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ABSTRACT 

 In this dissertation, electron backscatter diffraction (EBSD) is applied to study the phase 

transformation in AISI 5160 steel and 10 mol% Ce doped ZrO2. For AISI 5160 steel, quantitative 

characterization of the volume fractions and spatial arrangements of the major constituents of 

microstructure is needed for continued progress toward the next generation of advanced steels. 

EBSD data can be used to simultaneously characterize orientation relationships as well as 

determine the volume fraction and size of grains of retained austenite and ferrite due to the 

difference in diffraction patterns caused by the different crystal structures of the two phases; 

however, distinguishing among martensite, ferrite, pearlite, and bainite using EBSD remains a 

challenge. A detailed analysis of the capabilities of EBSD-based methods for separation of the 

individual microstructural constituents is performed on samples of a commercial steel - AISI 5160. 

It is demonstrated that kernel average misorientation (KAM) data can be used to distinguish and 

quantify the constituents.  

 Zirconia is one of many materials that experiences a displacive phase transformation. In 

zirconia, the tetragonal to monoclinic martensitic transformation can be induced either thermally 

or by applied stress. Since transformation from tetragonal to monoclinic phase is accompanied by 

a volume increase, it may be engineered to utilize the martensitic transformation as a toughening 

mechanism. In the present work, EBSD was used to observe the morphology and orientation 

relationships simultaneously. According to the EBSD study, all six orientation relationships were 

present. The theoretical predictions based on the phenomenological theory of martensitic 

transformations were also calculated for 10 mol% ceria doped zirconia and compared with 

experimental findings. The calculation of the strains showed that the correspondence B has the 

lowest lattice invariant strain among the three correspondences, and for the shape strain, the three 

correspondences are nearly equivalent. 



 

 

 

1  

I. INTRODUCTION 

The study of structure-property relationships lies at the heart of materials science. Material 

microstructures are traditionally characterized by the morphology and distribution of constituent 

phases, as revealed in optical, scanning electron, and transmission electron micrographs. The 

traditional description of microstructure of a crystalline material specifies a host of parameters, 

such as dislocation substructure (overall density and distribution), grain structure (size, size 

distribution, and shape), second phase content (volume fraction, size, and distribution) and 

interface characteristics (grain boundaries and interphase boundaries). When employed as an 

additional characterization technique to scanning electron microscopy (SEM), electron backscatter 

diffraction (EBSD) enables individual grain orientations, local texture, point-to-point orientation 

correlations, and phase identification and distributions to be determined routinely on the surfaces 

of bulk polycrystals, which can provide a detailed description of microstructure of a crystalline 

material. 

For steel, high variability among various techniques is often observed for the measurement 

of volume fractions of microstructural constituents. By EBSD, quantitatively distinguishing 

austenite from ferrite is straightforward due to their different crystal structures. However, 

distinguishing phase transformation products such as martensite, bainite, and ferrite is a much 

more challenging problem because they are comprised of phases featuring similar crystal 

symmetries which cannot be easily distinguished by EBSD. In the first part of this work, a detailed 

evaluation of the capabilities of EBSD-based methods for segmentation of the individual 

microstructural constituents is presented. 
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For ceramics, the martensitic transformation - especially the tetragonal to monoclinic 

transformation in zirconia - can enhance the fracture toughness owing to the effects of 

transformation toughening.1 Transformation toughening is a phenomenon that manipulates the 

shape and volume distortion of the martensitic transformation as a toughening mechanism.1 In the 

second part of this work, EBSD is used to observe the morphology and to analyze the orientation 

relationships between parent and product phases for a 10 mol% ceria doped zirconia sample. 

Theoretical predictions based on the phenomenological theory of martensite transformations 

(PTMT) were also calculated for this sample. The study via EBSD can observe the micron-scale 

regions on the sample surface and compare the microstructure and orientation relationships 

simultaneously, which is a valuable complement to the prior study of martensitic transformations 

in ceramics by TEM and AFM and could facilitate a more comprehensive understanding of the 

martensitic transformation in zirconia. 

A. Background on EBSD 

 The origin of EBSD technique lies with the work of Kikuchi who, in 1928, first observed 

diffraction patterns from diffuse scattering of electrons.2 Full automation of EBSD in 19913 led to 

the mapping of crystal orientation over a sample surface and to a new metallography named 

"Orientation Imaging Microscopy". It was this innovation that gave rise to the current rapid growth 

and eventual full commercialization of EBSD.4 

When incident electrons enter the specimen in SEM, they are scattered inelastically or 

elastically and emit several different kinds of signal, such as secondary electrons, backscattered 

electrons and characteristic x-rays.5 Figure 1 shows the schematic of the interaction of electron 

beam with sample, and how deep in the interaction region the backscattered electrons originate. 
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The depth will be influenced by the settings of SEM, such as accelerating voltage, and sample 

itself. The backscattered electrons are high-energy electrons and can be used for diffraction 

analysis in SEM. 

 

 

Figure 1. The interaction of electron beam with sample, and where the backscattered electrons 

originate. 

 

Figure 2 shows how the automatic EBSD technique works. A sample is placed in an SEM 

chamber and tilted 70° from normal incidence of the electron beam so that the maximum number 

of escaped backscattered electrons can be collected by the EBSD detector (as shown on the left of 

the sample in Figure 2a). 
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Figure 2. EBSD working procedure: (a) data collection; (b) Kikuchi pattern analysis to get the 

phase and orientation information of one point; (c) create maps, plots or charts for a region or 

several grains. 

 

The incident electron beam interacts with the sample surface and is scattered in all 

directions. Figure 3 shows the schematic of how a Kikuchi band forms. When the scattered 

electrons at certain lattice planes satisfy Bragg’s law, they will be diffracted and form strong beams. 

The diffracted electrons form two Kossel cones on the lattice plane. One is closer to the incident 

beam, which is called the deficient cone, and the other is far away from the incident beam, which 

is called the excess cone.6 Since the diffraction angle is very small, the two cones appear on the 

screen of the EBSD detector as two parallel lines. We call these two parallel lines a “band”. For 

one set of lattice planes (based on the symmetry of the plane in the crystal structure) which satisfy 

the Bragg’s law, the bands intersect at one point. The point is defined as a “pole”/zone axis. For a 

crystal structure, there are at least several sets of lattice planes which satisfy Bragg’s law and form 

intersected bands at different locations of the EBSD screen. All the bands on the screen together 

are called a Kikuchi pattern and at each point of the sample surface, it forms a Kikuchi pattern 
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(Figure 3). From Kikuchi pattern analysis, the phase and orientation information can be obtained 

for any point. 

 

Figure 3. The schematic of showing how a Kikuchi pattern forms. 

 

The automatic Kikuchi pattern indexing routine used in this work implements Wright's 

manual indexing methods for individual EBSD patterns.7,8 The brief principle of those method is 

to measure the interplanar angle and the bandwidth angle of the Kikuchi pattern, and then compare 

with the calculated theoretical values of them to get the orientation and phase information. The 

detailed steps of the indexing routine are: 

a) construct an interplanar angle look-up table with related bandwidth angle for the 

crystal; 

b) calculate all the interplanar angles and the bandwidth angles from the bands in the 

Kikuchi pattern; 
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c) generate a set of possible lattice plane family pairs for each of the three band pairs (a 

band pair correspond to an interplanar angle) by checking the look-up table for 

theoretical interplanar angles which lie within a given range (angular tolerance) of their 

calculated interplanar angle; 

d) reduce the three sets of lattice plane family pairs to a single set of legitimate triplets; 

e) identify the exact (hkl) indices within this set of plane family triplets. The rule for 

identifying is that not only must the interplanar angles be similar, but the triple 

products of the (hkl) indices and the triple products of the band normals must have the 

same sign. Two additional criteria are relevant. Linear band triplets must be assigned 

(hkl) whose triple products are zero, bandwidth angle must be considered if there is a 

symmetry for two bands; 

f) once a set of (hkl) triplets has been generated for a band triplet, the lattice orientation 

associated with each (hkl) triplet is calculated; 

g) a check is then made to ensure that each member of the set is unique. During this 

process, a check is made to see how well the experimental bandwidth angles fit the 

theoretical ones; 

h) each calculated lattice orientation from Step f is a possible solution. A search is made 

through all the sets of solutions obtained from all possible band triplets. Solutions 

which are similar are grouped together. Two solutions are considered similar if the 

misorientation angle between them is less than the tolerance (the same as the one in 

Step c); 

i) once the solutions groups are formed, they are ranked by the number of times the group 

appears in all the triplet solution sets 
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SEM-based EBSD can collect data for microscale regions on the polycrystalline sample 

surface. Based on the EBSD raw data, the orientation maps, pole figures and graphs can be 

produced for analysis. SEM-based EBSD features three primary capabilities: i) local 

crystallographic analysis: texture analysis, orientation relationships, epitaxy, twinning, 

misorientation analysis, phase transformation texture reconstruction;9,10 ii) microstructure 

characterization: grain size distribution, grain shape, quantitative phase distribution, 

recrystallization, deformation, characterization of cracks;11 and, iii) local stress analysis, in-situ 

high temperature experiments and 3D EBSD.12,13 

Texture indicates the occurrence of preferred crystal orientations. The presence and 

character of texture can be visually represented using pole figures. Figure 4 shows schematically 

a pole figure to present texture. As an example, a rectangular sheet of polycrystalline material 

which has a cubic crystal structure, is placed at the center of the projection sphere (as shown in 

Figure 4a). the “ND” is the normal direction of the sample surface, “RD” (A1) connotes the rolling 

direction and “TD” (A2) is the transverse direction. In the stereographic projection (as shown in 

Figure 4a), the ND pole is located at the center of the projection plane which is parallel to the 

sample surface, the RD (A1) pole is on the top, and TD (A2) pole is on the left. Figure 4b shows 

the projection of one grain in the sample. The three lattice planes (100), (010), and (001) 

belong to the {100} family and perpendicular to each other. The three planes normal extend to 

intersect with the projection sphere at certain positions. On the projection plane, there are three 

corresponding poles. Figure 4c shows the pole figure with discrete poles and Figure 4d shows the 

pole figure with pole densities in the way of contour lines. If the three lattice planes (100), (010), 
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and (001) of all the grains in the sample are projected and the sample has a texture, the pole 

figure will appear as Figure 4c or 4d show. 

 

 

Figure 4. (a) stereographic projection of a rectangular sheet of polycrystalline material which 

has a cubic crystal structure; (b) projection of the (100), (010), and (001) lattice planes for 

an arbitrarily oriented grain within the sample; (c) pole figure showing the discrete poles of the 

(100), (010), and (001) lattice planes for all grains in the sample; (d) pole figure showing the 

pole densities of the (100), (010), and (001) lattice planes for all grains in the sample. 

 

The analysis of the geometry of the EBSD pattern uses the sample coordinates as the 

reference frame, which greatly simplifies the data processing and increases the speed of data 

collection versus X-ray and neutron diffraction techniques.14 Figure 5 shows the relationship 

among the sample coordinate, crystal coordinate, and the phosphor screen coordinates.15  
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Figure 5. The relationships among the sample coordinates (�̂�𝑖), crystal coordinates (�̂�𝑖), and the 

phosphor screen coordinates (𝑣𝑖). Reproduced with permission from ref. 10 (Copyright 1994 

IMM). 

 

Conventionally in X-ray and neutron diffraction techniques, pole figure analysis is 

included from the entire sample and needs a complex procedure to merge the physics of scattering 

and the diffraction intensities into an analysis of textures.16 EBSD is a grain specific orientation 

technique, which can map or graphically represent local crystallographic information. For example, 

an inverse pole figure (IPF) shows the distribution of a selected direction (such as ND, RD or TD) 

of the sample in the crystal frame. The IPF map from EBSD is a color map which combines the 

IPF data and the microstructure information of certain surface region. Figure 6 shows the ND 

inverse pole figure and the corresponding IPF map of an AISI 5160 steel sample. Discrete pole 

figures reveal orientation relationships between the parent and product phases of a phase 

transformation or between twin-related grains.  
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Figure 6. (a) the discrete inverse pole figure (IPF) of sample normal direction; (b) the 

corresponding IPF map of an AISI 5160 steel sample showing the pearlite microstructure and the 

distribution of the sample normal direction [001] in each grain. 

 

The principle of plotting the pole figures to present the orientation relationships between 

the parent and product phases is that, taking one correspondence between the parent and product 

phases during the tetragonal to monoclinic phase transformation in zirconia as an example:  

a) suppose the coordinate of the tetragonal crystal is fixed and the c axis of the parent 

tetragonal crystal coincides with the sample normal direction, and a or b axis (these two 

axes are equivalent, and arbitrarily labeled for better understanding of the parallel 

relationships in the correspondences) intersect with the rolling direction of the sample with 

a 45° angular difference; 

b) for the correspondence, the c axis of the tetragonal crystal is parallel to the a axis of the 

monoclinic crystal, and the [11̅0] direction of the tetragonal crystal is parallel to b axis of 

the monoclinic crystal. For this correspondence, there are eight different variants - 𝐵𝐶𝐴, 

�̅�𝐶̅𝐴, 𝐶̅𝐵𝐴, 𝐶�̅�𝐴, �̅�𝐶�̅�, 𝐵𝐶̅�̅�, 𝐶̅�̅��̅� and 𝐶𝐵�̅�. Variant 𝐵𝐶𝐴 means that the b axis of 
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the monoclinic crystal is equivalent to the [11̅0] direction of the tetragonal crystal, c axis 

of the monoclinic crystal is equivalent to the [110] direction of the tetragonal crystal, a 

axis of the monoclinic crystal is equivalent to the c axis of the tetragonal crystal. Variant 

�̅�𝐶̅𝐴 means that the b axis of monoclinic crystal is equivalent to the [1̅10] direction of 

the tetragonal crystal, c axis of monoclinic crystal is equivalent to the [1̅1̅0] direction of 

the tetragonal crystal, a axis of monoclinic crystal is equivalent to the c axis of the 

tetragonal crystal. The other variants are defined in the same way according to the 

notations; 

c) according to the parallel relationships in different variants, such as in variant 𝐵𝐶𝐴, the a 

axis of the monoclinic crystal would coincide with the sample normal direction in the pole 

figure, and the b axis of the monoclinic crystal would coincide with the rolling direction 

(horizontal direction). 

