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Abstract 
 

Revealing the prior austenite grain boundaries from a martensitic structure is well known 

to be very difficult and dependent on the chemical composition and the 

thermomechanical processing of the steel. In the present study, four different chemical 

etching reagents and additional thermal etching have been conducted for 

thermomechanical simulated tool steels Orvar Supreme and Stavax ESR. The etching 

results have been characterized using light optical microscopy and electron backscattered 

diffraction. 

 

The obtained results show that saturated aqueous picric acid, oxalic and sodium bisulfite 

based acid reveals prior austenite grain boundaries well for Orvar Supreme. For Stavax 

ESR, only aqueous CrO3-NaOH-picric acid provides good results in revealing the prior 

austenite grain boundaries. Thermal etching shows good potential and if conducted 

properly, thermal etching is a good alternative to the chemical reagents from a health- and 

environmental perspective. 
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1. Introduction 

Tool steels are used for forming and shaping other materials i.e. metals, alloys, polymers, 

ceramics and composites. A variety of tools can be found such as forging- and extrusion 

dies, punches, cutting tools etc. Daily objects like cars, cellphone screens, cans and TV-

monitors are all produced using tool steel at some point, hence tool steels fulfills an 

important though invisible everyday function in society.   

 

To achieve a good microstructure which gives the required properties of the tool steel i.e. 

strength, toughness, hardness, corrosion resistance etc., a combined heat- and mechanical 

(thermomechanical) treatment is necessary. Typical microstructure for tool steels is the 

martensitic structure with a high hardness obtained by suitable heat treatment. Usually the 

tool steel is hardened and tempered to obtain a high hardness together with a fair 

toughness. The mechanical treatment involves operations like rolling and forging. Proper 

mechanical treatment deforms the slab at different rates and reductions. This is 

fundamental in achieving a proper microstructure free from abnormal grains, segregation, 

uneven distribution of precipitations etc. which could be detrimental for the quality of the 

tool steel. Hence, thermomechanical processing is of great importance to optimize the 

performance of the tool steel for the specific purpose.  

 

During processing of steels, recrystallization is an important phenomenon which occurs 

during standard thermomechanical processing such as hot forging and rolling. The 

recrystallization kinetics depends on both the temperature, the amount of deformation and 

time. Thus, it is important to have control of these parameters for each steel grade in 

order to obtain fully recrystallized structures. A deformation dilatometer is often used to 

simulate the thermomechanical processing and to find the proper parameters for each 

steel grade. The structure after the thermomechanical simulations is typically evaluated 

using qualitative judgement from light optical microscopy (LOM) images. However, it is 

desirable to find a more quantitative method for evaluating the recrystallized fraction. 

This would enable an optimization of the thermomechanical processing for each steel 

grade. 

 

Hence, the aim of the present work is to evaluate and to determine the recrystallized 

fraction of the prior austenite grains after thermomechanical simulations for the tool 

steels Orvar
®
 Supreme (AISI H13) and Stavax

®
 ESR (AISI 420 modified), which result 

in a deformed and fully martensitic microstructure. The investigation was conducted 

using deformation dilatometer, optical- and scanning microscopy and electron backscatter 

diffraction (EBSD). The work was divided mainly in two parts, the literature review and 

the experimental laboratory work. The former focusing on quantitative metallography 

(QM), recrystallization during hot deformation, EBSD, techniques for revealing prior 

austenite grain boundaries (PAGBs), orientation relationship between lath martensite and 

parent austenite. The latter part considered the evaluation of different chemical etchants 

and thermal etching by LOM in order to reveal the PAGBs and validation of the etching 
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results by EBSD. A discussion about how to define recrystallization for the investigated 

tool steels and two calculation examples for determining the recrystallized fraction are 

included in the latter part. 

 

 

2. Theory 

2.1 Quantitative metallography and stereology 
 

Materialography has for a long time, played an important role in the understanding of 

materials macro- and microstructures and has been a great tool in the persistent endeavor 

of continuously developing new and better performing materials. Through the years, the 

methodology of materialography has been refined and developed to match different 

materials and structures [1]. Materialography performed, for example under the LOM can 

be conducted for a variety of materials, such as metals (called metallography), alloys, 

ceramics, polymers and minerals etc. [1]. 

