to the 

neutral axis of the beam and appeared as spaced parallel bands on the tensile side of the 

samples [13,15-16]. They were oriented normal to the maximum principal stress [8]. A study 

by Rauchs et al. [16] predicted that the thickness of these bands should increase with 

deformation, but that was not demonstrated experimentally. Previous literature has shown that 

the formation of these transformation bands was visible as localized uplifts on the tensile 

surface of tested samples and lead to irreversible plastic strain and permanent bending of the 

tested beam [4-8, 11, 12, 17]. However, the uplift of the bands was not precisely quantified or 

analyzed. The nucleation and then growth of transformation bands was manifested either as 

load drops during bending or as smooth hardening, evident on the stress-strain curves [11, 12]. 

In the latter case (i.e. homogeneous phase transformation), the transformation strain was 

found to increase with the applied stress (increased inelastic deformation) and led to the initial 

deviation on the S-S curves from typical linear-elastic behavior [5, 8].  

The nucleation and development of transformation bands has been the subject of intensive 

research and mathematical modelling but is still not fully described experimentally. Previous 

studies by Reyes Morel and Chen [11, 12] have shown that the probability of a band’s 
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nucleation depends on the availability of a nucleating defect and the exhaustion process of 

nucleating defects in a sample gives rise to the observed strain hardening effect. However, 

they emphasized that the formation of such bands merits special discussion in relation to its 

implication on strength and fracture in Ce-TZP ceramics [11]. Stump [18] emphasized the 

role of pre-existing nucleation sites or defects on the formation of bands and suggested that 

there was a critical defect or nucleation size for their development. The condition for 

nucleation is dependent upon the tensile stress and volume dilatation rather than the shear 

stress, which is different from plasticity in metals. Experimental observations and analysis by 

Rauchs et al. [8] for a number of Ce-TZP materials with different grain sizes and in different 

tensile loading configurations, strongly supported the mean principal stress criteria for 

transformation but noted the presence of both stress-induced transformation plasticity and 

autocatalytic transformation plasticity with the former behavior generally preceding the latter 

except for large grain sized specimens. These authors also noted that the presence of defects 

could be responsible for the onset of transformation but the extent of the associated plasticity 

was considered as small compared with the autocatalytic behavior (spontaneous formation 

and development of transformation bands, without the necessary presence of defects or initial 

stress concentrations). To illustrate the impact of pre-existing residual stresses, Reyes Morel 

and Chen found [11], when Vickers indents were introduced onto a 12 mol.% Ce-TZP 

specimen, which was then loaded in flexure to fracture, that there were almost no indents with 

visible cracks, even though deformation bands emanated from the corners in tension of all 

indents. The latter were argued to be directly related to the residual stresses associated with 

the indentations [11]. The experiments were performed on indented samples with large 

imprints (roughly 200 microns diagonal size from the images provided) and no annealing was 

performed after indentation. As the goal was mainly to illustrate, rather than quantify, the 

effect of indentation residual stress field, the impact of indentations on the transformation 

bands nucleation/growth was not fully examined.  

Plastic deformation being highly heterogeneous and localized to wedge-like bands during 4-

point bending (4PB) tests suggests a large stress-redistribution is expected. Raman 

spectroscopy studies from Sergo et al. [13, 17] have shown that the bands, after unloading, 

were under compression, highlighting high residual stresses due to the transformation. The 

magnitude of the compression stresses was found to decrease with the distance from the 

tensile surface. It was calculated by Finite Element Modeling (FEM) that the (extreme) 

surface of the transformed bands was in tension during loading [17]. Therefore, the t-m phase 

transformation was found to be accompanied by large changes in the stress field within and 
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around the transformation bands and with residual stresses after unloading [13, 17]. Moreover, 

considering the high compressive stresses measured in the monoclinic phase after unloading 

[13], one may wonder as to the possibility to generate reverse transformation inside the band 

in bending, as was observed in pure compression [19].  

 

In this context, even as phase transformation plasticity of Ce-TZP ceramics has been 

extensively explored, several aspects regarding transformation band’s nucleation and growth 

mechanisms require further exploration. This paper thus addresses the following issues, 

focusing on different features of the t-m transformation: 

- How do the features (size, spacing, number, width, height and depth) of the 

transformation bands evolve during bending? 

- What is the relationship between the transformation bands’ nucleation and growth 

mechanisms and the dimensions of the beam (stress gradients inside the beam)? 

- What are the effects of localized residual stresses on the transformation bands’ 

nucleation and growth? 

- Is there reverse transformation associated with the residual compressive stresses inside 

the bands after unloading? 

Results regarding transformation plasticity mechanisms, such as band’s nucleation and growth 

and stress relaxation between transformation bands, deserve also further discussion.  

 

Materials and methods 

Material processing and initial characterization 

The studied material had a composition of 84 vol.% ZrO2 (11 mol.% CeO2), 8 vol.% of Al2O3 

and 8 vol.% of SrAl12O19, hereafter referred as ZA8Sr8Ce11 [10, 20]. It was chosen because of 

its propensity to display significant transformation-induced plasticity at room temperature and 

thus ductility before failure [10, 20]. Processing has been fully described in [10]. In brief, the 

samples were produced by RISE (formerly SWEREA IVF) (Mölndal, Sweden) from spray-

dried powders of the composite, synthesized and provided by DAIICHI KIGENSO 

KAGAKU KOGYO CO. LTD (Osaka, Japan). The powders were shaped by Cold Isostatic 

Pressing (CIP) at 300 MPa and pressure-less sintered at 1450°C for 1h in air. The average size 

of zirconia grains was estimated from the linear-intercept method using 1.56 as correction 

factor.  Zirconia grain diameter was of 0.9± 0.4 µm.  Alumina grains average diameter was 

measured directly on the micrograph, and was 0.3 ± 0.1 µm. Strontium hexa-aluminate grains 
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were present in the form of platelets of average length: 2.8 ± 1.7 µm and aspect ratio: 4± 3). 