 

Figure 7 shows the pole figures representing the parallel relationships in one orientation 

relationship between the parent and product phases during the tetragonal to monoclinic phase 

transformation in a zirconia sample.  

 

Figure 7. The pole figures representing the parallel relationships of one orientation relationship 

between the parent and product phases during the tetragonal to monoclinic phase transformation 

in a zirconia sample. 
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However, for identification of an unknown phase according to the Kikuchi pattern in EBSD, 

Energy-dispersive X-ray spectroscopy (EDS) or Wavelength-Dispersive X-Ray Spectroscopy 

(WDS) is needed to determine the chemical elements in the phase. The chemical information can 

narrow the range in searching the symmetry elements of the Kikuchi pattern and in identifying the 

point group of the phase in crystallographic databases. Phase identification by EBSD requires high 

quality (spatial resolution) Kikuchi pattern to accurately measure the interplanar angles and band 

width. Although advanced charge coupled device-based camera greatly improves the pattern 

quality,17 the phase identification capability of EBSD is still much worse than X-ray diffraction 

technique. 

Nevertheless, the advantage of using EBSD for phase identification is that it can map the 

phase distribution for the materials and simultaneously show the volume fraction of different 

phases in the legend of the phase map, such as retained austenite and ferrite within a steel sample. 

In addition, microstructure information such as the grain shape and grain size distribution 

information can be obtained from the EBSD map, such as IPF map, phase map, or image quality 

(IQ) map, a metric to describe the quality of the Kikuchi pattern that is often used to. 

B. Local Misorientation 

Another valuable application of EBSD is identifying and quantifying residual strain. Strain 

can be divided into elastic strain and plastic strain, and they appear differently in the EBSD results. 

Gradients in elastic strain twist the crystal lattice, and manifest in the Kikuchi pattern by shifting 

the Kikuchi lines and zone axes by several pixels18,19 or by blurring of the band edges in the 

Kikuchi pattern.20 Plastic strain can be shown via the IQ method and the misorientation method.19 

Plastic strain occurs as dislocations or twinning. The plastic strain can degrade the pattern quality 
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as lattice bending around the defect area. Different amount of plastic strain appears in the image 

quality (IQ) map as the contrast of the map. Figure 8 shows the IQ map of a pearlite microstructure 

from an AISI 5160 steel after austenization at 850ºC for 15 minutes and then salt bath at 450ºC for 

60 seconds. The areas which appear darker contain more strain than the bright area. However, the 

drawback of using IQ map to indicate plastic strain is that factors such as grain boundaries and 

sample preparation (mechanical polishing) can also influence the contrast of the IQ map, which 

makes it difficult to distinguish which factor is contributing to the IQ value.  

 

 

Figure 8. IQ map of a pearlite microstructure from the AISI 5160 steel after austenization at 

850ºC for 15 minutes and then salt bath at 450ºC for 60 seconds. 

 

Plastic strain can change the orientation in the polycrystalline material locally.21 The local 

variation of the orientation is deemed “misorientation”. Misorientation is a good indicator of stored 

plastic strain in crystalline materials. Kernel is based on individual measurement points (pixels) in 

EBSD. There are two different shapes of the grid raster - hexagonal and square. A kernel can be 

defined for each pixel and consists of a set of neighboring points according to user specification. 

Pixel sets are typically defined by the number of nearest neighbors, although many alternative 
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pixel sets can be defined. The size of a kernel depends on the number of nearest neighbors (NN) 

taken in each pixel set. For EBSD patterns whose points are rastered in a hexagonal grid pattern 

the NN distance is constant, whereas a square grid pattern features variable NN distances (see 

Figure 9). As a result, hexagonal grid raster patterns are more frequently employed for 

misorientation mapping. Figure 9 shows the schematic of the kernel. The group of points/pixels in 

Figure 9 is named as a kernel. The size of the kernel depends on the nearest neighbor number 

(#NN), such as Figure 9a shows a 2NN kernel, and Figure 9b shows a 1NN kernel. The Kernel 

Average Misorientation measures the average misorientation between the center and other points 

in the kernel. In EBSD all the local misorientations can be mapped and the angular resolution of 

mapping local misorientation by standard EBSD system is on the order of 0.5°.21  

 

 

Figure 9. The schematic of (a) the 2nd nearest neighbor Kernel, hexagonal point; (b) the 1st 

nearest neighbor Kernel, square point. 

 

Kernel Average Misorientation (KAM) mapping is often used for visualizing microscale 

plastic strain. The procedure for calculating the KAM value is that the average misorientation 

between the center of the kernel and all points, or between the center of the kernel and points on 

the perimeter of the kernel, is calculated with the condition that misorientations exceeding some 
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tolerance value are excluded from the averaging calculation. For example, misorientation around 

grain boundary or interphase boundary is usually larger than 10° and not related to plastic strain, 

and therefore are excluded from KAM calculations. Figure 10 shows the two ways to calculate of 

the KAM value. For ease of visualization, the calculated KAM value for the center point of the 

kernel can be assigned a color from an arbitrary color palette corresponding to KAM values up to 

the tolerance threshold. For a region of the sample, the allocated colors thus form a KAM map. 

Figure 11 shows a 3NN KAM map of the bainitic microstructure from the AISI 5160 steel after 

austenization at 850ºC for 15 minutes and then soaked in salt bath at 300ºC for 30 minutes. 

 

 

Figure 10. The schematic of the Kernel and the calculation of the KAM value (in degrees). 
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Figure 11. The 3NN KAM map of the bainitic microstructure from the AISI 5160 steel after 

austenization at 850ºC for 15 minutes and then salt bath at 300ºC for 30 minutes (Color legend 

shows average misorientation value ranges binned in one-degree increments). 

 

C. Martensitic Transformation 

Martensitic transformations are defined as diffusionless, athermal phase transformations.22 

Attributed to this diffusionless quality is the speed of the transformation, which approaches 1100 

m/s.22 This velocity does not allow substantial diffusion to occur across microstructural length 

scales.23 The “diffusionless” nature of martensitic transformations means that the movement of 

atoms must be coordinated, and that the parent and product lattices must have some 

correspondences composed of affine (preserving parallel relationships) transformations. Figure 12 

shows a schematic of the correspondence between the austenite and martensite unit cells in steel.23 

Austenite has a face-centered cubic structure, whereas martensite has a body-centered cubic 

structure. As Figure 12a and 12b show, the [11̅0]  direction and the [110]  direction of the 

austenite lattice transform to the [100] direction and the [010] direction of the martensite lattice, 

respectively. The [001] direction of the austenite lattice transforms to the [001] direction of the 

martensite lattice. However, in the transformed body-centered tetragonal (BCT) unit cell (as Figure 
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12b shows) the unit cell length b1 equals b2 but is smaller than b3, which is still not the martensite 

structure. In order to get the body-centered cubic structure of martensite, there must be a shape 

change from the body-centered tetragonal austenite to the body-centered cubic martensite as 

Figure 12d shows.  

 

 

Figure 12. (a) Conventional FCC unit cell; (b) Relation between FCC and BCT cells of 

austenite; (c) BCT cell of austenite; (d) Bain strain deforming the BCT austenite lattice into a 

BCC martensite lattice. Reproduced with the permission from ref. 18 (Copyright 2001 Institute 

of Materials, Minerals and Mining). 

 

There are three different morphologies of martensite microstructure – plate-like, needle-

like, and lenticular. For steels, the plate or needle-like martensite microstructure usually forms in 

ultralow carbon steel, and the lenticular martensite microstructure usually forms in medium and 

high carbon steels.24 Macroscopically the surface relief which shows the homogeneous shear 

taking place can be observed on the well-polished sample surface after the martensitic 
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transformation. Figure 13 shows the optical micrograph of the surface relief on a well-polished 

zirconia sample surface after martensitic transformation.25 

 

 

Figure 13. Optical micrograph of the surface relief after martensitic transformation on a well-

polished zirconia sample surface. Reproduced with permission from ref. 19 (Copyright 2010 The 

Japan Institute of Metals and Materials). 

 

For AISI 5160 steel, one of the most important heat treatment processes is quenching which 

can significantly harden the material and improve the strength. There is almost no time for 

diffusion to happen during the quenching process and a martensitic microstructure is formed in the 

steel. Therefore, there is no chemical composition difference between the parent austenite 

microstructure and the martensite microstructure. 

Martensite, together with the other thermal process products, such as ferrite and bainite, 

can alter the mechanical properties for steels. Distinguishing martensite, bainite and ferrite, 

however, is still a challenging problem. The conventional methods used to distinguish or quantify 

different microstructural components are color etching and ASTM manual point count26. The color 

etching is based on optical microscopy whose spatial resolution is low compared with electron 

microscopy. This results in challenges during quantification of fine microstructures. The ASTM 
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manual point count method requires substantial manual work. Both the color etching and ASTM 

manual point count methods rely on etching, which can be inconsistent and sensitive to small 

differences in composition and environmental conditions. Alternatively, the EBSD-based 

technology can provide the required spatial resolution, is an automatic data collection processing, 

and can avoid the deleterious influences of etching. EBSD is thus very suitable to be used to 

distinguish and quantify different microstructural components for steel when compared with the 

color etching and ASTM manual point count methods. 

For zirconia, transformation toughening is a technique that manipulates the shape and 

volume distortion of the martensitic transformation as a toughening mechanism. To engineer a 

zirconia for transformation toughening, it is important to fully understand the martensitic 

transformation. The microstructure and crystallographic features such as orientation relationships, 

habit planes, and martensite morphology from the tetragonal to monoclinic phase transformation 

for zirconia have been studied in abundance experimentally with techniques such as TEM, SAED 

and AFM.25,27-30 The reported experimental results matched the PTMT very well. The advantages 

and disadvantages of TEM and SAED are that they can show the precise measurement of the 

angular difference between planes, habit plane and the local microstructure, but they cannot 

observe large scale features. The advantage of AFM is that it provides direct observation of the 

topography of the martensite plates at a large scale, but it cannot yield the orientation relationship 

information of the martensite plates to the parent phase. While such measurements of 

polycrystalline ceramics are useful for local and broad sample data, EBSD is a much more 

appropriate technique for the analysis of phase distribution, grain size, and orientation 

relationships between product and parent phases. 
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II. ON QUANTITATIVELY IDENTIFYING DIFFERENT 

CONSTITUENTS IN MULTICOMPONENT STEEL 

MICROSTRUCTURES BY EBSD 

A. Introduction 

Despite over a hundred years of microscopic study, the microstructure of steels remains 

one of the greatest challenges in the quantitative characterization of materials. High variability 

between various techniques is often observed for even the most seemingly simple characterization 

tasks, such as the measurement of volume fractions of microstructural constituents.31,32 This is a 

critical problem, because mechanical behavior of different steel products is highly dependent on 

the volume fraction, size, and spatial distribution of key features in the microstructure and their 

constituent phases.33 Accurate quantitative characterization of these parameters is important for 

continued development of modern ‘multi-phase’ steels, such as transformation induced plasticity 

(TRIP) steels and dual phase steels. 

Several microstructural constituents (such as austenite, ferrite, martensite, or bainite) 

simultaneously co-exist in the class of steels to which TRIP steels, the so-called “dual phase” (DP), 

and “complex phase” (CP) steels belong. “Phase” is commonly used to refer to a primary 

microstructural constituent in steel, even if the constituent does not meet the generally accepted 

thermodynamic definition of a phase. Some of these constituents, such as pearlite, martensite and 

bainite, are loosely-defined mixtures of multiple phases that are identified by their distinct 

arrangement within the microstructure.34 This high degree of complexity poses a significant 

challenge in terms of imaging and quantification of the microstructure. 
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Surface preparation is critical to the technique used to identify different microstructure of 

steels. An appropriate etchant can increase the contrast between phases and/or microstructural 

constituents,35,36 but some factors such as the choice of different etchants or the etching time have 

a significant influence on the resulting appearance of the microstructure. For example, in optical 

metallography, the Klemm etchant results in regions with a higher carbon content having a white 

appearance (indicating austenite or carbides), while ferrite can appear in a continuum from blue to 

brown, and dark brown regions are identified as bainite or martensite; in contrast, the Le Pera 

technique results in martensite appearing in a range from white to brown, retained austenite 

appearing white, ferrite appearing blue, and bainite appearing brown.36,37 Regardless, the 

reproducibility of color etching methods is not especially high, as the quality of etch is highly 

variable between samples and separation of the constituents which can appear in overlapping color 

ranges, requires interpretation by an experienced user. Furthermore, color etching methods are 

only applicable in optical microscopy, which has insufficient spatial resolution to identify low 

volume fraction and/or small particle constituents that are often observed in DP, CP, and TRIP 

steels, and etching methods become increasingly difficult for finer-grained samples. 

When optical metallography cannot resolve the individual constituents of the 

microstructure, the constituents can sometimes be individually identified by scanning electron 

microscope (SEM) -based methods; however, the gray contrast levels of the constituents often 

overlap in the SEM images, complicating quantitative characterization. Identification of bainite 

remains a problem by standard SEM methods because it requires the user to identify regions that 

contain a characteristic internal morphology (as opposed to identifying regions of a specific color 

in optical metallography). It is clear that although the different constituents can often be 
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distinguished by the proper use of etchants, reproducibility of quantification still generally remains 

a major challenge. 

For continued development of advanced steel microstructures, there is a necessity for 

knowledge of both the crystallographic texture and the spatial correlation among the constituents. 

For this reason, there is significant interest in the advancement of electron backscatter diffraction 

(EBSD)-based methods, since they can provide the required spatial resolution as well as 

microstructural information over a much more significant size scale than transmission electron 

microscopy. 