 

In the practice of rating microstructural features, especially at production units where the 

response time is limited, it has been common to use qualitative assessments where the 

features are compared with different standard charts [1]. A qualitatively assessment is 

thus based on unstructured observations not supported by statistical and representative 

data. According to Vander Voort, the chart comparisons are only partially valid when 

only one feature change in the structure [1]. For structures where more than one feature 

might change, the charts are not satisfactorily accurate. In addition, conducting 

comparisons using charts introduces a subjective estimation. This enhances the 

importance of QM and it is described in the following sections. 

 

Metallography has been, among other things used as a tool for quantifying different 

microstructural constituents [1]. QM makes for example possible to determine the 

fraction of inclusions, precipitates and phases as well as to determine grain sizes etc. 

Following statement summarizes all what is conducted during quantitative 

metallography. Hence, the stereology (see below) and quantitative metallography 

concerns the mathematical, statistical and metrological methods in converting 

measurements from 1- or 2-dimensions into quantitative estimations about the 3-

dimensional relationship [2]. In 1961, Hans Elias defined quantitative stereology as:  

 

“…a body of methods for the exploration of three-dimensional space, when 

only two-dimensional sections through solid bodies or their projections on a 

surface are available.” [3] 

 

To obtain as correct results as possible to a minimum effort applying quantitative 

metallography, some questions should be considered prior to sample preparation and the 

measurements. Is the sought feature of interest homogenously distributed in the sample? 

If not, how is the feature revealed to be representative without interference? What is the 

proper technique of measurement? It also facilitates to be consistent and systematic in 
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operation to prevent errors in the calculations and to reflect over the sampling orientation. 

Then, of course it is necessary to consider what magnification should be used to obtain 

sufficiently large amount of data to be statistically valid? However, the magnification and 

number of areas to be analyzed are sometimes hard to know in advance as the features 

might vary a lot in size [1].  

 

During the sampling procedure, the field selection must be randomized to eliminate the 

possibility of favoring one or more features and thus not reproduce the structure 

faithfully. It should be emphasized that a good sampling procedure implies to reduce bias, 

hence the randomization of the selected sampling fields [1]. This is not always possible, 

for example when a microstructure varies through the cross section of a specimen or 

when a bimodal feature is to be quantified [1]. The recommended method is then to 

localize and specify a larger area of interest in the specimen intended for sampling with 

respect to a coordinate system [1]. Further, the specific sampling areas are then 

randomized within the predetermined larger area to avoid any further bias. For a material 

consisting of two defined grain sizes, the volume fraction of coarse- and fine grains are 

determined at randomly distributed fields where the respective grain sizes are 

subsequently measured by selectively localizing the coarse- and fine grained areas [1]. 

 

Commonly used methods for manual measurements and estimations of volume fraction 

are area analysis, line analysis and point counting [1]. It has been frequently shown that 

the volume fraction (𝑉𝑉) equals the area fraction (𝐴𝐴) as well as the linear fraction (𝐿𝐿) 

and point fraction (𝑃𝑃), see Equations 1-4 and Figure 1, within limits of statistical 

accuracy [1] i.e. 

 

 

 

 
𝑉𝑉 =  𝐴𝐴 =  𝐿𝐿 =  𝑃𝑃 

 

(1) 

 

 

 

 

 

𝐴𝐴 =  
∑ 𝐴𝛼

𝐴𝑇
=  𝑉𝑉 

 

(2) 

 

 

 

 

𝐿𝐿 =  
∑ 𝐿𝛼

𝐿𝑇
=  𝑉𝑉 

 

(3) 

 

where 𝐴𝛼 and 𝐿𝛼 are the area and length respectively of the feature of interest (α). 𝐴𝑇 is 

the total measurement area and 𝐿𝑇 the total line length [1]. 
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Figure 1. Schematic illustrations with corresponding calculations for area-, line- and 

point fraction for (a), (b) and (c) respectively showing only a slight variation between the 

different methods. 

 

Vander Voort concluded point counting to be the optimum method for estimation of the 

volume fraction of a constituent based on 2-dimensional sections since it is fast and more 

convenient without decreasing accuracy compared to the alternative methods [1]. The 

point counting method is also supported by Orsetti Rossi and Sellars [4] and further by 

Humphreys and Hatherly [5]. 