Figures of the microstructure can be found in our previous work [10, 20]. Density was 

determined by Archimedes’ method using distilled water and three different weight 

measurements (dried mass, mass in water and mass submerged in water) according to the 

C373-88(2006) ASTM standard. Composites were almost fully dense (> 99.9% of the 

theoretical density). Phase identification on sintered samples was performed by means of X-

Ray Diffraction (X-ray Bruker D8 diffractometer, Billerica, USA) and showed that samples 

after processing were constituted of only tetragonal zirconia phase (t-ZrO2), alumina (α-

Al2O3) and strontium aluminate (SrAl12O19) [10]. 

 

Mechanical Testing 

4-point-bending (4PB) bars (length (l) = 30 mm, width (w) = 4 mm and different thicknesses 

(t) equal to 0.5, 1, 2 or 3 mm) were machined by RISE (formerly SWEREA IVF) (Mölndal, 

Sweden) with a 16-micron diamond wheel. The samples were mechanically polished until 1 

µm to allow optical characterization of the transformed zones and then manually and gently 

chamfered with care to avoid any possible micro-cracking or localized transformation from 

the edges of the samples due to stress concentrations. Both tensile and front surfaces were 

polished in order to quantify both the bands width and spacing on the tensile side and the 

bands’ depth from the front side. After polishing and chamfering, the samples were annealed 

at 1200°C for 30 minutes in order to remove any residual stress or t-m transformation 

associated with polishing [21, 22]. 

4PB tests were carried out using a universal hydraulic testing machine (INSTRON 8502, 

Nordwood, USA) equipped with a linear variable differential transformer (LVDT) for 

displacement measurements, at a cross-head speed of 0.1 mm/min. Both monotonic loading 

tests up to failure and loading/unloading tests were performed using a 10-21 mm jig. 

Standard samples were compared with indented samples. The indentations were performed on 

polished surfaces using a Vickers indenter (Buehler Micromet 5140, Illinois, USA) at a load 

of 0.1 Kgf. This load was chosen in order to get significant residual stresses (indents’ size of 

12.5 µm in diagonal, larger than the material’s microstructure) without creating defects larger 

than the critical size above which the samples would break before transformation-induced 

plasticity and estimated to be ~100 mm [20]. Indents were positioned on the tensile side of the 

specimens, on half of the samples’ central part (i.e. half of the inner span length) and spaced 

every 200 µm (the other half of the inner span being not indented for an accurate comparison 
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of transformation bands, on the same sample). Two different types of samples were indented: 

one was tested directly after indentation whereas the second one was annealed (1200°C for 30 

minutes) to remove the residual stresses related to the indentation before mechanical testing 

[21, 22]. This procedure allowed appreciation of the impact of localized residual stresses on 

the transformation bands’ nucleation mechanism.  

All mechanical tests were performed at room temperature (RT) (22 ± 2°C) in air.  

 

Transformation bands analysis 

Optical microscopy 

The transformation bands were characterized by optical light microscopy (ZEISS Axio-photo 

microscope, Oberkochen, Germany) using Nomarski interference contrast, on both tensile and 

front sides. For monotonic loading tests, samples were only observed after breakage whereas 

during loading/unloading tests samples were observed after each unloading step in order to 

analyse the bands’ development. From the optical images, the transformation bands’ 

parameters were quantified (number, width, spacing, depth and angle of the bands) for each 

loading step. 

 

Optical interferometry 

Transformation bands were characterized by white-light Vertical Scanning Interferometry 

(VSI) measurements using a S-Neox (Sensofar, Terrassa, Spain) 3D non-contact optical 

profiler machine, which combines confocal and interferometry techniques (lateral resolution 

of 0.26 µm). An objective of 10x with an acquisition area of 1.70 x 1.42 mm
2
 was used with a 

step of 1.38 µm on the two axes (x and y). Images of the samples were obtained after stitching 

using an overlapping parameter of 15 %. The acquired data were processed using 

MountainsMap Universal software ® (DigitalSurf, Besançon, France). Images were also 

processed using both Image J [23, 24] and Fityk [25] software’s for transformation bands’ 

profiles analysis. Interferometry measurements enabled the topography of the surface to be 

generated, which was used here to determine the height of individual transformation bands.  

 

Finite Element Modeling (FEM) 

Finite Element Modeling (FEM) was performed with the ANSYS® Mechanical APDL 2019 

software (Ansys, Inc., Canonsburg, USA), in order to simulate the stress state inside and 

adjacent to transformation bands. To do so, a 4PB sample was modelled, with two different 
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components that will mimic the matrix (untransformed regions) and the transformation bands 

(see Figure 1). 4PB tests were modelled in 2D (with coupled-field elements and plane strain 

assumption) and symmetry was applied to the sample to reduce the number of elements and 

calculation time. The sample length was set to 10.5 mm (corresponding to half the outer-span 

of the 4PB experiments), the sample thickness to 3 mm and the spans location were fixed at x 

= 0 and 5.5 mm along the sample length (x). The transformation bands were modelled as 

triangles with 0.2 mm in width and 1 mm in depth. Three transformation bands were modelled 

along the sample length at x position equal to 7.5, 9 and 10.5 mm. 

Both regions had the same elastic behaviour, but, to account for the volume expansion 

associated to the t-m transformation, a different thermal expansion coefficient was chosen. 