In the scientific literature, there are several previous studies that have proposed and utilized 

EBSD-based methods for characterizing multi-constituents steel microstructures, but there has 

been very little work in the literature directly assessing the effectiveness of the suggested 

techniques by way of direct comparison with conventional metallography. In the present study, a 

detailed analysis of the capabilities of the EBSD KAM-based methods for segmentation of the 

individual microstructural constituents is performed for some samples of a commercial steel - AISI 

5160. Results from EBSD-based methods are directly compared to results from ASTM E562-1138 

and color etching to assess the quantitative capabilities of the EBSD segmentation techniques. 

1. Identification of Different Constituents of Steels by EBSD 

 Distinguishing austenite from ferrite by EBSD is straightforward due to the difference in 

diffraction patterns caused by the different arrangements of atoms in the crystal lattices. 

Distinguishing martensite, bainite, and ferrite, however, is a much more challenging problem. The 

c/a ratio of the martensite phase is too low (smaller than 1.02), and thus cannot reliably identified 

as tetragonal by automated EBSD. This degree of tetragonality is below the resolution of the 

commercial SEM-based EBSD imaging systems.39,40 Bainite is a microstructural constituent 
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consisting of a mixture of phases, including martensite, austenite, and dislocation-rich ferrite.34 

The ferrite phase is observed to dominate the diffraction in the bainitic regions, such that bainite 

indexes as a body-centered cubic phase with a relatively poorer quality diffraction pattern than 

ferrite due to the influence of a higher dislocation density and/or small carbides and other phases 

in the diffracting volume.39,41,42  

Analysis of the image quality (IQ) of the EBSD patterns has been used by several previous 

researchers for identification of martensite39,40,43 and/or bainite.39,41,42 Although bainite is generally 

observed to produce higher IQ values than martensite,39,41,42 to the authors’ knowledge there have 

been only two published reports showing the successful use of IQ analysis in steels containing 

both martensite and bainite.11,16  

One means to compare technologies is Confidence index (CI). CI can be used to determine 

the correctness of the indexing of the orientation.44 The CI value, in previous work, associated 

with martensitic regions42,45 and bainitic regions46, and bainitic regions have been determined in 

both grain reference orientation deviation47 and by kernel average misorientation48. To date, an 

optimal method for segmenting the various microstructural constituents that determine the 

mechanical behavior in multi-phase steels has not been determined. 

B. Experimental Procedure for AISI 5160 

1. Isothermal Heat Treatment 

Two series of isothermal heat treatments were performed, one for verifying the EBSD-

based methods for volume fraction and one for comparison of the volume fraction results between 

different measurement methods. To get different microstructures, samples of AISI 5160 steel (Fe: 

97.085-97.84wt%, Mn: 0.750-1.0%, Cr: 0.7-0.9%, C: 0.56-0.64%, P: < 0.035%, Si: 0.15-0.3%, S: 
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< 0.04%) with dimensions of 1” x ½” x ¼” were austenized at 850ºC for either 0.25 or 2 hours in 

air in a Thermolyne tube furnace, then transferred quickly to a molten potassium nitrate salt bath 

at 300ºC, 400ºC or 450ºC for times ranging from 10 s to 40 minutes, then water quenched to lock 

in the microstructure. Figure 14 shows the schematic of the thermal processing steps. The detailed 

times and temperatures are given in Table I, where series a in the sample number indicates a 15 

minute austenization time, and series b indicates a 2 hour austenization time. Samples with a 2-

hour austenization time were used for comparison between color etching and ASTM E56238, 

because the larger prior austenite grain size makes it easier to reveal the features for optical 

microscopy. Both the time and temperature of the isothermal treatments in the test matrix were 

determined using the AISI 5160 TTT diagram.49 
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Table I. Salt Bath Time and Temperature, as well as the Corresponding Vickers Hardness and 

Identified Microstructure Constituents 

Sample 

number 

Austenitizing 

time 

Soaking 

temperature (℃) 

Soaking 

time 

Mean 

hardness 

(HV) 

Identified 

constituents 

1a 15min 300 600s 490 B + M + F 

2a 15min 300 1200s 453 B + F 

3a 15min 300 1800s 512 B + F 

4a 15min 300 2400s 434 B + F 

5a 15min 400 20s 695 M + F + B 

*5b 120min 400 20s 543 M + F + B 

6a 15min 400 32s 766 M + F + B 

7a 15min 400 51s 660 M + F + B 

8a 15min 400 80s 156 F + P 

*8b 120min 400 80s 234 P + F 

9a 15min 400 126s 312 P + F 

10a 15min 400 200s 309 P + F 

*10b 120min 400 200s 264 P + F 

11a 15min 450 10s 358 P + M + F 

12a 15min 450 60s 330 P + F 

13a 15min 450 100s 320 P + F 

14a 15min 450 500s 318 P + F 

15a 15min 450 1000s 320 P + F 

* used for comparison of the volume fraction results between color-etching and manual point count 

per ASTM E562-11 methods. 

B: bainite, M: martensite, F: ferrite, P: pearlite 
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Figure 14. Schematic of the thermal processing steps for AISI 5160. Step 1: austenize, Step 2: 

soak, #tep 3: quench. 

 

2. Sample Preparation and Microhardness 

 Samples were polished using standard metallographic techniques down to 1 μm grit SiC, 

and then given a final polishing step to EBSD surface quality in a vibratory polisher with 0.05 μm 

colloidal silica. After polishing, the series b samples were prepared by pre-etching with 4% picral 

(4 g dry picric acid in 100 ml ethanol). After pre-etching, the samples were color etched with the 

10% aqueous solution of sodium metabisulfite (10 g Na2S2O5 in 100 ml distilled water). For the 

samples of series a, the surfaces were etched by 4% Nital. The microhardness of the samples was 

tested with a Shimadzu HMV-2000 (Shimadzu Inc., Kyoto, Japan) micro hardness tester according 

to ASTM E0384 using a load of 200 g, with five microhardness tests performed on each sample.50 

3. Electron Microscopy and EBSD Analysis 

 Electron imaging and EBSD were performed on the samples using a JEOL 7800 scanning 

electron microscope (JEOL USA Inc., Peabody, MA USA). The EBSD data were collected by 
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TSL OIM Data Collection 7 (EDAX, Inc., Mahwah, NJ USA). The step size used for each EBSD 

scan was 0.1μm. Kernel average misorientation (KAM) maps were calculated using the first 

through tenth nearest neighbors with 5° as the maximum misorientation using TSL OIM Analysis 

7 (EDAX, Inc., Mahwah, NJ USA), investigating both perimeter only and all points in the kernel 

options. Then, Matlab (R2012a, Mathworks, Inc., Natick, MA USA) was used to make the 

frequency distribution plot of the KAM values for each KAM map and to calculate the full-width-

at-half-maximum (FWHM) value for the frequency distributions. Finally, the FWHM was plotted 

against hardness for each set of samples and set of KAM map parameters. A schematic of this data 

processing and analysis procedure is given in Figure 15. 

 

 

Figure 15. The schematic illustration of the KAM method. 

 

For further detailed investigation of the applicability of the KAM method for the 

calculation of volume fractions, the blue fraction which represents the range of KAM value from 

0-1° in the KAM maps at 1-10 Nearest Neighbor (NN) of Sample 5b and 7a were separately plotted 

versus the NN number. The first derivative at each point of the plot was also plotted with the NN 

number. 

4. Optical Microscopy and Color Segmentation 

Optical micrographs of the color etched samples were taken at several magnifications using 

SPOT® Basic 4.7 imaging software (SPOT Imaging, Sterling Heights, Michigan, USA) on a 
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Reichert-Jung Polyvar MET optical microscope (Reichert Inc., Buffalo, NY). The contrast 

between the colored microstructures was insufficient for analysis in the as-taken images, so GNU 

Image Manipulation Program 2.8.10 (GIMP)51 was used to enhance the micrographs and provide 

better definition to the microstructure boundaries. Regions of pearlite or martensite were then 

segmented from the rest of the image using the color select tool in GIMP with different color values 

for each region. A threshold was applied to these segmented images to provide a black and white 

image (black being pearlite or martensite and white being other constituents). The black pixel 

fractions of the binary images were then calculated by Matlab as the volume fractions of pearlite 

or martensite. 

5. Calculation of Volume Fractions According to ASTM E562 

For comparison with the volume fraction result of color etching, a systematic manual point 

count was used to calculate the volume fractions of the Samples (#5b, 8b and 10b in Table I) 

according to ASTM E562-11.38 In each case, the apparent volume fraction of the microstructure 

constituents is from color enhanced optical micrographs, and a 16-point test grid and 16 fields 

were used. To verify the quantification result of the KAM method, the ASTM manual point 

counting method was applied on the Image Quality (IQ) maps of Sample 5b and 7a. For Sample 

5b, a 25-point test grid and 12 fields were used on the IQ map; For Sample 7a, a 49-point test grid 

and 12 fields were used on the IQ map. Figure 16a shows the IQ map of Sample 5b, and Figure 

16b shows the IQ map of Sample 7a. 
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Figure 16. IQ maps of (a) Sample 5b and (b) Sample 7a. 

 

C. Results and Discussion for AISI 5160 

1. Results 

 The possible constituents and Vickers hardness for sample in series a and b are given in 

the rightmost column of Table I. The possible constituents are identified according to secondary 

electron (SE) images of the etched samples and the KAM maps. All samples contain proeutectoid 

ferrite, even though for some samples the isothermal transformation is complete. That is because 

the AISI 5160 steel contains 0.56-0.64 wt% carbon, and during the cooling process, it will first 

precipitate proeutectoid ferrite. Then at the isothermal holding time, the proeutectoid ferrite will 

be gradually consumed, but it has not been consumed completely in many samples. Proeutectoid 
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ferrite, especially in the long-soak-time samples such as Sample 4a, 10a and 15a, can be found in 

the SE images or KAM maps of some isolated regions and in other regions it does not appear 

according to the SE images or KAM maps, indicating that the distribution of the proeutectoid 

ferrite is not uniform. 

Figure 17 shows the results from the color optical metallography. The color-enhanced 

images are shown in the left column for Samples 5b, 8b, 10b while the color-based segmentations 

are shown in the right column. The dark constituent is martensite in Sample 5b (top row) while the 

bright part is ferrite and bainite. Although some features of the martensitic constituent become 

bright after segmentation (cf. Figure 17b), the two constituents in Figure 17b can be easily 

distinguished in a systematic manual point count because the points which belong to the other 

constituent can be deliberately ignored. Nevertheless, in the segmentation of the color images 

automated image processing only calculates the black and white part of the images as the volume 

fractions of pearlite or martensite and ferrite, so the results contain significant deviations from 

manual results (as shown in Table II), although the automated image processing significantly 

reduces the amount of manual labor required. Sample 8b (middle row) has the same problem when 

calculating the volume fraction by color segmentation method. For this sample, the dark 

constituent is pearlite and the bright part is ferrite. In the case of Sample 10b (bottom row), both 

the ferrite phase of the pearlite constituent and the proeutectoid ferrite appear bright after 

segmentation (Figure 17f). Thus, it is very difficult to separate these two ferrite constituents by 

color image segmentation. The results given in Table II show that the ferrite volume fraction 

determined by color segmentation is much larger than the results from ASTM E562-11 method.38 

For all three samples, ferrite volume fractions by color segmentation method were systematically 

higher than the ones calculated by ASTM E562-11 (shown in Table II). 
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Table II. Comparison of Volume Fraction Results by Color Etching and ASTM 

Sample 

number 
Possible constituents 

Calculated % by color 

etching 

Calculated % by 

ASTM (based on OM) 

with 95% CI 

5b 

 

M + B + F 

 

M+B = 35.05-38.32 

F = 64.95-61.68 

 

M+B = 60.55±5.26 

F = 39.45∓5.26 

 

8b 

 

P + F 

 

P = 32.51-36.27 

F = 67.49-63.73 

 

P = 53.32±6.27 

F = 46.68∓6.27 

 

10b P + F 
P = 20.1-25.61 

F = 79.9-74.39 

P = 83.4±4.7 

F = 16.4∓4.7 
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Figure 17. Color enhanced optical images (left) and the corresponding images after 

segmentation by GIMP (right) (a) Sample 5b in Table III; (b) Sample 8b in Table III; (c) Sample 

10b in Table III. 

 

For the samples austenized for 15 minutes at 850°C (series a), then isothermally soaked at 

300°C with the holding time ranging from 10 minutes to 40 minutes (Sample 1a-4a), all of the 

samples became solely bainite with ferrite except for the 10-minute sample (1a) which also 

contained martensite, indicating residual untransformed austenite existed at this short soak time at 

300°C. Figure 18 shows the TTT diagram of the AISI 5160 steel.49 Since no martensite was 
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observed in the samples with soak times greater than 10 minutes, all other specimens from this 

temperature series show coarsening of the transformed microstructure. For 400°C-soaks, when the 

holding time was less than 51s (Samples 5a and 6a), the final microstructure of the samples was 

martensite with a small amount of ferrite and bainite. For Sample 8a held for 80s, the 

microstructure became a combination of mostly ferrite with less than half of the volume consisting 

of pearlite. The last two samples held at 400°C (126s and 200s, 9a and 10a respectively) became 

almost 100% pearlite. For the samples held at 450°C, all became pearlite with very small amount 

of ferrite with the exception of the 10-second sample (11a), which contains some martensite.  

 

 

Figure 18. Time-temperature-transformation (TTT) diagram of the AISI 5160 steel. Reproduced 

with the permission from ref. 44 (Copyright 1991 ASM International). 
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Figure 19. The SE image and IQ+KAM maps at 1NN, 2NN, 3NN and 10NN of (a) Sample 8a; 

(b) Sample 2a; (c) Sample 12a; (d) Sample 6a in Table I (KAM values are binned in 1 degree 

increments as shown in the color scale at right). 