 

Point counting is conducted using a test grid either as a graticule in the eyepiece, 

translucent overlay or by a Swift point counter [1, 4]. The test grid consists preferably of 

crosses since points are sometimes hard to distinguish against the microstructure [1]. 

Points or the intersections of the crosses that fall inside a feature of interest are counted as 

one unit whereas points at the boundary of a feature are counted as one-half unit [1]. The 

feature of lesser fraction (< 50 %) is always measured and with decreasing fraction an 

increasing number of test points in the test grid are used [1]. To reduce bias, the size of 

the test grid should be of a nature so that only one test point represents one single feature. 

The point fraction 𝑃𝑃 is calculated as presented in Equation 4: 

 

 

 𝑃𝑃 =  
∑ 𝑃𝛼

𝑃𝑇
=  

∑ 𝑃𝛼

𝑛𝑃0
=  𝑉𝑉 (4) 

 

 

where 𝑃𝛼 is the number of test points inside a feature of interest (α), 𝑛 is the number of 

fields since several fields is usually measured and 𝑃0 is the number of grid points [1]. 

Hence, 𝑛𝑃0 is equal to 𝑃𝑇 as the total number of test points. According to Vander Voort, 

the volume fraction is presented in percentage in most works, thus 𝑃𝑃, 𝐿𝐿 and 𝐴𝐴 is 

multiplied by 100 [1]. For complete details about the point counting method, see ASTM 

Specification E562.  
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For series of measurements, it is appropriate to calculate and present the standard 

deviation (s) of the measured data as follows in Equation 5: 

 

 

 

𝑠 = [
∑(𝑋𝑖 − �̅�)

2

𝑁 − 1
]

1/2

 (5) 

 

 

where 𝑋𝑖 and 𝑁 are the individual and number of measurement respectively and �̅� is the 

calculated mean value of 𝑋𝑖 [1].  

 

 

2.2 Recrystallization during hot working 

For metals and alloys intended for low- and moderate temperature applications where 

creep is not pronounced, recrystallization plays an important role at the production of hot 

worked metals and alloys. A fine grained microstructure is usually sought since grain 

refinement is one of the hardening mechanisms that do not reduce the toughness. Mainly 

three different types of recrystallizations may occur [6, 7]: dynamic-, metadynamic- and 

static recrystallization denoted as DRX, MDRX and SRX respectively where the 

phenomenon either occurs during or after the deformation, see Figure 2. 

 

 
 

Figure 2. Schematics illustrating the phenomenon of dynamic- and static 

recrystallization for (a) and (b) respectively. Metadynamic recrystallization occurs 

between the two extremes of dynamic- and static recrystallization [8]. 

 

Recrystallization is preceded by recovering processes and the driving force for 

recrystallization is to reduce the materials inherent energy in the form of lattice defects 

including dislocations. It should be clarified that the processes involving recrystallization 

are very complex and depends on the degree of deformation (ε), strain rate (ε̇) and 

temperature (T) among others which, however, cannot be covered in this text to the 

extent necessary for a deeper understanding. Up to date, recrystallization has been a hot 

topic of debate and is not yet fully understood [7]. Although, several authors have agreed 

that the definition of recrystallization is:  
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“…the formation of a new grain structure in a deformed material by the 

formation and migration of high angle grain boundaries driven by the stored 

energy of deformation. High angle grain boundaries are those with greater 

than a 10-15° misorientation. Recovery can be defined as all annealing 

processes occurring in deformed materials that occur without the migration of 

a high angle grain boundary. Grain coarsening can, in turn, be defined as 

processes involving the migration of grain boundaries when the driving force 

for migration is solely the reduction of the grain boundary area itself.” [7]   

 

Further, it is also important to understand the term “nucleation”. According to Doherty et 

al. the nucleation of a new grain is derived from small areas, recovered subgrains or cells 

that are already present in the deformed microstructure [7]. This was found as a result of 

a disagreement between the nucleation rate predicted by the thermal fluctuation model 

and the actual observed nucleation rate where the latter could be up to 10
50

 times larger 

[7]. This viewpoint is today commonly accepted. 

 

During deformation, a grain might be subdivided into different regions. For small to 

moderate strains, deformed grains could be subdivided by several extended dense 

dislocation walls (DDWs) as well as microbands (MB) which consists of a stereo wall of 

dislocations, forming cell blocks. Furthermore, the cell blocks consist of multiple 

dislocation cells or subgrains constructed of entangled dislocations [7]. As the strain 

increases, the DDW and MB shifts towards a lamellar dislocation boundary (LB). For a 

general subdivision of a grain into different substructures, see Figure 3. However, note 

that different materials could show different substructures and constituents [7]. 