The sample was first loaded to a certain displacement and then to a thermal loading to induce 

volume expansion in the transformation bands. The applied displacement Uy of the inner 

support was fixed to 0.07 mm (more precisely 68 mm)  in order to obtain a maximal applied 

tensile stress of 500 MPa, in line with values reached during 4PB experiments. The thermal 

loading was thus applied so as to simulate the volume expansion due to the t-m phase 

transformation of the zirconia phase in the composite. For this purpose, an arbitrary 1°C 

increase in temperature was applied, the matrix had a null linear thermal-expansion 

coefficient (αm=0), while the transformation bands had a linear thermal-expansion coefficient 

!"# of: 

!"# = 1
3 × $∆&

& '
"(*

× &+,-/245-6 × &+*45428-5-2 

Where 9∆:
: ;

"(*
is the volume expansion associated to the t-m transformation (taken as 4% in 

line with most published data [11, 12, 26]), &+,-/245-6the volume fraction of zirconia in the 

composite (84%) and &+*45428-5-2the volume fraction of zirconia grains transformed towards 

the monoclinic symmetry inside the bands. The volume content of monoclinic phase in the 

bands was estimated in another paper [27] and was taken here as 20%. 

!"# was thus set to !"# = 0.00224.  
 

Results 

 

1- Transformation bands nucleation and growth with loading 
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Figure 2 illustrates a load-displacement curve during successive loading/unloading 4PB tests, 

for a 1mm-thick sample. The sample shows visible permanent displacement (plastic 

deformation) associated with the t-m transformation. The onset of non-linearity occurs at a 

load of ~ 100 N, corresponding to a stress of ~ 370 MPa calculated following the standard 

equation: 

 

@ = A
B C (E(8)

F"G     (1) 

 

with F the applied load, L and l the outer and inner spans lengths respectively, w the sample’s 

width and t its thickness. As soon as plasticity occurs (after the onset of transformation), 

stresses calculated from equation (1) are obviously not entirely correct [20]. However, 

‘calculated stresses’ (from eqn. 1) given below are an indication of the applied external 

stresses. In the general case, the onset of plasticity detected in the load-displacement curves 

was fully consistent with the nucleation of the first t-m transformation band(s).  In few of the 

samples, one small and very thin band, but not going through the entire width of the sample, 

was visible before the appearance of a non-linearity in the load-displacement curves. Such 

bands were probably localized on stress concentration sites (initiating from edges of the 

sample or sometimes from a defect). However, they only represented a very minor fraction of 

observed transformation bands with a minor effect on the analyzes.  

Figure 3 shows optical microscopy images obtained with Nomarski contrast on a 3mm-thick 

sample during multiple loading/unloading cycles. The first transformation bands were found 

to appear at a load of ~ 800 N, corresponding to a calculated stress of ~ 370 MPa. It was 

found that the bands started to form on the tensile side of the samples and then proceeded 

through the sample (i.e. from the tensile side toward the neutral axis). The number of bands 

increased with applied load until a saturation at loads close to the load to failure. Newly 

formed bands always appeared as very thin (approximately 10 mm) and some of them 

increased in width with increasing load. Specimen fracture occurred from one of the widest 

bands (which was not necessarily from the very first band initiated, e.g. in Figure 3, from the 

10
th

 band in order of appearance). The spacing of the bands became more regular and constant 

at loads close to the load to failure (saturation), in agreement with the fact that the number of 

bands also saturated at high loads.  

Figure 4a shows the optical Nomarski images of two different bands, the first one and the 

10
th

 band that appeared on the tensile surface of a 3-mm sample at two different loads (918 N 
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(436 MPa) and 1056 N (501 MPa)). It shows that band number 1, even though it was the first 

one to nucleate, did not increase in width with increasing load whereas band number 10 

widened substantially as the load increased, eventually leading to fracture at 1096 N.  The 

width of four different bands (1
st
, 2

nd
, 10

th
 and 16

th
 in order of appearance) for different loads 

ranging from 832 N to 1094 N (i.e. 395 MPa to 519 MPa) are shown Figure 4b. It shows that 

both bands number 2 and 10 widened whereas the bands number 1 and 16 did not 

significantly increase in width with increasing load. Therefore, some transformation bands 

widen more than others, regardless their order of appearance on the tensile surface of the 

beam.  

The main features of bands observed on the tensile side (number, width and spacing) of a 

standard specimen of 3mm thickness are shown in Figure 5 (black squares). Figure 5a 

quantifies the number of bands as a function of the applied calculated stress. The bands start 

to form at a stress of ~ 370 MPa. The number of bands then increases with increasing  applied 

stress until reaching saturation at ~500 MPa, close to the load to failure (Figure 5a). The 

width of the bands as a function of the applied calculated stress is shown in Figure 5b. The 

width of the bands increases with increasing the stress and the standard deviation (SD) also 

drastically increases. This can be explained by two different reasons: (i) First of all because 

newly formed bands (irrespective of the stress they initiate at) are always very thin, while 

bands formed at lower stresses that have grown are also present. (ii) Secondly: as shown 

Figures 4a and b, some bands widen more than others during loading. Figure 5c shows the 

spacing of the bands as a function of the calculated applied stress. The spacing of the bands 

decreased with increasing stress, until reaching a clear saturation at stresses higher than ~ 450 

MPa. When looking at the spacing’s variation with increasing load, the saturation is even 

more pronounced.  

 

2- Effect of indentations on transformation bands’ nucleation  

 

Figure 6a and b show the optical images obtained with Nomarski interferences of 3mm-thick 

samples at a load of 960 N (~ 450 MPa), with indents on half of the inner span length. The 

sample shown in Figure 6a was not annealed after indentation whereas the sample shown in 

Figure 6b was annealed after indentation to remove the residual stresses associated with the 

indentation. Figure 6a shows that all observed transformation bands initiated from indents. 