 

KAM mapping was investigated for its efficacy in identifying different phases or 

constituents in the samples of series a. Figure 19 shows the change of the Image Quality (IQ, gray 

scale) + KAM (color scale) maps with the increase of the nearest neighbor number (NN#) for 

different phases or constituents under the premise that other influencing factors are fixed. The 

hexagonal grid type when collecting EBSD data was used in all cases. Figure 19a corresponds to 

the SE image and KAM maps created with 1st, 2nd, 3rd and 10th NN# of Sample 8a (which contains 

ferrite and pearlite Table I). It is observed that ferrite has an almost stable KAM value with the 

growth in NN# (typically remaining in the lowest KAM value range, 0-1°) while for the pearlite 

part, the KAM value increases with increasing number of nearest neighbors (#NN) included in the 
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kernel. Figure 19b corresponds to Sample 2a, which consists almost entirely of bainite, while 

Figure 19c corresponds to Sample 12a which consists almost entirely of pearlite. When comparing 

Figures 19b and 19c, it is found that bainite and pearlite at small NN# exhibited no conspicuous 

characteristics that would enable them to be distinguished from ferrite. As NN# increases, 

however, the values in the KAM map gradually are observed to increase gradually (which can be 

observed by the change in color). Bainite and pearlite can thus be distinguished by comparison of 

the IQ+KAM maps of them at large NN#, such as 10th NN# -- the interface between the bainitic 

laths is more obvious in the KAM maps than the interface between pearlite laths at large NN#. 

Furthermore, at the same NN# and the other conditions are the same, such as the strain from 

external is the same and the coarsening of the microstructure features is the same, the color of the 

KAM maps which belong to bainite should always reveal a larger KAM value than the pearlite 

KAM maps. Figure 19d is from Sample 6a which contains martensite and ferrite. For this sample, 

the KAM value of ferrite in the KAM maps will change with the increase of the NN#, which means 

the ferrite part contains more strain in the martensite+ferrite sample than in the 

pearlite/bainite+ferrite samples. From Figure 19d, it is also observed that martensite, even at small 

NN#, will have already shown large KAM values in the map. In brief, with the increase of the 

NN#, the KAM value increases for every constituent; however, the rate of increase varies for the 

microstructural constituents. Ferrite exhibits the slowest increase in KAM values with NN#, while 

martensite exhibits the fastest increase. 
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Figure 20. (a) SE images of Sample 1a; (b) IPF maps of Sample 1a; (c) SE images of Sample 

11a; (d) IPF maps of Sample 11a in Table I. 

 

Figure 20 shows the SE images (left) and Inverse Pole figure (IPF) maps (right) for 

Samples 1a and 11a. Bainite, martensite and ferrite are observed in Sample 1a (Figure 20a and 

20b). Pearlite, martensite, and ferrite are observed in Sample 11a (Figure 20c and 20d). KAM 

maps corresponding to the specimens in Figure 20, Samples 1a and 11a, are shown in Figure 21a 

and 21b, respectively. It is difficult to identify the martensitic microstructure regions by 

morphology in the SE image or IPF map alone for each sample; the KAM map is helpful in locating 

the martensitic regions, which have systematically higher KAM values. Comparison of Figures 12 

and 13 demonstrates how easy it can be to make an incorrect estimate that the samples only contain 
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bainite/pearlite with very little ferrite. Even in the 1NN KAM maps in Figure 21, some regions of 

large KAM values are seen, indicating the spatial locations of martensitic regions. 

 

 

Figure 21. KAM maps at 1NN, 2NN, 3NN and 10NN of (a) Sample 1a; and (b) Sample 11a in 

Table III (KAM values are binned in 1 degree increments as shown in the color scale at right). 

 

Figure 22 shows the frequency distribution curves of the KAM value at different NN# for 

the related KAM map of Sample 2a. The abscissa of the curve is the KAM value ranging from 0-

5°, and the ordinate is the frequency of the corresponding KAM value. In Figure 22, there are 50 

KAM values at the interval of 0.1° ranging from 0-5° to be chosen together with their frequencies 

to make each curve. Figure 22 shows that, with the increase of the NN#, the frequency distribution 

curves widen and the peak frequency for each KAM value declines. The same characteristics of 

the frequency distribution curves were observed for every sample in Table I.  
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Figure 22. KAM frequency distribution plots of Sample 2a in Table I. 

 

Figure 23 reveals the capability of FWHM for reducing the variation in KAM distribution 

(cf. Figure 22) into a single parameter by plotting FWHM against NN#. FWHM is influenced by 

the lowest and the largest KAM value of the sample, the peak frequency, and peak position. A 

comparison of Figure 22 and Figure 23 shows that the trend of the frequency vs. KAM curves with 

increased NN# is consistent with the trend of the FWHM vs. NN# plots; i.e., the FWHM value can 

appropriately capture differences between specimens and serve as a proxy for the distribution of 

KAM values in a KAM map. Figure 23 also shows the same trend that perimeter (left column) 

offers and all points in the kernel offer (right column) - with the increase of NN#, the FWHM 

value increases. Compared with all points, perimeter gave rise to better FWHM sensitivity to NN# 

and shorter calculation time compared with the calculation of KAM with all points in the kernel. 

Thus, perimeter is used in the subsequent analysis when creating KAM maps.  
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Figure 23. FWHM of KAM distribution vs NN# plots for (a) 300ºC group, perimeter offers; (b) 

300ºC group, all points in the kernel offer; (c) 400ºC group, perimeter offers; (d) 400ºC group, 

all points in the kernel offer; (e) 450ºC group, perimeter offers; (f) 450ºC group, all points in the 

kernel offer. 

 

Some correlations between FWHM value and hardness were observed in the three 

isothermal processing groups of samples. For both 300°C (Samples 1a-4a) and 450°C (Sample 

11a-15a) groups, all samples except the first one (shortest soak) in each group contain the same 

microstructural constituents. Only with longer isothermal holding time does the microstructure 

coarsen which will influence the hardness of the samples. Figure 24a shows the FWHM value vs. 

hardness plots at different NN# for samples processed at 450°C that contain a single constituent 
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pearlite and Figure 24b shows the corresponding regularity of slope, intercept, and R-squared value 

of the plots from Figure 24a. Figure 24c shows the FWHM value vs. hardness plots at different 

NN# for the three samples processed at 300°C that contain a single constituent bainite and Figure 

24d shows the corresponding regularity of slope, intercept and R-squared value of the plots in 

Figure 24c. As shown in Figure 24b and 24d that the FWHM value stays almost stable while 

hardness varies for a given sample that contains the same constituents. The influences of different 

constituents exert a much greater influence on the FWHM value than the scale of the 

microstructure (i.e., coarsening). 

 

Figure 24. (a) FWHM vs Hardness plots for 450ºC group; (b) the change of slope, intercept and 

R-squared value with different curve number for 450ºC group; (c) FWHM vs Hardness plots for 

300ºC group; (d) the change of slope, intercept and R-aquared value with different curve number 

for 300ºC group. 
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Considering the samples in series a together, it is found that there is almost a linear 

relationship between FWHM value and hardness of different samples, as shown in Figure 25a. The 

linearity between the FWHM and HV is shown for KAM calculations performed with 1NN, 2NN, 

4NN and 9NN. Figure 25b shows the slope, intercept and R-squared values for these plots. The 

slope increases with the increase of the NN#. The R-squared value decreases indicating that the 

deviation of the raw data from the linear fit increases as the kernel size increases. 

 

 

Figure 25. (a) Linear relationship between FWHM and Hardness with the influence of NN#; (b) 

the change of slope, intercept and R-squared value with different NN# for all samples in series a. 

 

The quantification of different constituents is based on the obvious change of the reducing 

rate of the fraction of KAM values under 1° in the KAM maps (let  = the fraction of KAM values 

under 1°). Figure 26 shows some typical 1st derivative 𝑑 𝑑(𝑁𝑁#)⁄  vs. NN# plots for different 

constituents which include Sample 2a (almost pure bainite), Sample 6a (almost pure martensite), 

Sample 8a (contains roughly 80% ferrite and 20% pearlite), and Sample 10a (almost pure pearlite). 

The common features of these 1st derivative plots are that (1) the value of the 1st derivative is 

always negative, indicating the decreasing of the fraction of KAM values under 1°; (2) the shape 
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of the curve indicates that the reducing rate of the fraction of KAM values under 1° is fast at 

smaller NN# and then slows down with the increase of the NN#. From comparison among these 

1st derivative plots of different constituents, it is found that with increasing NN#, ferrite has the 

slowest reducing rate of the fraction of KAM values under 1°, the second slowest reducing rate 

belongs to pearlite, bainite has a larger reducing rate than pearlite, and martensite has the fastest 

reducing rate. For a multiphase sample, the reducing rate is the sum of the reducing rate of each 

constituent, and the shape of the 1st derivative plot is similar to the plot of a single constituent. 

Nonetheless, the direct addition of the known reducing rate of the constituents from one sample 

cannot be used to predict the reducing rate for another multi-constituent sample. That is because a 

constituent may contain different amounts of strain in different samples. Take Sample 6a and 8a 

as the example for comparison. As shown in Figure 19a and 19d, the ferrite portion can still be 

blue (representing the KAM value is in the range of 0-1°) in the KAM maps at 10NN for Sample 

8a (a ferrite+pearlite sample), while the ferrite begins to turn color at 3NN for Sample 6a (a 

martensite+ferrite sample). 
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Figure 26. The typical 𝑑 𝑑(𝑁𝑁#)⁄  vs. NN# plots for Sample 2a (bainitic microstructure), 6a 

(martensitic microstructure), 8a (roughly 80% ferrite and 20% perlite) and 10a (perlite 

microstructure) in Table I. 

 

Figure 27 shows the fraction of KAM values less than 1° in the KAM maps () vs. NN# 

plot together with the 1st derivative 𝑑 𝑑(𝑁𝑁#)⁄   vs. NN# for Sample 5b and 7a which both 

contain martensite, bainite and ferrite. It can be seen in the Figure that the volume fraction of KAM 

values under 1° decreases with increasing NN# for both samples. The 1st derivative curve is used 

to show the reducing rate of the fraction of KAM values under 1°. Both the 1st derivative curves 

show that the rate at which the fraction of KAM values less than 1° is at a maximum for small 

NN# and gradually decreases with increasing NN#. As it was shown in Figure 22, the common 

features of the KAM frequency distribution curve for every constituent are that (1) the shape of 

the curves are similar; (2) at 1NN, every curve begins in the range of 0-1 degree which is blue 

color in the KAM map; and (3) with the increase of the NN#, the curve widens and moves towards 

to a larger KAM value. For the KAM map at 1NN, each constituent contains the fraction of KAM 
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values under 1°. However, with the increase of the NN#, each different constituent has a different 

reducing rate of the fraction of KAM values under 1°. For Samples 5b and 7a, since martensite 

and ferrite have much different reducing rate of the fraction of KAM values under 1°, with the 

increase of NN# the reducing rate of the fraction of KAM values under 1° for martensite will 

gradually decrease while ferrite will still stay in the region with KAM values under 1°. At certain 

NN#, the blue fraction of martensite will totally disappear, and the remaining fraction of KAM 

values under 1° in the KAM map are thus considered to be the volume fraction of ferrite. When 

the NN# continues to increase, the reducing rate of the fraction of KAM values under 1° will 

diminish. In the case of Sample 5b, the obvious reducing rate change happened between 5NN and 

6NN on the 1st derivative curve, so the ferrite volume fraction is considered to be the fraction of 

KAM values under 1° in the KAM map between 5NN and 6NN. In the same way, for Sample 7a, 

the ferrite volume fraction is considered to be the fraction between 4NN and 5NN. Table III shows 

the volume fraction results by means of KAM method for the two samples and compares them 

with the results of the ASTM manual counting method with the 95% Confidence Interval. In the 

case of an inhomogeneous special distribution of the constituents, the ASTM method was directly 

applied on the IQ maps (Figure 16) of the samples. Samples 5b and 7a were selected for 

comparison due to the fact that the IQ maps of these two samples have very good contrast between 

martensite and ferrite+bainite, which is beneficial for the accuracy of the ASTM point count. 
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Figure 27. Fraction of the KAM values less than 1° (blue) in the KAM maps () vs NN# and 1st 

derivative 𝑑 𝑑(𝑁𝑁#)⁄  vs. NN# curves for (a) Sample 5b; and (b) Sample 7a both containing 

martensite and ferrite. 

 

Table III: Comparison of Volume Fraction Results by KAM and ASTM 

Sample 

number 
Possible constituents 

Calculated % by 

KAM 

Calculated % by 

ASTM (based on IQ 

map) with 95% CI 

5b 

 

M + B + F 

 

M+B = 91.8-88.7 

F = 8.2-11.3 

 

M+B = 88.67±3.13 

F = 11.33∓3.13 

 

7a M + F 
M = 95.7-93.6 

F = 4.3-6.4 

M = 93.62±2.2 

F = 6.38∓2.2 

 

2. Discussion 

Different thermal processing yields different constituents or phases in steels which contain 

different amounts of plastic strain. For example, diffusion of carbon and other alloying elements 

in the steels during thermal processing cause distortion of the crystal lattice of iron; heat treatment 

conditions such as temperature, cooling rate, or annealing time may result in imperfections in the 

lattice of the polycrystalline samples. Lattice distortion and lattice imperfections are the forms of 
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plastic strain; therefore, the plastic strain in different thermal processing products can be visualized 

in KAM maps. 

For samples of series a, it is found that only five samples satisfy the linear relationship 

between FWHM value and Vickers hardness at 1NN. They are Sample 2a (bainite + few ferrite, 

the 10th point in Figure 25a), 5a (martensite + few ferrite + few bainite, the 14th point in Figure 

25a), 6a (martensite + few ferrite + few bainite, the 15th point in Figure 25a), 7a (martensite + few 

ferrite + few bainite, the 13th point in Figure 25a) and 12a (pearlite + few ferrite, the 7th point in 

Figure 25a). For the other samples which deviate from the linear relationship, the major reason is 

due to the hardness rather than the FWHM value. The hardness of a multiphase sample does not 

always follow a rule of mixtures type weighted summation of constituent hardness values.52 From 

a micromechanics perspective, this makes sense since the rule of mixtures is fundamentally an 

averaging rule and ignores features arising from microstructural heterogeneity such as stress 

concentrations that might lead to local plastic deformation.52 That is to say, when the hardness of 

the sample is not the summation of each component, the sample would be expected to deviate from 

the linear relationship shown in Figure 25.  