 

 
Figure 3. Schematic illustrations showing general subdivision of the microstructure with 

respect to the amount of strain. a) Small to moderate strains. b) Moderate and increasing 

strains [7]. 

 

During hot working, metals and alloys are plastically deformed at elevated temperatures, 

usually ≥ 0.6 times the melting temperature expressed in Kelvin. The recrystallization is 

suppressed by recovering processes [5]. For certain metals and circumstances, the 

recovery processes occurs quickly enough to completely correspond to the hot work 

hardening. An equilibrium condition between the formation and annihilation of 
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dislocations occurs which is possible to maintain under large strains before the material 

fractures [9]. This usually occurs for pure metals with high stacking fault energy (SFE) in 

which dislocations are able to cross slip, thus are not easily trapped and pinned by local 

obstructions inside the grains. Cross slip of dislocations reduces the formation of new 

dislocations which would otherwise lead to higher dislocation density and also to further 

increase of the deformation hardening. Because of the elevated temperature during hot 

working, also climbing of dislocations is considerably simplified and thus annihilates 

extensively [7, 10]. Hence, for metals with high SFE recovery processes and moderate 

recrystallization occurs, resulting in low deformation forces during hot working [5]. 

Commonly metals and alloys with high SFE are for example ferritic iron, aluminum and 

its alloys and titanium in the β-phase [10]. SFE is a function of temperature, chemical 

composition, and grain size [11, 12, 13]. 

 

 

2.2.1 Dynamic recrystallization 
 

In metals and alloys with low to moderate SFE arises however sufficiently high 

dislocation density for nucleation and recrystallization of new grains to occur because the 

dislocations are more likely to split and form partials [9]. Partials are not able to cross slip 

and hamper climbing which means that new dislocations are formed at an accelerating 

rate since partials interact and are pinned at different obstacles. The development of 

subgrain structures is derived from work hardening and recovering processes from 

deformations up to a critical degree of deformation (εc), see Figure 4 [9]. The dislocations 

constituting the subgrain boundaries are typically entangled forming a heterogeneous 

microstructure. Consequently, during hot working and where the recovering processes 

taking place are not quick enough, the high differences in dislocation density and thus 

stored energy will be essential to nucleate new grains that also are able to grow and 

recrystallize [9]. If the above described recrystallization occurs during the deformation it 

is referred to as DRX [7, 9], see Figure 2.  

 

For DRX to occur, a critical degree of deformation (εc) has to be exceeded, which can be 

achieved in materials with low- to moderate SFE such as steel in austenitic phase, copper 

and nickel [10]. Critical deformation is usually obtained just before the strain needed for 

maximum stress [6], see Figure 4. Note, for the DRX at a certain time there will be 

recently recrystallized grains and grains deformed to the extent that recrystallization is 

just initiated and all conditions between [9]. This leads to constantly new formation of 

nuclei during the deformation sequence and hence, as the DRX continues the morphology 

of the grains becomes nearly equiaxed [9]. It is important to clarify that for subgrain 

formation at steady state during hot working a misorientation of a few degrees will be 

obtained which is not the case at lower temperature or higher strains. With lower 

temperature and higher strains the misorientation within the subgrains may increase until 

new grain boundaries are formed [9].  
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2.2.2 Static recrystallization 
 

The recrystallization which occurs first when the deformation sequence is discontinued 

and that needs an elevated temperature for a certain time interval for nucleation and 

growth to occur is instead referred to as SRX [9], see Figure 2. Hence, SRX undergoes 

first a nucleation step where a so-called incubation period is found before growth viable 

nuclei are formed. The growth viable nuclei grow at the expense of the old, deformed and 

dislocation dense grains [14]. Just as before, nucleation occurs primarily at the most 

energy concentrated regions, namely at the corners of the grains and at grain boundaries 

[5, 9]. The degree of deformation (ε) required to initiate SRX is smaller than that for the 

DRX, however, SRX can also occur where DRX has already been active, see Figure 4. In 

order to obtain the required dislocation density needed for SRX, typically a degree of 

deformation or strain of ~5-10 % is needed depending on the actual circumstances [15].  