However, not all the indents led to the development of a complete band across the entire 
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width. More precisely, a limited transformation could occur from the corners of the 

indentations, without leading to the formation of a well-developed band throughout, as 

illustrated in the insert in Figure 6a. It was found that the first small bands created were 

localized at indents and normal to the tensile loading direction. These very small bands were 

found to initiate and grow (typically to 3 to 5 times the size of the transformed region about 

the indent (28.3 ± 0.7 µm and 112.3 ± 48 µm for the transformed zone region around the 

indent and the initiated bands expansion zone respectively)) from all the indents’ corners but 

not all subsequently propagated as the load was increased (Figure 6a – insert). The number 

and spacing of the bands were comparable on the half of the sample with indents and on the 

other half without indents, the only difference being that the bands formed on the indented 

side were always located on an indent (Figure 6a). In Figure 6b, where the residual stresses 

were removed by thermal annealing, the number and spacing of the bands was also 

comparable on both sides with and without indents but this time the bands did not initiate 

from the indents and no transformation was visible at the indent’s corners. Figures 5a, b and 

c also show the number, width and spacing of the bands respectively as a function of the 

calculated stress for three different samples (without indents, with indents and with indents 

and annealing) indicating that no significant differences are observed in the transformation 

bands’ features between the three samples (standard and indented). 

 

3- Effect of beam thickness on transformation bands’ nucleation mechanisms 

 

Figures 7a, b, c and d show optical microscopy images using Nomarski contrast of 4 

different samples (thickness ranging from 0.5 mm to 3 mm respectively) at a calculated stress 

of 450 MPa. It shows that at the same value of stress, the 4 samples exhibit different 

transformation band features (number, width and spacing respectively). The number of bands 

is clearly dependent on the sample thickness with a higher number of bands for thinner 

samples. For 1, 2 and 3 mm thick samples, transformation bands show a typical parallel-band 

shape. For the thinnest sample (0.5 mm thick), bands are not all extending across the entire 

width of the sample and may appear as partial irregular bands (Figure 7a). This may be 

related to the very small thickness of the sample (0.5 mm), possibly leading to a more 

inhomogeneous stress distribution (even with care taken to obtain flat and parallel surfaces). 

Considering the width of the bands at 450 MPa, it increases with the thickness of the beams 

(Figure 7) up to 2-mm thick sample (Figure 7a, b and c) and then decreases (Figure 7d). 
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The 2mm-thick broke at 450 MPa and the bands appear to have widened and reached 

saturation in width before failure. However, the 3mm-thick sample (Figure 7d), which shows 

bands of smaller width, was just at the beginning of plasticity at 450 MPa while the sample 

broke at a slightly higher calculated stress value (520 MPa) with limited plastic strain, 

possibly explaining why the bands are not as wide compared to the other samples.  

Figure 8a shows the number of bands as a function of the thickness of the beam (average 

values at breakage for all the samples). It shows that the number of bands is decreasing with 

increasing sample’s thickness, fitting quite well with a 1/t relationship (with t the thickness of 

the beam) and in agreement with Figure 7. The spacing of the bands as a function of the 

sample thickness is shown in Figure 8b. A clear increase of the spacing of the bands is visible 

with increasing beam thickness, following a linear relationship (i.e. spacing ~ t), in line with 

the observation that the spacing is inversely proportional to the number of bands. Figure 8c 

shows the width of the bands as a function of sample thickness (values here measured at 

breakage). The bands’ width is on average comparable for all the samples, however, assuming 

that some bands widen more than others (Figure 4) and taking into account therefore the 

widest bands, a slight increase of the width is visible with increasing beam thickness. The 

band depth, as measured on the front side, is shown in Figure 8d as a function of the beam’s 

thickness. The depth of the transformation bands is clearly increasing with increasing 

thickness of the beam.  

 

4- Geometrical features of the bands 

 

As can be seen in Figure 9a, transformation occurs in the form of regularly-spaced parallel 

bands on the tensile side of bending bars after testing, whereas on the front size the bands 

develop in the shape of “wedges” (triangles). This wedge-shape is clearly visible in Figure 9c, 

showing that the bands also exhibit volume (uplift) on the front side (uplift in all directions, 

both on the front side and on the tensile side). However, the uplift of few hundreds of 

nanometers on average (Figures 9b and 9c) is clearly very small compared to the depth of the 

bands (hundreds of microns) (Figure 9c). Also, the larger (and deeper) the band, the higher 

the associated uplift.  

 

5- Finite Elements Analysis of stresses induced by transformation bands 
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The variation of the displacement, Uy, along the sample length (x), for a depth value, y, equal 

to 3 mm (top, tensile surface), obtained by Finite Element Modeling (FEM) and shown in 

Figure 10a, confirmed the presence of small uplifts associated with each band and related to 

the transformation and associated volume expansion. The uplift observed from FEM 

simulations is in the same order of magnitude as the one measured by optical interferometry 

(Figures 9b) for the deepest bands observed (400 nm uplift) for this sample thickness. It is 

interesting to note that, for a given applied displacement of the loading support, the deflection 

of the beam is slightly but significantly greater after the volume expansion of the bands (see 

Figure 10b of the outlined area of Figure 10a). This additional displacement accounts for the 

plastic deformation of the beam. The evolution of σxx across the thickness of the beam, y (y = 

0 on the compressive side and y = 3 mm at the tensile surface) is presented in Figure 10c, 

after elastic loading and following volume expansion. Tensile stress concentrations are 

present at the tip of the transformation bands and very near the external surface of the 

transformation bands. These tensile stresses, especially with increased loading, may trigger 

the further growth of individual bands. Apart from the tip region and the very near surface, as 

observed Figure 10c, the bands are mainly under compression. Lastly, Figure 10d shows the 

evolution of σxx along the sample length (x), along the tensile surface. It is interesting to 

observe that the surface of the transformation bands is in tension, while stress-shielding (that 

is stress-reduction) occurs adjacent to the bands, in the untransformed regions.  