There are four factors that influence the FWHM value and cause deviation from the linear 

relationship. The first factor is external stress. It will both change the FWHM value and the 

superposition property of it. The four room-temperature constituents of steel have different 

resistance to external stress (such as that experienced during polishing). From Figure 19a, it can 

be seen, at the same polishing condition, there are obvious scratches in the ferrite regions but fewer 

in the pearlite area. Thus, for quantification, gentler polishing methods may be better for the 

accuracy of the results.  
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The second factor is the choice of the NN# which alters the FWHM value but does not 

influence the superposition property of it. In the present study, 1NN corresponds to a kernel size 

of 0.1μm, and 10NN equals to the kernel size of 1μm when the step size of 0.1μm was used for 

EBSD scan. In Figure 25, at small NN#, the points satisfy the linear relationship very well, while 

with an increase of the kernel size some points gradually deviate from linearity. This can be 

explained by the fact that the increase of the FWHM value is not linear with the increase of the 

NN#.  

The third factor is the interval of the KAM distribution plots which will change both the 

FWHM value and its superposition property. In the present study, the interval of 0.1° was used to 

yield smooth curves for all the samples. Curves were found to fit well to the Poisson distribution. 

The smoothness of the curve influences the calculation of the FWHM value. The more the points 

that fall the curve, the more real the shape of the distribution plot may appear. Therefore, the 

combination of kernel size of the KAM map and the interval of the KAM distribution value should 

be balanced according to the specific microstructure features so that its KAM distribution plot can 

be smooth enough to calculate the FWHM value.  

Lastly, the microstructure coarsening arising from a long soak time or other reasons also 

have a slight influence on the FWHM value and result in deviation from the linear relationship, 

but coarsening will not change the superposition property of the FWHM value.  

D. Conclusions 

• The KAM method can provide a rough estimate of the volume fraction of constituents in 

multi-constituent steels, and the results are comparable to the ASTM manual point counting 

results. 
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• KAM-based volume fraction measurement eliminates one source of variance in 

quantification because it does not require chemical etching, which can be spatially and 

compositionally inconsistent over the specimen surface. 

• The ASTM manual point counting method gives the volume fraction results with a 95% 

Confidence Interval. However, the manual work is time-consuming, and it may be difficult 

to achieve sufficient contrast to distinguish the constituents. The KAM method is an 

automatic processing method, which can identify different constituents quantitatively by 

changing some parameters.  

• Microstructure coarsening has less influence on the FWHM values than does the 

constituent. 

• Scratches, strain from the polishing, or microstructure coarsening could deviate the points 

from the linear relationship, but if the scratches, strain from the polishing or 

microstructure coarsening are uniform for the sample, it will not influence the calculation 

of volume fractions, because the effects of the scratches, strain from the polishing or 

microstructure coarsening on the sample will be eliminated during the calculation of 

volume fraction. 
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III. EBSD INVESTIGATION OF TETRAGONAL TO MONOCLINIC 

PHASE TRANSFORMATION IN 10 MOL% CERIA DOPED 

ZIRCONIA 

A. Introduction 

 Bansal and Heuer showed that pure ZrO2 exhibits a martensitic transformation.53 Zirconia 

is of interest for fundamental comparison to the martensitic transformations that occur in metals, 

such as steels and NiTi shape memory alloys, due to its high transformation temperature and the 

fact that it is a ceramic.53 For pure ZrO2 at atmospheric pressure, the cubic phase is stable from 

2370°C until the melting point which is 2715°C, the tetragonal phase is stable for temperatures 

between 1200°C and 2370°C, and the monoclinic phase is stable below 1200°C. The tetragonal to 

monoclinic transformation in pure ZrO2 is accompanied by a 3% volume increase. The high-

temperature tetragonal and cubic phases of ZrO2 can be stabilized by doping Y2O3, CeO2, or MgO 

into solid solution,54 which results in a pure metastable phase or a matrix of mixed cubic, tetragonal, 

or monoclinic phases at ambient temperature.55  

The two major types of the “toughened” zirconia ceramics are partially stabilized zirconia 

(PSZ) and tetragonal zirconia polycrystals (TZP). For PSZ, with the addition of MgO, CeO2, or 

other selected dopants, the high-temperature metastable cubic and tetragonal phases are partially 

stabilized at room temperature to form a matrix of mixed cubic, tetragonal, or monoclinic phases. 

For TZP, by addition of proper amount of Y2O3, CeO2 or other selected dopants, TZP contains 

almost purely tetragonal fine, equiaxed grains (0.5-3 µm diameter) at room temperature.1 These 

stabilized systems give rise to a useful application of the martensitic transformation55: 

transformation toughening utilizes the shape and volume distortion of the martensitic 
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transformation as a toughening mechanism. The discovery of transformation toughening in 

zirconia ceramics in the 1970s aroused worldwide interest in the study of martensite transformation 

in non-metallic materials.56 Zirconia-based ceramics were found to be among the strongest and 

toughest monolithic oxide ceramics to date. Transformation toughening applies the strain field of 

the martensite transformations to reduce and inhibit cracking. The transformation produces interact 

with the crack-tip stresses so as to consume part of the energy and thus to prevent or blunt crack 

extension. Even if there is no crack in/on the sample, the transformation generates local stresses in 

the form of crack shielding to ensure a net increase in toughness of the materials.57 

Zirconia-toughened ceramics are designed so as to retain the metastable tetragonal phase 

to room temperature. Additional mechanical stress, such as that experienced ahead of an advancing 

crack tip, can provide the energy necessary to induce transformation to the monoclinic phase with 

an increase in volume. To understand the strain field of the martensitic transformation, it is 

necessary to gain a clear idea of the transformation crystallography including the lattice 

correspondence and orientation relationship (OR) between the parent and product crystal. The 

martensitic transformation is a homogeneous deformation of the crystal structure from parent to 

product, which means the points which were colinear in the parent structure remain colinear after 

phase transformation, and so do the lines which are coplanar initially. The lattice correspondence 

is a 3×3 matrix which determines which lattice points, directions and planes in the parent and 

product crystal lattices are corresponding to each other uniquely. Such as in the case of Figure 12b, 

the relation between the FCC and BCT cells of austenite are that: 

𝑎1 = 1𝑏1 + 1𝑏2 + 0𝑏3                          (1) 

𝑎2 = −1𝑏1 + 1𝑏2 + 0𝑏3                         (2) 

𝑎3 = 0𝑏1 + 0𝑏2 + 1𝑏3                          (3) 
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The above equations can be rewritten as: 

(𝑎1 𝑎2 𝑎3) = (𝑏1 𝑏2 𝑏3) (
1 −1 0
1 1 0
0 0 1

)                (4) 

The matrix in equation 4 is called the lattice correspondence matrix or just correspondence. 

The orientation relationship relates the planes and directions of the parent and product 

crystal as roughly parallel.58 For the tetragonal to monoclinic transformation in zirconia, there are 

three possible correspondences between the parent and product crystal structures, and in each 

correspondence there are two different orientation relationships between the parent and product 

phases. Kriven59 denoted the three correspondences as A, B, and C. The two orientation 

relationships, for example in correspondence A, are denoted as A-1 and A-2 separately. Since the 

angle β between am and cm of the monoclinic phase is not equal to 90°, the orientational 

relationshops (OR) A-1 and A-2 differ by (β-90)° along 𝑎𝑚  axis. The ORs in the other two 

correspondences can be denoted in the same way. Figure 28 shows the schematic of the three 

correspondences for one case of the tetragonal to monoclinic transformation in zirconia, with the 

two different ORs in each correspondence.60 The ORs are expressed as a set of parallelism relations 

including a pair of parallel planes and two pairs of parallel directions. 
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Figure 28. The schematic of the three correspondences for one case of the tetragonal to 

monoclinic transformation in zirconia, and the two different ORs in each correspondence. 

Reproduced with the permission from ref. 55 (Copyright 2002 Elsevier Science Ltd.). 

 

However, for each orientation relationship, there are eight different variants. To distinguish 

these variants, Hayakawa introduced a more comprehensive notation.61-63 According to 

Hayakawa’s notation, such as for correspondence A, the eight different variants are denoted as 

𝐵𝐶𝐴 , �̅�𝐶̅𝐴 , 𝐶̅𝐵𝐴 , 𝐶�̅�𝐴 , �̅�𝐶�̅� , 𝐵𝐶̅�̅� , 𝐶̅�̅��̅�  and 𝐶𝐵�̅� . Table IV shows the lattice 

correspondence matrix for the eight variants based on the case in Figure 28. Taking lattice 

correspondence 𝐵𝐶𝐴  as an example, the correspondence matrix converts the 𝑎  axis of the 

tetragonal phase to 𝑏 axis of the monoclinic phase by: 
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[
0 0 1
1 0 0
0 1 0

] [
1
0
0

]

𝑡

= [
0
1
0

]

𝑚

                                  (5) 

and converts the (1 0 0) plane of the tetragonal phase to (0 1 0) plane of the monoclinic 

phase by: 

(1 0 0)𝑡 [
0 0 1
1 0 0
0 1 0

]

−1

= (0 1 0)𝑚                        (6) 

 

Table IV. The Eight Variants for Correspondence A Following Hayakawa 

Lattice correspondence matrix 

𝑩𝑪𝑨 
𝟎 𝟎 𝟏
𝟏 𝟎 𝟎
𝟎 𝟏 𝟎

 

�̅��̅�𝑨 
𝟎 𝟎 𝟏

−𝟏 𝟎 𝟎
𝟎 −𝟏 𝟎

 

�̅�𝑩𝑨 
𝟎 𝟎 𝟏
𝟎 𝟏 𝟎

−𝟏 𝟎 𝟎
 

𝑪�̅�𝑨 
𝟎 𝟎 𝟏
𝟎 −𝟏 𝟎
𝟏 𝟎 𝟎

 

�̅�𝑪�̅� 
𝟎 𝟎 −𝟏

−𝟏 𝟎 𝟎
𝟎 𝟏 𝟎

 

𝑩�̅��̅� 

𝟎 𝟎 −𝟏
𝟏 𝟎 𝟎
𝟎 −𝟏 𝟎

 

�̅��̅��̅� 

𝟎 𝟎 −𝟏
𝟎 −𝟏 𝟎

−𝟏 𝟎 𝟎
 

𝑪𝑩�̅� 

𝟎 𝟎 −𝟏
𝟎 𝟏 𝟎
𝟏 𝟎 𝟎
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Phenomenological theory describes the crystallography of a martensite transformation in 

purely mathematical terms.64 The theory assumes that macroscopic deformation of a martensitic 

transformation is represented by a shape strain (S), which is resolved by the operation of lattice 

invariant strain (L), lattice deformation or Bain strain (B), and the rigid body rotation (R) 

sequentially on the parent crystal, as the equation below shows: 

𝑆 = 𝑅𝐵𝐿                              (7) 

These strain and rotation are represented by 3×3 matrices. 

The shape strain is an invariant plane strain which keeps a plane of the crystal (both shape 

and position) unaltered after the martensitic transformation. Bain strain transforms the parent 

crystal structure to the product crystal structure, but Bain strain is not an invariant plane strain. 

The function of the lattice invariant strain is to change the shape of the transformed volume, but 

not to change the crystal structure so as to get an undistorted plane. Typical lattice invariant strain 

involves slip and twinning. After L and B strain are accommodated, a rigid body rotation of the 

crystal is required to ensure that the undistorted plane is also unrotated. Based on the crystal 

structures and lattice parameters of the parent and product phases, the lattice correspondence 

between these two structures and the elements (plane and direction) of the lattice invariant strain 

L, the calculation of the PTMT can give rise to information like the habit plane of the martensite 

plates (the invariant plane), the magnitude of the lattice invariant strain, the magnitude and 

direction of the shape strain, and the orientation relationship between the parent and product phases. 

The calculation of Bain strain requires knowledges of the lattice parameters of the parent 

and product crystal structures. As Figure 28 illustrates, for correspondence A, the tetragonal crystal 

structure transformation is achieved by compressing along the [100]𝑡 axis, and expanding along 
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both the [001]𝑡  and [010]𝑡  axes. The deformations ƞ𝑖  along [100]𝑡 , [010]𝑡 , and [001]𝑡 

axes are: 

ƞ1 = 𝑐𝑚/𝑎𝑡                               (8) 

ƞ2 = 𝑏𝑚/𝑏𝑡                               (9) 

ƞ3 = 𝑎𝑚/𝑐𝑡                                     (10) 

The matrix below is called the Bain strain: 

(

ƞ1 0 0
0 ƞ2 0
0 0 ƞ3

)                           (11) 

 

The calculation of shape strain and the lattice invariant strain is not as simple as for Bain strain.  