 

 

2.2.3 Metadynamic recrystallization 
 

There are nuclei that are formed during the DRX but that are unable to grow due to the 

ongoing deformation, usually because of high strain rates but which still exist after the 

applied deformation [9]. These nuclei have been proven to grow very rapidly without any 

incubation period and this mode of recrystallization is referred to as MDRX [5, 9]. Thus, 

this phenomenon arises somewhere between the DRX and SRX [10]. As the MDRX 

occurs on already existing nuclei, a critical degree of deformation (εc) is required as well 

as for the DRX situation, see Figure 4. The grain size is usually larger compared to the 

DRX case as repeated nucleation is not found as a result of the absence of ongoing 

deformation [9].  

 

 
Figure 4. Schematic illustration over a stress- strain curve showing where the different 

recrystallization modes might occur with respect to degree of strain [9]. 
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2.3 Electron BackScattered Diffraction – fundamental principles 

EBSD is a technique utilized in the Scanning Electron Microscope (SEM) for 

determination of microstructural and crystallographic orientation information [16]. 

Information about the orientation is obtained when the electron beam generated from the 

SEM hits the inclined sample surface (~ 70° relative the SEM stage, see Figure 5). 

 

 

 
 

Figure 5. Illustration of the principal set-up for EBSD inside the SEM with the sample 

surface inclined to about ~70° relative the SEM stage [17]. 

 

 

The incident electrons scatter first in-elastically and then elastically enabling the imaging 

of projections of crystallographic planes. The angle between the sample surface and the 

incident electron beam increases the amount of diffracting and escaping high energy 

electrons (backscattered electrons) from the surface. A larger area of the interacted 

volume is achieved and the backscattered electrons path length is reduced, see Figure 6 

[16].  

 

Information depth for EBSD is approximately 10-50 nm [16]. Information depth depends 

on both the accelerating voltage and the specimen atomic number. An increase in 

accelerating voltage results in deeper penetration depth and opposite for increasing 

atomic number as the elastic scattering mean free path of electrons is decreased [16]. 

Since the probe size is the main limiting parameter in lateral resolution together with 

other microscope parameters, investigated material, sample geometry, accelerating 

voltage, probe current and pattern quality a Field Emission Gun Scanning Electron 

Microscope (FEGSEM) could theoretically resolve microstructural constituents ~ 0.05 

μm [18, 19]. Because of the activated volume which has larger distribution compared to 
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the probe size, the lateral resolution actually becomes larger than the probe size. For high 

resolution orientation measurement an EBSD system has an accuracy of ~0.5-1.0° [16].  

 
Figure 6. Schematic illustration showing the incident electron beam interaction volume 

in relation to the tilted sample at ~70° with respect to the SEM stage [16]. 

 

Backscattered electrons that hit an atomic plane and fulfill Bragg’s law, see equation 6 

[16, 17, 18] will diffract in directions which together forms paired large angle cones. As 

can be seen in Figure 7, the paired large angle cones correspond to a certain diffraction 

plane. 

 

 

 𝑛𝜆 =  2𝑑𝑆𝑖𝑛𝜃 (6) 

 

 

For Bragg’s law, 𝑛 is an integer, 𝜆 is the wavelength of the electron, 𝑑 is the distance 

between each adjacent crystal planes and 𝜃 is the angle of the incident electron on the 

diffraction plane i.e. Bragg angle [18]. Electrons from a stationary incident electron beam 

that fulfill these requirements will form an electron backscattered diffraction pattern 

(EBSP) and be detected by a phosphor screen [16, 17]. 

 

 
Figure 7. Electrons which fulfill Bragg’s law at the impact to a lattice plane will diffract 

and form large angle cones (green and blue) and when detected by the phosphorous 

screen appears as an EBSP [17]. 
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The pattern consists of different bands, known as Kikuchi bands and intercepts at the 

phosphor screen as regions of the electron intensity are enhanced [17] producing photons 

when phosphor are excited by the incident electrons. The Kikuchi pattern is characteristic 

and represents the crystallographic plane, structure and orientation from the point 

generated. Hence from the Kikuchi pattern it is possible to determine the crystallographic 

orientation and crystal phase from a pre-selected phase list [16]. Each pattern detected at 

the phosphorous screen, producing photons during scanning of the predetermined area are 

registered and amplified by a sensitive Charge Coupled Device (CCD) camera and 

further processed and stored by software [16, 17]. This set of data can later be processed 

and evaluated for determination of grain size, textures, recrystallized fractions etc. [16, 

17]. 