 

Discussion 

 

1- Transformation bands’ nucleation and growth 

 

1-1 Influence of pre-existing defects and residual stresses  

 

Ductility of some Ce-TZP ceramics during bending has already been clearly related to the 

formation of t-m transformation bands [5, 8, 11, 12, 13, 15-16]. It has been shown that 

transformation bands may manifest either as load drops visible on Stress-Strain (S-S) curves 

during bending tests or as smooth hardening-like responses [5, 8, 11, 12, 13, 15-16].  In this 

work, the behavior is clearly of the latter form with a smooth strain-stress curve and an 

apparent hardening effect without pop-in events or load-drops (Figure 1). This is in contrast 

with some previous results obtained for 12 mol% Ce-TZP materials and mentioned in the 
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literature [5, 8, 11, 12, 13, 15-16] and is probably related to the homogeneity of the present 

material, associated with a very fine microstructure and the presence of 2
nd

 and 3
rd

 phases (see 

typical microstructures in [20]). Moreover, this is complemented by the removal of the 

residual stresses associated with machining and polishing (via annealing) and chamfering of 

the samples. Indeed, annealing and/or chamfering processes were not always performed in 

previous studies [5, 8, 11, 12, 13, 15-16], which could have led to the presence of localized 

stress concentrations and premature transformation. In other words, the sudden or progressive 

onset of plasticity is likely to be related to the processing and finishing conditions. The 

observed progressive transformation-induced plasticity was here associated with visible 

transformation bands that initiate at a given stress (σc
t-m

) and then grow in number, width, 

depth and height with increasing applied stress, illustrating a nucleation and growth behavior. 

It was found that the bands started to form on the tensile side of the samples and then 

proceeded through the sample (i.e. from the tensile side toward the neutral axis), in agreement 

with Liu [28]. Rauch et al. [16] suggested the presence of two types of transformation features 

in their work, namely associated with general plasticity ruled by the applied stress plus 

additional autocatalytic spontaneous-transformation. Our observations confirm the presence 

of an autocatalysis phenomenon with the generation of thin bands across the tensile surface at 

a specific tensile stress, which then grow in width in a stable manner with increasing stress 

leading to an increased plastic strain.          

 

Indentations and in particular the indentation-residual-stress field appear to play the role of 

pre-existing sites of nucleation, since small bands propagate from all indentation corners in 

tension for un-annealed specimens (Figure 6a). These observations show initial stable 

transformation band extension to a size of ~ 100mm prior to the unstable extension of some 

bands, clearly showing the role of the residual tensile stresses existing about the indentation 

induced transformation.  That is, the residual stresses about the indentation, which decline 

with radial distance from the edge of the transformation, along with the applied flexure global 

tensile stress result in the initial stable band extension. The observation of indentation 

nucleated bands are in agreement with previous results [16, 18] and confirmed that any 

heterogeneity in the stress field (stress concentration zones) can initiate a transformation band. 

Indents themselves, after annealing, do not act as preferential nucleation sites (Figure 6b). 

Indeed, as the angle of the residual indentation impression pyramid is very shallow (<2mm 

with 0.1 Kgf Vickers indent), the annealing led to removal of the residual stresses and 

therefore to minimal stress concentration at the indent corners.  
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It is also interesting to emphasize that even if the number of nucleation sites for 

transformation bands to occur was larger when indentations were performed, the final bands’ 

number and their size was the same as without any pre-existing sites. Transformation-induced 

plasticity was thus the same with or without the presence of additional indentation pre-

existing nucleation sites. In the case of as-indented samples, some of the bands initiated at the 

corner of the indents did not extend, even with substantial increase in load. This does indicate 

that some form of stress relaxation occurs between existing bands as will be explored in a 

following section and already noted with the help of Finite Element Analysis.  

 

1-2 Geometrical features of the bands 

 

Regularly spaced transformation bands are visible on the tensile side of 4PB tested specimens 

(Figure 9), which is in agreement with previous results on Ce-TZP ceramics observed after 

bending [5, 14, 15]. On the front side, the bands exhibit a wedge shape with visible uplifts. 

FEA confirmed that the uplift was directly related to the volume expansion associated with 

the t-m transformation of a portion of the zirconia grains inside the bands. Only tetragonal 

grains with a preferred orientation related to the applied stress may transform into the 

monoclinic symmetry (~ 20-30 % of the grains only) [4, 29].  

The angle α of the triangle-shape-bands on the front side (Figure 11c) can be easily expressed, 

by simple trigonometry, as follows: 

��� ��
� = !

�"   (2) 

 

with w the width of the band and D the depth. Therefore, by plotting the width of the bands as 

function of the depth, the variation of the angle can be evaluated for each individual band. 

This is presented in Figure 11, where both the width and the depth of the bands are 

normalized to the thickness of the beam. It can be seen that on average, there is a linear 

relationship between the width and the depth of the bands, whatever the thickness of the beam. 