In the tetragonal to monoclinic phase transformation, there are multiple sets of lattice 

parameters for tetragonal ceria stabilized zirconia based on different compositions and/or thermal 

processing. The most common case is that the parent and product phases have similar lattice 

parameters as shown in Table V, and the correspondences and ORs as are shown in Figure 28. In 

this case, according to the calculation of PTMT, for correspondences A and B, the lattice 

parameters of the parent and product phases have the worst match, so they have the largest Bain 

strain. However, for correspondence B, the lattice invariant strain (L) of the {101}〈101̅〉𝑡 slip 

system is almost zero, which compensates for the large Bain strain, making correspondence B 

more likely than correspondence A. For correspondence variant CAB, the magnitude of the lattice 

invariant strain is 0.00268, and the magnitude of the shape strain is 0.164; for correspondence 

variant ABC, the magnitude of the lattice invariant strain is 0.0344, and the magnitude of the shape 

strain is 0.164, which are the two favored correspondences of this martensitic transformation.60 In 

addition, the two most common orientation relationships for this case reported by Hugo27,29 are: 
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OR B-1 OR B-2 

(𝟎 𝟎 𝟏)𝒎~||(𝟏 𝟎 𝟎)𝒕 (𝟏 𝟎 𝟎)𝒎~||(𝟎 𝟏 𝟎)𝒕 

[𝟏 𝟎 𝟎]𝒎~||[𝟎 𝟏 𝟎]𝒕 [𝟎 𝟎 𝟏]𝒎~||[𝟏 𝟎 𝟎]𝒕 

[𝟎 𝟏 𝟎]𝒎~||[𝟎 𝟎 𝟏]𝒕 [𝟎 𝟏 𝟎]𝒎~||[𝟎 𝟎 𝟏]𝒕 

B-1 and B-2 differ by approximately 9° along the 𝑏𝑚 axis as Figure 28 shows. A third, but less 

common OR C-2 is also reported 29: 

  OR C-2 

(𝟏 𝟎 𝟎)𝒎~||(𝟏 𝟎 𝟎)𝒕 

[𝟎 𝟎 𝟏]𝒎~||[𝟎 𝟎 𝟏]𝒕 

[𝟎 𝟏 𝟎]𝒎~||[𝟎 𝟏 𝟎]𝒕 

 

Table V: Lattice Parameters of Monoclinic and Tetragonal Phases as Reported in Ref. 55 for 

12mol% Ce-ZrO2
60 

Phase a (Å) b (Å) c (Å) β 

Monoclinic 5.203 5.217 5.388 98.91° 

Tetragonal 5.128 - 5.224 - 

 

Based on the CeO2-ZrO2 phase diagram (Figure 29), a 10 mol% CeO2-ZrO2 or 10Ce-PSZ 

composition was selected for this study to ensure a partially transformed microstructure could be 

observed at room temperature.65 In this study, EBSD was used to quantify the crystallography of 

the t→m transformation in a sample of 10Ce-PSZ. PTCLab66 was used to calculate the output of 

the phenomenological theory of the martensitic transformation and simulate pole figures to show 

the orientation relationships between the parent and product phases. 
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Figure 29. The phase diagram of CeO2-ZrO2. Reproduced with the permission from ref. 60 

(Copyright 1975 American Ceramic Society, Inc). 

 

B. Experimental Procedure 

1. Sample Preparation and Phase Identification 

 Sample 10Ce-PSZ was prepared by a solid-state reaction and sintering approach. 

Stoichiometric amounts of CeO2 and ZrO2 were blended in isopropanol with the molar ratio of 1:9. 

The mixture was then milled, dried, and formed into compacts by dry pressing. The compacts were 

sintered to 1600℃ at 5K/minute with a two-hour dwell at maximum temperature, and then furnace 

cooled to room temperature. The phase structures were determined by X-ray Diffraction (XRD, 

Bruker D8) on a Scintag diffractometer with Cu K1 radiation (=1.54 Å) at a scanning rat of 

0.01°/s in the 2θ range from 5° to 120°. Phase identification was performed on the diffraction data 

with MDI-Jade 9 and the ICDD PDF 4+ database. 
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For scanning electron microscopy and electron backscatter diffraction (EBSD), the Ce-PSZ 

compact was impregnated into the automatic mounting press (TERAPRESS TP-7001B, PACE 

Technologies) with conductive (graphite) compression resin powder (PACE Technologies). 

Polishing was achieved with SiC grinding paper to 6.5 μm, followed by vibratory polishing with 

a suspension of 0.05 μm SIAMAT blue colloidal silica for 10 hours. To increase sample 

conductivity for EBSD studies, the vibratory polished 10Ce-PSZ sample was carbon coated using 

a high vacuum evaporator (Ladd Research) to a thickness of 10 nanometers. 

2. PTMT Calculation 

 PTCLab66, a freely licensed software program, was used for calculation to show the 

predictions of PTMT and simulate the pole figures which denote the ORs. The two 

Crystallographic Information files (cif) provided by XRD phase identification were used as the 

input for PTCLab’s calculation. For the purposes of this calculation, the slip system was chosen 

as the shear system with shear plane (110)𝑚 and shear direction [11̅0]𝑚. Tables VII, VIII, and 

IX indicate the lattice correspondence matrices utilized in assessing the martensitic transformation 

parameters. PTCLab66 was used to simulate the pole figures to show the orientation relationships 

according to the principles described above.  

3. Electron Microscopy 

For EBSD analysis, the carbon coated sample was tilted 70° toward the EDAX Hikari Plus 

EBSD camera (EDAX, Inc., Mahwah, NJ USA) in a JEOL JSM-7800F field emission scanning 

electron microscope (JEOL USA Inc., Peabody, MA USA). The scan was taken at 15kV in high 

vacuum. The EBSD data were collected by TSL OIM DC 7 and automatically indexed with the 
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monoclinic and tetragonal *.bmt files which were produced according to the crystallographic 

information of the sample from its XRD data using the TSL OIM Data Collection software.  

C. Results and Discussion 

1. Results 

Figure 30 shows the phase identification from XRD, shows that tetragonal and monoclinic 

phases are present in the polished sample. The lattice parameters of the two phases are provided 

in Table VI. Figure 31 shows the secondary electron image of a polished surface. 

 

Figure 30. XRD data of the 10 mol% Ceria Doped Zirconia sample. Cu K1 radiation (=1.54 

Å), scanning rate 0.01°/s. 
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Table VI. Lattice Parameters of the Monoclinic and Tetragonal Ce-ZrO2 Phases from the Closest 

Matching PDF Cards 

Phase a (Å) b (Å) c (Å) β Symmetry 

Monoclinic 5.194 5.225 5.363 98.99 P21/c 

Tetragonal 3.630 - 5.222 - P42/nmc 

 

 

 

Figure 31. Secondary electron image of the polished Ce-ZrO2 sample surface indicating porous 

structure. 

 

Figure 32 shows the schematic of the deformation of unit cells during the tetragonal to 

monoclinic transformation for correspondence C of the 10 mol% Ce-ZrO2 material according to 

the EBSD analysis. Figure 32a shows the unit cell of the parent tetragonal phase with the lattice 

parameters shown in Table VI. Figure 32b shows the co-ordinate transformation from tetragonal 

unit cell with lattice parameters at1, bt1, and ct1 to tetragonal unit cell with lattice parameters at2, 
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bt2, and ct2. Four tetragonal unit cells (at1, bt1, and ct1) are involved in the coordinate transformation, 

and the relationship between the lattice parameters of the two tetragonal unit cells are: 

𝑎𝑡2 = 𝑏𝑡2 = √𝑎𝑡1
2 + 𝑏𝑡1

22
                          (12) 

𝑐𝑡2 = 𝑐𝑡1                                      (13) 

Figure 32c shows the monoclinic unit cell with the lattice parameters shown in Table VI after Bain 

strain. Note that, the smallest unit cell possible, after the Bain strain, is no longer the tetragonal 

phase (at1, bt1, and ct1) but is monoclinic phase (am, bm, cm, and β). 

 

 

Figure 32. The schematic of the deformation of unit cells during the tetragonal to monoclinic 

transformation for correspondence C of the 10 mol% Ce-ZrO2 sample, (a) the tetragonal unit 

cell; (b) co-ordinate transformation from tetragonal unit cell with lattice parameters at1, bt1, and 

ct1 to tetragonal unit cell with lattice parameters at2, bt2, and ct2; (c) after Bain strain, the 

transformed monoclinic unit cell. 
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The six orientation relationships are found to be that: 

OR A-1 OR A-2 

(𝟎 𝟎 𝟏)𝒎~||(𝟏 �̅� 𝟎)𝒕 (𝟏 𝟎 𝟎)𝒎~||(𝟎 𝟎 𝟏)𝒕 

[𝟏 𝟎 𝟎]𝒎~||[𝟎 𝟎 𝟏]𝒕 [𝟎 𝟎 𝟏]𝒎~||[𝟏 𝟏 𝟎]𝒕 

[𝟎 𝟏 𝟎]𝒎~||[𝟏 �̅� 𝟎]𝒕 [𝟎 𝟏 𝟎]𝒎~||[𝟏 �̅� 𝟎]𝒕 

OR B-1 OR B-2 

(𝟎 𝟎 𝟏)𝒎~||(𝟏 �̅� 𝟎)𝒕 (𝟏 𝟎 𝟎)𝒎~||(𝟏 𝟏 𝟎)𝒕 

[𝟏 𝟎 𝟎]𝒎~||[𝟏 𝟏 𝟎]𝒕 [𝟎 𝟎 𝟏]𝒎~||[𝟏 �̅� 𝟎]𝒕 

[𝟎 𝟏 𝟎]𝒎~||[𝟎 𝟎 𝟏]𝒕 [𝟎 𝟏 𝟎]𝒎~||[𝟎 𝟎 𝟏]𝒕 

OR C-1 OR C-2 

(𝟎 𝟎 𝟏)𝒎~||(𝟎 𝟎 𝟏)𝒕 (𝟏 𝟎 𝟎)𝒎~||(𝟏 �̅� 𝟎)𝒕 

[𝟏 𝟎 𝟎]𝒎~||[𝟏 �̅� 𝟎]𝒕 [𝟎 𝟎 𝟏]𝒎~||[𝟎 𝟎 𝟏]𝒕 

[𝟎 𝟏 𝟎]𝒎~||[𝟏 𝟏 𝟎]𝒕 [𝟎 𝟏 𝟎]𝒎~||[𝟏 𝟏 𝟎]𝒕 

 

Tables VII, VIII and IX show the PTCLab66 output of the PTMT prediction for 

correspondence A, B, and C, respectively. Comparing the magnitude of the shape strain S for the 

three correspondences, they are almost the same. Comparing the magnitude of the lattice invariant 

shear g among different ORs, A-1, A-2, C-1, and C-2 have more or less the same g values, while 

the g values for B-1 and B-2 are much smaller. 
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Table VII. PTCLab Output of the PTMT Calculation for Correspondence A 

Solution # 1 2 

s -0.16448 0.16448 

d [−0.70723 −0.70699 −0.00005]𝑡 [−0.17914 −0.21396 0.96028]𝑡 

g 0.03556 0.0379 

h (0.1279 0.14508 −0.98112)𝑡 (−0.70192 −0.70362 0.96028)𝑡 

OR A-1 A-2 

Lattice correspondence matrix [
𝟎 𝟎 𝟏

𝟎. 𝟓 −𝟎. 𝟓 𝟎
𝟎. 𝟓 𝟎. 𝟓 𝟎

] 

Slip plane (𝟎. 𝟓 −𝟎. 𝟓 𝟏)𝒕 slip direction [−𝟏 𝟏 𝟏]𝒕 

* s - Magnitude of shape strain; d - Shape strain direction; g - Magnitude of Lattice invariant 

shear; h - Habit plane. 

 

Table VIII. PTCLab Output of the PTMT Calculation for Correspondence B 

Solution # 1 2 

s -0.16448 0.16448 

d [−0.55376 0.83268 −0.00049]𝑡 [0.70716 0.70705 0.00012]𝑡 

g 0.00132 0.00132 

h (−0.65049 −0.75952 −0.00016)𝑡 (−0.48785 0.87293 0.00098)𝑡 

OR B-1 B-2 

Lattice correspondence matrix [
𝟎. 𝟓 −𝟎. 𝟓 𝟎

𝟎 𝟎 𝟏
𝟎. 𝟓 𝟎. 𝟓 𝟎

] 

Slip plane (𝟎. 𝟓 −𝟎. 𝟓 𝟏)𝒕 slip direction [−𝟏 𝟏 𝟏]𝒕 

* s - Magnitude of shape strain; d - Shape strain direction; g - Magnitude of Lattice invariant 

shear; h - Habit plane. 
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Table IX. PTCLab Output of the PTMT Calculation for Correspondence C 

Solution 

# 
1 2 

s 0.16129 0.16129 

d [0.71853 −0.69242 −0.06542]𝑡 [0.11038 −0.11489 −0.98723]𝑡 

g 0.03158 0.03964 

h (0.09198 −0.09274 −0.99143)𝑡 (0.28793 −0.90246 −0.32042)𝑡 

OR C-1 C-2 

Lattice correspondence matrix [
𝟎. 𝟓 −𝟎. 𝟓 𝟎
𝟎. 𝟓 𝟎. 𝟓 𝟎

𝟎 𝟎 𝟏
] 

Slip plane (𝟏 𝟎 𝟎)𝒕 slip direction [𝟎 −𝟐 𝟎]𝒕 

* s - Magnitude of shape strain; d - Shape strain direction; g - Magnitude of Lattice invariant 

shear; h - Habit plane. 

 

Figure 33 shows the simulated pole figures, to denote the parallel relationships in OR A-1, 

A-2, B-1, B-2, C-1, and C-2. There are eight different variants for each OR. In some of the pole 

figures the points of different variants coincide. It is worth noting that when plotting the parallel 

relationships between planes, the point denoting plane normal is shown in the stereographic 

projection rather than the big circle. 
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Figure 33. The simulated pole figures, to denote the parallel relationships in OR A-1, A-2, B-1, 

B-2, C-1, and C-2. 
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Figure 34 shows the Image Quality (IQ) (grayscale) + phase map (color scale) (fig. 34a) 

and the Image Quality (IQ) (grayscale) + Inverse Pole figure (IPF) map (color scale) (fig. 34b) of 

one 12.54×36.67 µm2 region. Figure 35 shows the IQ + phase map (fig. 35a) and the IQ + IPF map 

(fig. 35b) of another 12.54×36.67 µm2 region. The volume fraction of the monoclinic phase is 

found to be 70-80% in both. It can be seen from Figures 34 and 35 that in different tetragonal 

grains, the product monoclinic phase has a different morphology - needle like or martensite laths. 

In each tetragonal grain, either the martensitic needles or laths are twin-related. Upon further 

inspection of the EBSD maps in Figure 34 and 35, it is found that in one tetragonal grain, several 

sets of twin-related martensite plates may have formed. As seen in Figure 36, in one set of the 

twin-related martensite plates, the orientation relationship come from the same correspondence; in 

another set of twin-related martensite plates, the orientation relationship come from two different 

correspondence (the detailed description is shown in the following paragraph). It is also found that 

all the six orientation relationships are observed in the studied system.   