 

Sample preparation prior EBSD for metals can be performed by mechanical grinding and 

polishing, electro polishing or ion milling [16]. The main objective for the sample 

preparation is to achieve a sample surface free from induced deformation from previous 

steps [16] e.g. cutting, milling, grinding etc. This because remnants of induced 

deformation from sample preparation complicates the EBSD evaluation since it impairs 

the diffraction patterns [16]. Furthermore, the top surface analyzed should be 

representative to the actual microstructure without remnants of induced deformation from 

the sample preparation. The sample surface should neither have pronounced topography 

that could result in areas shadowed by topographical peaks, especially since this 

topography is enhanced as the sample surface is tilted relative the SEM column for EBSD 

[16]. The final sample preparation step is often conducted using mechanical polishing and 

a slurry consisting of colloidal SiO2 or Al2O3 particles (~50 nm). The slurry is often 

mildly etching and thus attacks and removes the mechanically affected surface [16]. 

 

Metal samples that are intended for EBSD and not clamped directly into the SEM’s stage 

are preferable mounted in a conductive resin to reduce the possibility for drift during 

analysis [16]. Thermal and mechanical drift may occur either for the electron beam or the 

sample. Drift can be associated with mechanical instability in the SEM column or stage, 

thermal disturbance (expansion/contraction) for the microscope- and sample components 

etc. [20]. Means as conductive tape, silver- and carbon paint can help establish electrical 

contact between the sample and the grounded stage [16] but should be regarded as a 

second alternative to reduce the possibility for drift. 

 

EBSD has proven to be a complementary technique to X-ray diffraction (XRD) and 

Transmission Electron Microscope (TEM) etc. for measuring microstructural units [16] 

since the lateral resolution is very good and lesser effort in sample preparation and 

operation [16] is needed. Where lab-scale XRD has a lateral resolution of ~50 μm [18], 

EBSD conducted with a FEGSEM has a lateral resolution of < 0.05 μm [16, 19, 21]. 

According to Engler and Randle, the sample preparation of TEM specimens are almost 

always more difficult and more demanding compared to EBSD sample preparation since 

the specimens requires a thickness of < 200 nm [16]. Furthermore, TEM provides a very 

small area of view for a single specimen which results in low statistics [16]. Hence, today 
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EBSD is a commonly and widely used technique for microstructural determination and 

crystallographic orientation information [16]. 

 

 

2.4 Orientation relationship between lath martensite and parent austenite 

 

In order to relate the orientation relationship (OR) between lath martensite (α´) and  

parent austenite (γ) which exhibit a body-centered tetragonal (bct) and a face-centered 

cubic (fcc) lattice respectively, vast research have been made. Most commonly applied 

OR in recent studies are Kurdjumow-Sachs (K-S), Nishiyama-Wasserman (N-W), 

Greninger-Troiano (G-T) and Bain. In previous works, the opinions differ whether the 

above mentioned ORs are sufficiently accurate or not to predict the phase transformations 

and subsequently the obtained textures [22, 23, 24, 25, 26, 27]. AppaRao et al. [22] 

concluded that both K-S and N-W ORs are inadequate for texture- and pole figure 

prediction based on EBSD investigations from two different high-Cr steel alloys and one 

Mn-steel since the accuracy of the OR is insufficient. Suikkanen et al. [23] showed for a 

0.2C-2.0Mn-1.5Si-0.6Cr steel that the OR is closer to N-W compared to K-S. Based on 

an analytical approach, reconstruction of parent austenite from bainite have been verified 

by Germain et al. [24] to yield better results using an average OR directly deduced from 

the EBSD data compared to K-S, N-W and G-T as well as a locally measured OR. 

Miyamoto et al. [25] proposed a similar but numerical approach to determine the OR 

accurately in lath martensite and bainite for low-alloyed carbon steel. Miyamoto et al. 

also reported that the austenite orientation was frequently mis-indexed as a twin 

orientation caused by a mirror symmetry of (011)α´ stacking in the K-S or N-W ORs [26].  