In other words: the wider the bands, the deeper they are. No real difference is seen in terms of 

bands’ angle (α) between 1mm and 3mm-thick samples, with an average value between 7 and 

8 °. However, looking at each band individually, there is a large dispersion of the results with 

some thin bands that extend deep in the sample while some wider bands do not propagate so 

deeply, which may confirm that the geometry of the bands is not precisely constant (that is the 

angle varies from one band to another, as will be further discussed).  
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Figure 9b shows VSI image of a 3mm-thick sample with related profiles of both a thick band 

(profile 1) and a thin band (profile 2), the thinner band being smaller in terms of height than 

the thicker one. Moreover, wider bands show a much more visible saturation with flatter 

gradients whereas thin bands have steeper gradients and almost no saturation. This “saturated-

band-shape” is schematically illustrated in Figure 9c. This has been confirmed when looking 

at a 3mm-thick sample (not shown here), which showed a visible linear relationship between 

the height and the width of its bands. In other words: the wider the bands, the greater the 

uplift, which is in agreement with the volume change associated to the transformation, 

illustrating a geometrical aspect of the bands.  

Results from Figures 4a and b show that some transformation bands widen much more than 

others during loading, with no clear relation to the order of appearance of the band. This result 

is confirmed in Figure 5b when looking at the SD values of the width of the bands for the 

different sample thicknesses, showing that as the load increased, the SD became larger, as 

some bands widened considerably whereas other bands remained very narrow. This was also 

confirmed in Figure 11 when looking at the angle of each band individually. For a 

comparable band’s depth, it was found that the angle was not constant from one band to 

another (whatever the beam’s thickness), with very thin bands (small angle) and very wide 

bands (large angle). In agreement with these results, we have shown that the bands are 

initially very narrow and that they show limited extension in the depth direction with 

increasing load. However, they show a ~ 4 to 5 times increase in width (Figure 5b). The 

bands therefore appear to be initially narrow because of an initial instability during their 

formation, which causes them to propagate very quickly and extend deeper into the beam than 

anticipated from applied elastic stresses. Then, once they reach a more “stable” state, they are 

able to further develop and increase in width. FEM confirmed that tensile stresses were found 

to be present at the tip of transformation bands, which may trigger their initial rapid 

propagation towards the neutral axis (Figure 10b). Once the bands are formed, they cannot 

readily grow deeper because the reducing tensile and then compressive stress beneath the 

neutral axis of the beam prevents their expansion inside the beam (stress < σc
t-m

).  

 

 

1-3 Effect of beam’s thickness 
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Figures 7 and 8a have shown that the number of bands was inversely proportional to the 

thickness of the beam and therefore the spacing proportional to the thickness of the sample. 

When looking at the variations of the width vs depth of the bands normalized to the thickness 

of the beam (Figure 11), it can be seen that for the thin samples (e.g. 1 mm thick), the 

maximum depth/thickness ratio is ~ 0.5 whereas for the thick samples (e.g. 3 mm thick) this 

ratio is ~ 0.3. This means that for the thin samples, the bands propagated until the neutral axis 

(position = 0.5 of the beam thickness), whereas for thick samples, they only propagated until 

0.3 of the beam’s thickness. This is in agreement with previous results showing that the 

wedge-like shape bands, mostly with samples that displayed a load drop with band nucleation, 

were found to exhibit a tip close to the neutral axis of the beam after flexure of 12 mol% Ce-

TZP ceramics [14-16].  Extension of the bands even to 0.3 of the beam thickness is surprising 

as the tensile stress at the tip of the band is reduced by 60% from the tensile surface, which is 

well below the nucleation stress. The fact that such bands are even deeper in thinner beams 

suggests that these bands appear to have extended well beyond where they would have 

extended in equilibrium, which may imply that they require a slight overload to initiate but 

then rapidly propagate to beyond the equilibrium stress.  This concept is further supported by 

the fact that these bands display minimal further growth in depth, despite substantial widening 

(up to 5 times), upon increasing loading. As a consequence, many more bands are generated 

on thin samples than on thick samples, as observed in Figure 7. This was confirmed when 

normalizing the depth of the bands to the thickness of the sample, where it was found that the 

average depth was higher for the thin samples compared to the 3 mm thick samples (212 ± 79 

µm and 112 ± 23 µm for the 1 mm and 3 mm thick samples respectively - not shown here).  

When looking at the transformation bands’ features, it was also found that the width of the 

bands increased slightly with the beam’s thickness. On average, the bands’ width was 

comparable from one sample to another (average value of ~ 25 µm) (Figure 8c). However, 

for the 3mm-thick samples, a very large SD is observed, leading to the maximum bands’ 

width as large as 120 µm (Figures 8c and 11). This large scatter observed for the 3mm-thick 

sample is mainly associated with the fact new bands are still initiating during increasing load 

whereas existing bands continue to widen, combined with the fact some bands widen more 

than others (Figure 3). If the highest band width’s value is taken into account, it is clear that a 

widening of the bands is observed from 1mm-thick samples to 3mm-thick ones, in agreement 

with the previous statement (i.e. on thin samples, a larger number of thin bands are generated 

whereas on thicker sample, fewer but wider bands are generated to accommodate the plastic 

strain). 
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1-4 Stress shielding effect 

 

Another important aspect of the transformation bands’ nucleation is the effect of each 

individual band on the neighboring bands. Figure 12a shows an optical microscopy image 

with Nomarski contrast of the side view of a 3mm-thick sample after 4PB tests. Both thin 

(black arrows) and wide bands are clearly visible, with a constant spacing between the wider 

bands, as observed previously (Figures 3, 7d and 9a). As mentioned earlier, as soon as the 

material reaches the stress necessary to induce the t-m phase transformation (σc
t-m