 

Figure 34. (a) The IQ + phase map and (b) the IQ + IPF map of a 12.54×36.67 µm2 region on 

the sample surface. 
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Figure 35. (a) The IQ + phase map and (b) the IQ + IPF map of another 12.54×36.67 µm2 region 

on the sample surface. 

 

If tetragonal grains are extracted individually, they can be rotated for consistency, and the 

(100), (001), [100], [010] and [001] pole figures of the monoclinic phase shown (Figures 

36, 37, and 38). Figure 36 shows the EBSD maps and the pole figures of the multi-oriented 

martensite plates in a tetragonal grain. Figure 36a and 36b shows the phase and IPF map before 

rotation. Figure 36c shows the IPF map after rotation. In Figure 36c, there is a marked rectangular 

area composed of four martensite plates labeled as 1, 2, 3 and 4. The four martensite plates have 

the orientation relationship of C-1 and C-2. This rectangle morphology is similar to the observation 

of the pyramid-type martensite plates by Deville30 and Onda25 with Atomic Force Microscopy 

technology. Figure 36d shows the (100), (001), [100], [010] and [001] pole figures of the 

monoclinic phase after rotation, and the color of the poles corresponds to the colors of Figure 36c. 

Comparing Figure 36d with Figure 33, it is found that this grain contains all six ORs: A-1, A-2, 

B-1, B-2, C-1, and C-2. Comparing Figure 36c and 36d, some interesting features are found: (1) 
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the aqua colored martensite plates in Figure 36c have the B-1 or B-2 OR and they are twin-related 

with the blue martensite plates whose have the A-1 OR; (2) the blue colored martensite plates in 

Figure 36c which have the A-1 and A-2 ORs are twin-related with each other; (3) the marked red 

region of the monoclinic phase in Figure 36c is composed of four martensite plates which have C-

1 and C-2 ORs; (4) the OR of green martensite plates do not match any of the six previously-

identified ORs.  

 

Figure 36. The EBSD maps and the pole figures of the multi-oriented martensite plates in a 

tetragonal grain (a) the phase map; (b) the IPF map of the extracted tetragonal grain; and (c) the 

IPF map after rotation; (d) the (100), (001), [100], [010] and [001] pole figures of the 

monoclinic phase after rotation. 

 

Figure 37 shows the EBSD maps and the pole figures of the needle like martensite plates 

in another tetragonal grain. Figure 37a and 37b shows the phase and IPF map before rotation. From 

Figure 37b, it can be seen that martensite plates are parallel to each other. The end of each two 

adjacent plates form an angle that denotes different habit planes. The angle between plate 1 and 2 
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is roughly 35°. There are two angles between plate 2 and 3. The angle is roughly 23° or 42° (see 

callout in Figure 37b). The angle between plates 4 and 5 is 23°. The angle between plates 6 and 7 

is roughly 35°. Figure 37c shows the IPF map after rotation, and Figure 37d shows the (100), 

(001), [100], [010] and [001] pole figures of the monoclinic phase after rotation. Comparing 

Figure 37d with Figure 33, it is found that this grain contains B-1 and B-2 ORs. The B-1 and B-2 

ORs plates formed pairs, and the “V” shape space between each pair was either untransformed or 

transformed to martensite plates whose OR does not match any of the six ORs.  

 

Figure 37. The EBSD maps and the pole figures of the needle like martensite plates in another 

tetragonal grain (a) the phase map; (b) the IPF map of the extracted tetragonal grain; and (c) the 

IPF map after rotation; (d) the (100), (001), [100], [010] and [001] pole figures of the 

monoclinic phase after rotation. 
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Figure 38 shows the EBSD maps and the pole figures of the twin-related martensite laths 

in a tetragonal grain. Figure 38a and 38b shows the phase and IPF map before rotation. Figure 

38c shows the IPF map after rotation, and Figure 38d shows the (100), (001), [100], [010] 

and [001] pole figures of the monoclinic phase after rotation. Comparing Figure 38d with 

Figure 33, it can be concluded that this grain contains both C-1 and C-2 ORs. These two ORs 

alternate from left to right in the grain. 

 

Figure 38. The EBSD maps and the pole figures of the twin-related martensite laths in a 

tetragonal grain (a) the phase map; (b) the IPF map of the extracted tetragonal grain; and (c) the 

IPF map after rotation; (d) the (100), (001), [100], [010] and [001] pole figures of the 

monoclinic phase after rotation. 

 

2. Discussion 

2.1 Martensite Transformation in 10 mol% Ceria Doped Zirconia 

Martensite plates are known to be self-accommodating, and there are two ways to realize 

the self-accomodation.60 One way is to form twin-related martensite plate pairs; the other way is 
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that the transformation in one grain catalyzes the transformation in the neighboring grains. As seen 

in Figures 34 and 35, the twin-related martensite plates are omnipresent, while the autocatalysis of 

phase transformation between grains is rarely observed. The more common case is that the 

martensite transformation happens in each grain individually - the martensite plates grow towards 

each other in parallel fashion or at intersecting angles. 

For the twin-related martensite plates, the morphology can be martensite laths in which 

case the orientation relationship of the plates with the parent grain belong to the same 

correspondence, as shown in Figure 38 for the case of C-1 and C-2 OR plates. The angular 

difference between the B-1 and B-2 OR plates is roughly 9° along the 𝑐𝑚 axis. This observation 

is in agreement with prior observations in the literature.60 The twin-related pair can also be needle-

like martensite plates. Figure 39 shows the schematic of the twin-related needle-like martensite 

plate pair.60 The angle of the “V” shape is either 35° or 10.5°, when the orientation relationship of 

the plates belong to correspondence B. As shown in Figure 37, the orientation relationship of the 

plates is either B-1 or B-2 which matched the case in Figure 39. However, some of the observed 

angles of the “V” shape are different from the predicted angles. An angle of Figure 38b was 

observed to be 35°, but the 10.5° angle was not observed, replaced instead by two 23° angles and 

a 42° angle as seen in Figure 37. 
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Figure 39. The schematic of the twin-related needle-like martensite plate pair. The arrangement 

is predicted by PTMT. Reproduced with the permission from ref. 55 (Copyright 2002 Elsevier). 

 

The last, but still noteworthy is, feature that all the six orientation relationships appeared 

in the present work. No conclusion as to preferred ORs can be drawn from the present work. 

 

2.2 Interpretation and Improvement of the Automatic Indexing Procedure 

The application of EBSD to ceramics or other electrically insulative materials can provide 

some unique information unavailable from other techniques, such as morphology and orientation 

information simultaneously for the materials at the micrometer scale. However, there are two 

major challenges that limit the utilization of EBSD on these materials: charging and indexing low 

symmetry crystal structures.  

When the incident electron beam interacts with non-conducting materials, a charge 

accumulates on the surface, which causes issues such as scanning faults, image drift, or charging 

contamination on the scanning region. To solve this problem, conductive coatings on the sample 

surface or low vacuum EBSD is usually used. Nevertheless, both methods can reduce the quality 

of the EBSD patterns, resulting in increased pattern contrast blurring, diminishing the ability to 

accurately index the pattern.67 
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The other challenge is the low symmetry of the crystal structures.67,68 Misindexing happens 

more often in low symmetry ceramics as compared to higher symmetry metals.23 EI-Dasher 

showed an example of an AlN-TiB2 ceramic composite in which AlN structure exhibits P63mc 

symmetry and TiB2 exhibits P6/mmm symmetry.67 There are low index reflectors in both crystal 

structures whose interplanar angles are similar. The automatic indexing routine determines the 

reflectors (planes) via the unique interplanar angle between different planes of the crystal structure, 

so the automatic indexing routine may fail to identify which phase the Kikuchi patterns belong to 

if the interplanar angles of the two phases are the same or similar.  

According to Field, if the Average Confidence Index (CI) value for the whole map is below 

0.1, it means that some of the automatic indexing points may be wrong.69 To interpret and improve 

the automatic indexing route, it’s necessary to make clear what the procedures of the automatic 

indexing process are. According to Wright,3,8 the automatic indexing steps are: (1) background 

noise subtraction for the EBSP images; (2) finding bands for each EBSP by Hough transform; (3) 

band analysis calculation including interplanar angle, bandwidth angle and lattice orientation 

calculation; (4) comparing the calculated results with the interplanar look-up tables which were 

constructed according to the crystallographic information of the phases in the sample; (5) finding 

the most possible solution of the orientation.  

In this procedure, the Hough transform is a crucial step to get a good CI value for automatic 

indexing. Hough transform is used to find the bands of the Kikuchi pattern. The gray scale band is 

recorded as a bright point in the Hough space. The size of the point corresponds to the width of 

the band. When a butterfly shaped mask is applied on the Hough space, the center of the point 

which represents the center line of the band is enhanced and easily localized. In this way the band 

position is localized.70 It is found that the Hough transform can measure the band position 
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correctly, but that the calculated bandwidth is different from the one in the interplanar look-up 

table. 

The other key step to get a good CI value is choosing proper reflectors in the look-up table 

so that the Hough transform calculated reflectors accurately match the look-up table. As Nowell 

showed, with the decrease of the interplanar angle tolerances, the votes number (means the number 

of the matched reflectors) and the difference of the votes number between solution 1 and 2 (which 

influence the CI value) reduced significantly. An interplanar angle tolerance of 3° is typically 

needed for most of the materials.44 For some crystal materials, such as the monoclinic structure of 

Figure 30, there are many reflectors. The angular difference between any certain two reflector pairs 

can be less than 3°, so for these materials, choosing proper reflectors in the look-up table to avoid 

misindexing between the reflectors with the angular difference less than 3° is important to get a 

good CI value. 

The coexistence of two phases will also influence the correctness of the indexing. If two 

band pairs from the two phases separately have similar interplanar angles, the CI value in that case 

is usually very low, even though the CI value is larger than 0.1 if the pattern is indexed individually 

with tetragonal or monoclinic look-up table. For improving the indexing of the coexistent phases, 

increasing the Max Peak Count number in the Hough page of the data collection software can lead 

to a solution. In the case where the tetragonal and monoclinic phases coexist, a Max Peak Count 

number of 10 can get the acceptable CI value for indexing. The increase of the Max Peak Count 

number will decrease the CI value, but the phases can be effectively distinguished, so there is a 

balance between the selection of the Max Peak Count number and the CI value. 
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D. Conclusion 

The tetragonal to monoclinic martensitic transformation in a 10 mol% Ceria doped 

Zirconia was studied via EBSD, XRD, and SEM. The prediction via PTMT for this material was 

also calculated by PTCLab software.  

The lattice parameters measured by XRD according to the closest matching PDF cards are 

𝑎𝑡 = 𝑏𝑡 = 3.63 Å , and 𝑐𝑡 = 5.222 Å  for the parent tetragonal phase; 𝑎𝑚 = 5.194 Å , 𝑏𝑚 =

5.225 Å, 𝑐𝑚 = 5.363 Å, and β = 98.99° for the product monoclinic phase. The SEM showed that 

the sample is porous.  

SEM-based EBSD was used to observe the morphology of the transformed phase and 

measure the orientation relationship between parent and product phases simultaneously. Three 

different morphologies were observed for the monoclinic phase - martensite lath, needle-like 

martensite plate, and pyramid-type martensite plate. The correspondence between the parent and 

product lattice was found to be that the diagonal of the plane which is perpendicular to the 𝑐𝑡 axis 

in the parent unit cell becomes one edge of the product unit cell by EBSD. The six different 

orientation relationships (A-1, A-2, B-1, B-2, C-1 and C-2) were simultaneously observed from 

the material via EBSD. 

The calculation of PTMT for this material shows that the shape strain is similar for the 

different orientation relationships, while the lattice invariant strain is not the same for different 

orientation relationships. The A-1, A-2, C-1 and C-2 orientations have similar lattice invariant 

strain, B-1 and B-2 have the same lattice invariant strain, but the magnitude is much smaller (close 

to 0) than the other four orientation relationships. 

The experimental results and the theoretical prediction together show that from the energy 

point of view B-1 and B-2 are the preferential orientation relationships, while the experimental 
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observation of all the six orientation relationships means that the material can handle the energy 

variance of different orientation relationships, which gives a comprehensive understanding of the 

martensitic transformation in ceria partially stabilized zirconia. The new features revealed in the 

present work are valuable complements to the prior study of martensitic transformation in ceramics. 

There are low index reflectors in both the tetragonal and monoclinic crystal structures 

whose interplanar angles are similar. By choosing proper reflectors in the look-up table of both the 

tetragonal and monoclinic phases, misindexing of those low difference reflectors can be avoided. 

In the current study, it was also found that the band position of the Kikuchi pattern can be located 

correctly via the Hough transform, but that the measured bandwidth is then different from the 

theoretical value in the look-up table. 

  



 

 

 

77  

IV. SUMMARY AND CONCLUSIONS 

This dissertation focused on the study of phase transformation in AISI 5160 steel and ceria 

partially stabilized zirconia via Electron Backscatter Diffraction. For the AISI 5160 steel, a new 

method based on Kernel Average Misorientation (KAM) was developed to quantitatively identify 

different phase transformation products, such as martensite, bainite, pearlite, and ferrite by EBSD. 

For the ceria partially stabilized zirconia, the martensitic transformation was investigated by EBSD. 

The phenomenological theory of martensitic transformations (PTMT) was calculated and matched 

with experiment. The experimental results and the theoretical prediction together gave a 

comprehensive understanding of the martensitic transformation in ceria partially stabilized 

zirconia. 

For steel, there are four room-temperature constituents which form under different thermal 

process conditions. These four room-temperature constituents are: martensite, bainite, pearlite, and 

ferrite. After chemical etching, they appear morphologically different under the microscope. 

However, their crystal structures are too similar to be precisely identified.  