 

However, by using measured OR the mis-indexing was significantly reduced. Beladi et 

al. [27] concluded based on orientation mapping of lath martensite in a 0.04C-1.52Mn-

0.2si-0.22Mo-0.08Ti-0.033Al (wt%) steel that K-S OR provides the best explanation for 

the variants formed in the PAGBs. According to Morito et al. the OR between parent 

austenite and martensite is near K-S even though some laths have an OR near N-W [28]. 

Cayron [29] concluded for low carbon steels that individual laths exhibit continuous 

spreading for OR between K-S, G-T and N-W but as the carbon content increases the 

spreading is reduced, shifting towards K-S. Further, Morito et al. presented results where 

the OR between parent austenite and lath martensite deviates 2-2.5° from the ideal K-S 

OR towards N-W OR for one maraging steel and two steels containing Mn [30]. Similar 

result has been reported by Karthikeyan et al. [31] for tempered martensitic 9Cr-1Mo-

0.1C steel. Thus, ORs are not strict and varies with carbon content and composition [28, 

32]. 

 

In recent articles, the lath martensitic structure is subdivided and classified hierarchically 

as following: parent grain – packet (close-packed plane parallel group (CP)) – block – 

sub-block (variant) and lath [28, 30, 31, 32, 33, 34, 35], see Figure 8. According to K-S 

OR there exist 24 different unique variants for martensite to form in a single parent 

austenite grain if twin (Σ3 etc.) relationships are disregarded [30]. Note, not all possible 
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variants necessarily appears within a single parent austenite grain though [33]. The 

variants are denoted as V1-V24. 

 

  
 

Figure 8. Schematic and hierarchic illustration of lath martensitic structure [34]. 

 

 

During transformation, the parent austenite grain is subdivided into packets or CP groups 

[28, 33]. Each packet inherent six different variants thus the 24 unique variants can be 

divided into four groups i.e. V1-V6, V7-V12, V14-V18 and V19-V24 [28, 30]. 

Characteristic within each packet are the common parallel relationship of close-packed 

planes between the variants [28, 32, 35] exhibit nearly the same habit plane [28, 33, 35]. 

As mentioned above, not all six variants necessarily appear within each packet [33]. 

Further, the individual packet is subdivided in three different blocks with different 

orientations [28] meaning the six variants associated to one group is arranged in three 

blocks.  

 

A single block is a composition of two different sub-blocks with low angle misorientation 

~10.53° [28, 33]. Block 1, 2, and 3 contains variants V1/V4, V2/V5 and V3/V6 

respectively representing variant-pairs. In Table 1, the misorientation for different 

variant-pairs is given [28, 30, 36]. Hereafter, V1 is taken as a reference and other OR 

corresponds to V1. For all 24 unique variants, ORs and misorientation between sub-

block-, block-, and packet boundary refers to the label as SBB, BB and PB respectively 

[31, 36], see Table 2. The carbon content has been concluded to influence the variant-

paring strongly i.e. increasing carbon content tend to yield smaller (and increased number 

of) packet- and block sizes [28, 37]. Each sub-block contains several lath units [28] 

where a martensite lath is composed with a high density of lattice defects [33] and a 

substructure of dislocations derived from large shape strain [38]. 
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Table 1. Misorientation angle and axis between variant-pairs formed in a unique packet 

according to Kurdjumow-Sachs [28, 30, 36].  

 

Variant-pair Misorientation angle at [011]α´ [deg.] 

V1/V4, V2/V5, V3/V6 10.5 

V1/V6, V2/V3, V4/V5 49.5 

V1/V3, V1/V5, V2/V4, V2/V6, V3/V5, V4/V6 60.0 

V1/V2, V3/V4, V5/V6 70.5 (twin related: Σ3=[111] α´/60.0) 

 

 

Table 2. Orientation relationship representing misorientation axis and angle for 24 

different variants with respect to variant 1 according to Kurdjumow-Sachs [36]. Sub-

block-, block- and packet boundary refers to label as SBB, BB and PB respectively [31].  