), 

transformation bands start to appear. On further loading, some of the bands will then enlarge 

and result in the formation of localized “plastic-hinges” within the tensile portion of the beam 

that lie between substantial regions of retained elastic behavior. These “plastic-hinges” distort 

the tensile stress field from that of an elastic beam and would appear to generate a stress-

shielding zone around them (probably in the order of their respective depth (Figures 12a and 

b)). Such hypothesis has been confirmed by FEM (Figure 10c), as significant stress-

relaxation was simulated when the wedge-like bands arepresent. This stress-shielding around 

transformation bands is similar in its concept (although its magnitude is lower) to the stress-

shielding around cracks, which leads to multiple, regular cracking in Ceramic Matrix 

Composites [30]. Finally, because of this shielding zone, narrow bands adjacent to wider 

bands are unable to expand. Only outside the stress shielding zone can another band develop, 

which is also in agreement with previous work on martensite Fe-Ni-C steel under bending 

[14]. This implies that the spacing and the depth of the bands are roughly equal, as the spacing 

of the bands is dictated by their depth (shielding zone scaling with the depth of the large 

bands) (Figure 12b). This seems to be the case, as illustrated in Figure 12c. It is also the 

reason why the bands that nucleated on some of the indentations do not develop into complete 

bands across the tensile surface and why the spacing is similar with or without indentations. 

 

2- Reverse transformation 

 

After breakage and unloading, some bands were found to be incomplete and display “missing 

parts” (Figure 7c). This finding was observed on almost all the samples whatever their 

thickness (Figure 13), and always after breakage only. This phenomenon could be related to a 

reverse transformation (i.e. where the band is no more visible, the grains have transformed 
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back to the tetragonal phase). To confirm such hypothesis, a sample was found to show this 

reverse transformation after breakage only, whereas the transformation band was fully 

developed at lower load values, as seen in Figures 13a and b. This confirms that the “broken” 

transformation bands are related to a possible reverse transformation and not to 

microstructural features of the material (higher ceria content and therefore lower 

transformability or more aluminates hindering the transformation for example [11, 12]). 

However, when reloading a tested sample with bands placed in compression by turning it over 

on the 4-point bend jig, it was found that no reverse transformation was observed even after 

compression at loads as high as 1000 N (~ 480 MPa) (not shown here). This indicates that 

reverse transformation cannot be produced by loading in compression and that the 

disappearance of the bands related to spontaneous reverse transformation only occurs upon 

failure. During unstable fracture, there is a considerable release of energy and formation of 

stress waves, (as with an earthquake), that radiate from the extending crack region. Because of 

the different speeds of theses waves (Rayleigh versus compressional and shear), plus 

reflection of the compression and shear within the sample, the magnitude of these stresses at 

specific locations can be greatly increased, which potentially may result in localized 

compressive stresses sufficient to reverse the transformation [31]. Moreover, such reverse 

transformation was previously observed by Liu and Chen [19] in a 12 mol% Ce-TZP but in 

uniaxial compression only and at very high applied stresses.  

 

3- Limits of the study 

 

3-1 Tests after unloading 

 

Results obtained here are in good agreement with previous studies from the 80’s and 90’s [5, 

8, 11-19, 32], with only some differences observed in terms of bands’ aspect and autocatalysis 

phenomenon, which were absent here most likely because of a combination of several factors: 

a finer microstructure and second phases added to the composites actually being studied, 

combined with removal of residual stresses after machining, polishing and gentle chamfers 

preparation. However, most of the observations (as those obtained in previous works) were 

obtained on beams after unloading (or breakage). This suggests that in-situ experiments 

should be an interesting approach to understand better the transformation plasticity and band’s 
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nucleation-growth mechanisms during loading (i.e. in situ 4PB tests combined with Optical 

interferometry and Raman monitoring for example). 

 

3-2 Tension vs bending 

 

Previous results on the same material but in tension have shown that significantly higher 

plastic strains could be reached during tensile tests on cylindrical, dog-bone shape samples, 

when compared to bending [20]. A major question then arises: why is plastic strain at failure 

higher in tension than in bending?  We believe that this is because the bands are 

less geometrically constrained in uniform tension than in bending. Indeed, in tension, much 

more plastic strain could be reached as the stress field is homogeneous (the regions between 

bands are not shielded by the presence of the transformation bands, as it is the case in 

bending). Such outcomes indicate that the transformation bands’ generation, and therefore, 

the final plastic strain reached by the material, are constrained by the 4PB loading 

configuration. Even though efforts were made to prepare and carefully polish tensile dog-bone 

shape specimens, it was not possible to clearly observe the transformation features on these 

cylindrical samples, since the polishing was insufficient to reveal the transformation bands by 

optical interferometry [20]. For the future, it could be interesting to analyze the shape of the 

transformation during pure-tensile test, as in this load configuration, no geometric localization 

process is present, which appears to lead to the observed higher extent of plasticity [20]. 

All these results may re-open the discussion on transformable Ce-TZP materials and raise the 

question as to how to achieve a greater extent of plasticity in these materials, which may be 

constrained by geometrical feature, macroscopic stress state and stress-shielding phenomena.  

 

Conclusions 

 

A Ceria-doped zirconia-based composite was tested in bending with different sample 

geometries. Experimental analysis of the transformation bands’ characteristics by optical 

microscopy and interferometry has highlighted the following as the main aspects of the 

transformation plasticity and especially the impact of both residual stresses and sample’s 

geometry (stress state inside the beam) on the transformation bands’ nucleation and growth 

mechanisms: 
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1-  When the material reached a stress σ = σc
t-m

, localized parallel transformation bands 

started to develop on the tensile side of the beam, and then proceeded inward from the 

tensile side toward the neutral axis. 

2- Transformation bands grew in number, width, height and depth with increasing the 

load showing a nucleation and growth process, which accommodates the applied strain.  