To date, the most efficient methods for quantitatively identifying the four constituents are 

color etching and the ASTM manual point count method. The color etching method applies 

etchants to yield distinct colors for different constituents under the optical microscope. One 

drawback of the color etching method is that the spatial resolution of the optical microscope is too 

limited to work with fine grain steels, such as nanoscale grains. The ASTM manual point count 

method applies a statistical method to measure the volume fraction of the constituents, and gives 

a confidence interval for the volume fraction results. The disadvantage of the ASTM manual point 

count method is that it needs tedious manual work, and it relies on etching so that the results can 

be influenced by etchant types or etching conditions. 
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To minimize the influence of etching, and to reduce the manual work, a method based on 

EBSD was developed for identifying and quantifying the four room-temperature constituents in 

steels. KAM was found to be a good indicator of plastic strain in crystalline materials, and KAM 

maps enabled visualization of microscale plastic strain. Different thermal processing yield 

different constituents or phases in steels which contain different amount of plastic strain. For 

example, diffusion of carbon and other alloying atoms in the steels during thermal processing 

causes the distortion of the crystal lattice of iron; heat treatment conditions such as temperature, 

cooling rate, or annealing time may result in imperfections in the lattice of the polycrystalline 

samples. Lattice distortion and lattice imperfections are forms of plastic strain; therefore, the 

plastic strain in different thermal processing products can be visualized in KAM maps. 

After careful investigation of the KAM value and the KAM map for different constituents 

in AISI 5160 steel, it was found that the features of the KAM frequency distribution curve for 

every constituent are: (1) the shape of the curves are similar; (2) at 1NN, every curve begins in the 

range of 0-1 degree, i.e. a false blue color in the KAM map; and (3) with an increase of the NN#, 

the curve will broaden and move towards the direction of larger KAM value. Nevertheless, for 

different constituents, the difference of the curves is that with the increase of the NN#, the reducing 

rate of the fraction of KAM values under 1° in the KAM maps is unique to the constituent. 

Therefore, for a two-constituent steel, at certain NN#, the fraction of the KAM values under 1° for 

one constituent will completely disappear, and the remaining fraction of KAM values under 1° in 

the KAM map can be considered to be the volume fraction of the other constituent. 

For ceria partially stabilized zirconia, the tetragonal to monoclinic martensitic 

transformation in a 10 mol% CeO2 doped ZrO2 was investigated. Because transformation 

toughening in ceramics utilizes the shape and volume distortion, the martensitic transformation is 
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as a toughening mechanism. Therefore, understanding the details of the martensitic transformation 

is helpful for the improvement of the toughness of ceramics and commercial application of these 

materials. 

The martensitic transformation (tetragonal to monoclinic) in zirconia has been extensively 

studied by researchers via TEM, XRD, or AFM. Nowadays, SEM-based EBSD is increasingly 

applied to the study. The advantage of EBSD technology is that it can observe the region on the 

micron scale of the sample surface and can simultaneously give microstructural and 

crystallographic information. This is a valuable complement to the prior study of martensitic 

transformation in ceramics and would facilitate a more comprehensive understanding of the 

martensitic transformation in zirconia. 

It is found by researchers that there are several sets of lattice parameters of the parent and 

product crystal structures for ceria stabilized zirconia based on different composition or thermal 

processing. In this work the lattice parameters measured by XRD are 𝑎𝑡 = 𝑏𝑡 = 3.63 Å, and 𝑐𝑡 =

5.222 Å for the parent tetragonal phase; 𝑎𝑚 = 5.194 Å, 𝑏𝑚 = 5.225 Å, 𝑐𝑚 = 5.363 Å, and β = 

98.99° for the product monoclinic phase. For this material and these lattice parameters, the 

correspondence between the parent and product lattice was found to be that the diagonal of the 

plane which is perpendicular to the 𝑐𝑡 axis in the parent unit cell becomes one edge of the product 

unit cell, and the six different orientation relationships (A-1, A-2, B-1, B-2, C-1 and C-2) were 

observed from the material via EBSD experimentally. 

The calculation of PTMT for this 10 mol% CeO2 doped ZrO2 showed that the shape strain 

is similar for different orientation relationship, while the lattice invariant strain differs specifically, 

the A-1, A-2, C-1 and C-2 have similar lattice invariant strain; B-1 and B-2 have the same lattice 
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invariant strain, but the magnitude is much smaller (close to 0) than the other four orientation 

relationships. 
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V. FUTURE WORK 

The KAM method reduced the dependency of volume fraction measurement for different 

constituents in steels on etching and drastically limited manual work time when compared to color 

etching and ASTM manual point count methods. Nevertheless, there are still some drawbacks of 

this method: 

• The results of the KAM method presently yield only semi-quantitative volume fractions, 

rather than precise values.  

• Furthermore, the choice of the points of the 1st derivative 𝑑 𝑑(𝑁𝑁#)⁄  vs. NN# curves 

for volume fraction is still artificial.  = the fraction of KAM values under 1°. 

• It is found that there is a linear relationship between KAM FWHM value and Vickers 

hardness. However, full understanding and application of this information is still not clear. 

Future, efforts to improve the precision of the KAM method and on the interpretation of 

the linear relationship between KAM FWHM value and Vickers hardness are indicated. This 

would enable the KAM method to be a rapid quantitative method for steels. 

The investigation of the martensitic transformation of zirconia revealed new features not 

previously reported in other zirconia system. Although these features have been explained, 

additional work remains: 

• More grains should be investigated to get a statistical conclusion for the lattice 

correspondences, orientation relationships, and presence of preferential 

correspondence/orientation relationship for surface transformation or bulk transformation. 

• Other characterization techniques can be applied, such as TEM, to precisely measure the 

habit planes, also the junction plane and angle of the twin-related martensite plates. 
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• In addition, efforts should be made to identify the relations among different processing, 

composition, lattice parameters, and the resulting crystallography of the martensitic 

transformation. This would give a comprehensive guideline for fabrication and commercial 

application. 
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APPENDICES 

A. The calculation of shape strain and the lattice invariant strain for martensitic 

transformation 

According to Bowles-Mackenzie theory,22 the equation (7) can be rewritten as: 

𝑆𝐿−1 = 𝑅𝐵 = 𝑆1 = 𝑆𝐿2                            (14) 

 where 𝐿2 can be expressed as: 

𝐿2 = 𝐼 + 𝑑2𝑝2
′                              (15) 

where 𝑑2 is the direction of the lattice invariant strain (L) and 𝑝2
′  is the normalized plane of L. 

By inserting the two elements (plane and direction) into equation 13, the lattice invariant strain 

can be calculated. Both S and L2 are invariant plane strain, so the intersection of the two invariant 

planes is an invariant line, and S1 is an invariant line strain. 

For the invariant line strain S1, suppose xi is the unit vector which is parallel to the invariant 

line, and 𝑛𝑖
′ is the normalized plane which is vertical to the xi. For xi and 𝑛𝑖

′, they satisfy three 

equations, separately: 

𝑥𝑖
′𝑥𝑖 = 1                              (16) 

𝑥𝑖
′𝐵2𝑥𝑖 = 1                            (17) 

𝑝2
′ 𝑥𝑖 = 0                              (18) 

where 𝑥𝑖
′ indicates the transpose of xi. 

From the three equations above, two solutions of xi can be obtained. 

𝑛𝑖
′𝑛𝑖 = 1                              (19) 

𝑛𝑖
′𝐵−2𝑛𝑖 = 1                            (20) 

𝑛𝑖
′𝑑2 = 0                              (21) 
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From the three equations above, two solutions of 𝑛𝑖
′ can be obtained. 

There are four combinations of xi and 𝑛𝑖
′, so there are four solutions for the invariant line strain 

S1. However, for the calculation of S1, a rotation matrix (R0) also needs to be known. The rotation 

matrix satisfies the two equations below: 

𝑅0𝑥𝑖 = 𝑥𝑖                            (22) 

𝑛𝑖
′𝑅0

−1 = 𝑛𝑖
′                           (23) 

In addition, for solving the rotation matrix, the properties of an orthogonal matrix needs to apply 

so that the crystal coordinate matches the Cartesian coordinate system.66 The solving of the rotation 

matrix R0 is bothersome by hand. The computer is usually used for the assistance of the calculation. 

When the invariant line strain S1 is calculated, the shape strain (S) and the lattice invariant 

strain (L) can be calculated. Suppose 𝑝1
′  is the normalized invariant plane of the shape strain, and 

𝑑1 is the displacement vector of the shape strain. 𝑑1 can be calculated by the equation below: 

𝑑1 =
𝑆1𝑑2−𝑑2

𝑝1
′ 𝑑2

                           (24) 

The magnitude of the shape strain is equal to |𝑑1|. 

Let 𝑑2
′  to be the direction of 𝐿2 which is the inverse of the lattice invariant strain (L). 𝑑2

′  

can be calculated by the equation below: 

𝑑2
′ =

𝑦−𝑆1
−1𝑦

𝑝2
′ 𝑦

                           (25) 

where 𝑦 is an arbitrary vector in the invariant plane 𝑝1
′ .The magnitude of the shape strain is equal 

to |𝑑2
′ |. 
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B. The procedure of simulating pole figure in PTCLab to represent orientation 

relationship for tetragonal to monoclinic phase transformation in 10 mol% Ce-ZrO2. 

Taking variant 𝐵𝐶𝐴 as an example, the steps of operation in PTCLab are that, (1) Click 

the “stereo proj.” button of the monoclinic phase; (2) on the right of the window, for the pole figure 

information, input [100] as the Projection Direction, and [010] as the Horizontal Direction; (3) 

choose U V W (direct) as the plot type; (4) in the “Add Data” region, click the ellipsis behind SP, 

and then in the pop-up window, input [010] in the pole region and click “OK”, a blue point will 

appear in the pole figure of the monoclinic phase, and it represents the [010]𝑚~||[11̅0]𝑡 

relationship for correspondence variant BCA. In the same way, the parallel relationship for the 

other seven variants can be plotted in this pole figure. In this way, the pole figure used to denote 

the [010]𝑚~||[11̅0]𝑡  relationship for correspondence A is created. For each correspondence, 

there are two kinds of orientation relationships. In the OR of series 1, the parallel relationships are 

that the (001)𝑚 plane parallel to the related tetragonal plane, the [100]𝑚 direction parallel to 

the related tetragonal direction, and the [010]𝑚  direction parallel to the related tetragonal 

direction; in the OR of series 2, the parallel relationships are that the (100)𝑚 plane parallel to the 

related tetragonal plane, the [001]𝑚 direction parallel to the related tetragonal direction, and the 

[010]𝑚 direction parallel to the related tetragonal direction.60 By the way showed above, these 

parallel relationships for each OR can be presented in related pole figures. 

C. TSL OIM DC 7 software setting ahead of EBSD data collection for 10 mol% Ce-ZrO2. 

Before data collection, the points need to note for the setting in the TSL OIM DC 7 are: (1) 

load the two monoclinic and tetragonal bmt files in the “Phase” window, choose (01̅1), (02̅0), 

(11̅2̅), (22̅0)  and (12̅1̅)  as the reflectors for tetragonal phase, and choose (11̅1̅), (11̅1), 
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(202) , (22̅0) , (302̅) , (02̅2) , (02̅2̅) , (13̅1) , (104̅)  and (31̅1)  as the reflectors for 

monoclinic phase; (2) in the “hough” window, choose 10 as the Max Peak Count. 

D. Software setting of plotting pole figures in TSL OIM Analysis 7 to show orientation 

relationship for tetragonal to monoclinic phase transformation in 10 mol% Ce-ZrO2 

experimentally. 

The collected data was then analyzed by TSL OIM Analysis 7 to show the morphology and 

ORs. The steps to analyze the ORs in each parent grain are that: (1) a single tetragonal grain was 

extracted from the collected data (2) this grain was rotated to orient the tetragonal phase as the 

reference frame, which is the [001] direction of the crystal coordinate parallel to the sample 

normal direction, the [11̅0]  direction parallel to the A1 direction and the [110]  direction 

parallel to the A2 direction; (3) plot the (100), (001), [100], [010] and [001] pole figures 

separately for the monoclinic phase. 

E. An example to show the band finding via Hough transform 

As an example, the pattern shown in Figure 41 was analyzed on the Hough page of the TSL OIM 

DC 7 software. Figure 41a shows the pattern after background noise subtraction. Figure 41b shows 

the band finding via Hough transform. Figure 41c shows the indexing of the pattern with CI and 

Fit value. Figure 41d shows the setting of the Hough page. Table X shows the positions (θ, ρ) of 

the ten bands located by Hough transform, the measured bandwidth and the information of the 

reflectors in the tetragonal phase look-up table. From Figure 41b, it can be seen that the band 

position is found correctly by Hough transform, while table VI showed that the measured 

bandwidth is not the same as in the look-up table. The indexing of the pattern is via a voting 
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scheme44. Even though the d-spacing are not corresponding between the measured one and the 

look-up table, it can get a good CI as Figure 41c shows. 

 

Figure 40. (a) the Kikuchi pattern after background noise subtraction; (b) the band finding via 

Hough transform; (c) the indexing of the pattern with CI and Fit value; and (d) the setting of the 

Hough page. 
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Table X. The Positions of the Ten Bands Located by Hough Transform, Together with Their 

Corresponding Reflectors, and the Information of the Reflectors in the Look-Up Table of the 

Tetragonal Phase in 10 mol% Ce-ZrO2 

Color 

Position 

(θ, ρ) 

Measured d-

spacing 

(hkl) in the 

tetragonal look-

up table 

d-spacing value 

in the look-up 

table 

Red (175.0, 13.0) 1.66 0 2̅ 0 1.815 

Green (136.0, -6.0) 1.46 2 2̅ 0 1.283 

Yellow (90.0, -26.0) 1.71 0 2̅ 0 1.815 

Blue (83.0, 21.0) 1.68 0 1̅ 1 2.981 

Magenta (60.0, -4.0) 1.35 1 2̅ 1̅ 1.55 

Cyan (172.0, 40.0) 0.699 n/a n/a 

White (15.0, 30.0) 1.78 0 1̅ 1 2.981 

Pink (51.0, 29.0) 0.737 1 1̅ 2̅ 1.83 

Turquoise (112.0, 8.0) 1.23 1 2̅ 1̅ 1.55 

Orange (26.0, -1.0) 1.3 1 2̅ 1̅ 1.55 
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