3- Some bands were found to widen more than others, irrespectively of their order of 

appearance. 

4- Residual stresses play a significant role in the nucleation of the transformation bands 

but not on the number of bands formed which is only geometrically determined.  

5- The number of bands follows a 1/t relationship with t the thickness of the beam, with a 

saturation of the band’s number occurring prior to failure. 

6- Nucleation of the bands was found to be related to: (i) geometry (stress field inside the 

sample), (ii) a shielding effect from already existing bands and (iii) stress 

concentration at the surface (such as poor surface finishing, pre-existing defects or 

indentation). 

7- All plastic displacement is accommodated by transformation bands (i.e. transformation 

bands are acting as “plastic hinges”). Stress relaxation (stress-shielding) occurred 

between the transformations bands, explaining the regular spacing of the bands and 

their relation to the beam thickness.  

8- Reverse transformation occurs during failure but the understanding of this phenomena 

requires further investigation. 

9- A geometrical localization process of the transformation bands was highlighted within 

this study and was found to limit the extent of plasticity that the material could reach 

in bending. 
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FIGURES CAPTIONS 

 

Figure 1. Schematic illustration of the 2D FEA model applied to simulate the stress state 

inside and adjacent transformation bands during 4PB test. 

 

Figure 2. Typical example of a load/displacement curve obtained on a 1mm-thick sample 

during loading/unloading 4PB test at a cross-head speed of 0.1 mm/min. Significant amount 

of plasticity is observed, reflected by a non-linear behavior and a permanent strain after each 

unloading. 

 

Figure 3. Optical images in Nomarski contrast of a 3mm-thick sample tested at a cross-head 

speed of 0.1 mm/min for different loading values. Arrows indicate the transformation bands in 

their order of appearance (black, orange, red, blue, green, yellow and grey respectively). 

 

Figure 4. (a) Optical images using Nomarski contrast of two different bands with their 

associated order of appearance (band 1 and band 10 are respectively the first band and the 10
th

 

band that were formed at the tensile surface of the beam) at two different loads (918 N and 

1056 N). (b) Width of the bands as function of the bands’ number referred here as their order 

of appearance, for four different bands (number 1, 2, 10 and 16 (i.e. first, second, 10
th

 and 16
th

 

band to appear)) at different loads ranging from 832 N to 1094 N. The images and values 

were taken from a 3mm thick sample during incremental loading (0.1 mm/min). 

 

Figure 5. (a) Number, (b) width and (c) spacing of the transformation bands as function of the 

applied calculated stress for three different samples: one without indents (black squares), two 

with indents on half of the inner span length and positioned every 200 µm (without annealing 

(red triangles) and with annealing after indentation (blue stars)). Tests were performed on 

3mm thick samples at a cross-head speed of 0.1 mm/min. Error bars, indicative of the 

standard deviations of the measurements are indicated on the graphs. 

 

Figure 6. Optical images obtained with Nomarski interferences at a load of 960 N of 3mm-

thick samples tested at 0.1 mm/min with indents on half of the inner span length and 

positioned every 200 µm. (a) Sample without annealing (residual stresses present). (b) sample 

after annealing (1200°C – 30 min) (no more indentation residual stresses). Insert are shown 

Figure Captions
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for each sample, showing transformation bands starting from the indents’ edges for the non-

annealed sample (a) and bands located between indents for the annealed sample (b). 

 

Figure 7. Optical images obtained in Normarski contrast showing 4 different samples (a) 0.5 

mm, (b) 1 mm, (c) 2 mm and (d) 3 mm thick, at a calculated stress of 450 MPa for each 

sample, exhibiting different transformation bands’ features (number, width and spacing).  

 

Figure 8. (a) Number, (b) width, (c) Spacing and (d) depth of the bands vs sample thickness 

(values at breakage). 

 

Figure 9. (a) Schematic illustration of a 4PB sample with optical images obtained by 

Nomarski contrast on a 1 mm thick sample. (b) Image in false color obtained after optical 

interferometry and image analysis (image J software) of a 3mm-thick sample after 4PB test 

with related profiles on both a thick band (profile 1) and a thin band (profile 2). (c) Schematic 

illustration of a transformation band with the related interferometry images showing the uplift 

and the height of one transformation band. 

 

Figure 10. Results obtained by Finite Element Modeling (FEM) (a) Displacement Uy along 

the sample’s length (x) (the insert is showing a higher magnification of Uy variations for x = 

9.5 – 10.5 mm). Uplifts are indicated by arrows. (b) Nominal σxx stress along the samples’ 

thickness (y) and (c) nominal σxx stress along the samples’ length (x). Blue curves are 

associated to the elastic behavior of the beam on all zones; red curves represent the case when 

the bands have also transformed (volume increase).  

 

Figure 11. Variation of the width of the bands vs their depth for 1 mm thick and 3 mm thick 

samples, normalized by the thickness of the beam. Blue symbols represent two samples of 

3mm thickness; black symbols represent two samples of 1mm thickness.  

 

Figure 12. (a) Optical microscopy image in Nomarski contrast showing the side view of a 

sample after 4PB test with visible thin bands close to wider bands. (b) Schematic illustration 

of the stress shielding model developed in this study. (c) Depth of the bands as function of 

their spacing for 1mm and 3mm thick samples showing a linear and proportional relationship. 
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Figure 13. Optical images in Normarki contrast of different samples showing visible reverse 

transformation after breakage and unloading: 3mm-thick sample with indents at (a) 1000 N 

(before failure) and (b) after breakage (1016 N). (c) Optical images of a 2mm-thick sample 

after breakage. Reverse transformation is visible on both samples after breakage only (black 

rectangles).  