 

Variant Rotation from variant 1  Plane parallel Direction parallel 

No. Misorientation axis [h k l] Angle [deg.] Lable (u v w) [  γ  ] // [  α´ ] 

V1 - -  

(111)γ//(011)α´ 

[-1 0 1]//[-1 -1 1] 

V2 [0.5774 -0.5774 0.5774 ] 60.00 BB [-1 0 1]//[-1 1 -1] 

V3 [0.0000 -0.7071 -0.7071] 60.00 BB [0 1 -1]//[-1 -1 1] 

V4 [0.0000 0.7071 0.7071] 10.53 SBB [0 1 -1]//[-1 1 -1] 

V5 [0.0000 0.7071 0.7071] 60.00 BB [1 -1 0]//[-1 -1 1] 

V6 [0.0000 -0.7071 -0.7071] 49.47 BB [1 -1 0]//[-1 1 -1] 

V7 [-0.5774 -0.5774 0.5774 ] 49.47 PB 

(1-11)γ//(011)α´ 

[1 0 -1]//[-1 -1 1] 

V8 [0.5774 -0.5774 0.5774 ] 10.53 PB [1 0 -1]//[-1 1 -1] 

V9 [-0.1862 0.7666 0.6145] 50.51 PB [-1 -1 0]//[-1 -1 1] 

V10 [-0.4904 -0.4625 0.7387] 50.51 PB [-1 -1 0]//[-1 1 -1] 

V11 [0.3543 -0.9329 -0.0650] 14.88 PB [0 1 1]//[-1 -1 1] 

V12 [0.3568 -0.7136 0.6029] 57.21 PB [0 1 1]//[-1 1 -1] 

V13 [0.9329 0.3543 0.0650] 14.88 PB 

(-111)γ//(011)α´ 

[0 -1 1]//[-1 -1 1] 

V14 [-0.7387 0.4625 -0.4904] 50.51 PB [0 -1 1]//[-1 1 -1] 

V15 [-0.2461 -0.6278 -0.7384] 57.21 PB [-1 0 -1]//[-1 -1 1] 

V16 [0.6589 0.6589 0.3628] 20.61 PB [-1 0 -1]//[-1 1 -1] 

V17 [-0.6589 0.3628 -0.6589] 51.73 PB [1 1 0]//[-1 -1 1] 

V18 [-0.3022 -0.6255 -0.7193] 47.11 PB [1 1 0]//[-1 1 -1] 

V19 [-0.6145 0.1862 -0.7666] 50.51 PB 

(11-1)γ//(011)α´ 

[-1 1 0]//[-1 -1 1] 

V20 [-0.3568 -0.6029 -0.7136] 57.21 PB [-1 1 0]//[-1 1 -1] 

V21 [0.9551 0.0000 -0.2962] 20.61 PB [0 -1 -1]//[-1 -1 1] 

V22 [-0.7193 0.3022 -0.6255] 47.11 PB [0 -1 -1]//[-1 1 -1] 

V23 [-0.7384 -0.2461 0.6278] 57.21 PB [1 0 1]//[-1 -1 1] 

V24 [0.9121 0.4100 0.0000] 21.06 PB [1 0 1]//[-1 1 -1] 
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2.5 Techniques for revealing Prior Austenite Grain Boundaries 
 

For the cause of revealing and delineating PAGBs different techniques have been used 

i.e. precipitation of proeutectoid ferrite or cementite decorating the former austenite grain 

boundaries [39, 40], McQuaid-Ehn testing [39, 40], oxidation of grain boundaries [39, 40, 

41, 42], thermal- [39, 40, 43, 44] and chemical etching [39, 40]. Concerning the 

precipitation of proeutectiod ferrite and cementite, this operation interfere with the 

PAGBs since it needs elevated temperatures at certain holding times long enough to form 

precipitations. Common for the McQuaid-Ehn and oxidation techniques are the use of 

long holding times at elevated temperatures which is a disadvantage when studying 

PAGBs since the as-received microstructure might be prone to transformation and alter 

i.e. nucleation and grain growth which will not represent the PAGBs [44]. On the other 

hand, thermal etching as well uses elevated temperatures but not at the extent of long 

holding times as the techniques of precipitation, McQuaid-Ehn testing and oxidation 

needs [43, 44] and has been reported with good results revealing PAGBs [43, 44]. 

Chemical etching has the advantage over the former techniques in not using the elevated 

temperatures, thus not thermally affecting the morphology of the PAGBs. However 

chemical etching of quenched and martensitic structures has been reported to be difficult 

prior automatic image analysis [45] since the appearance of a martensitic structure 

hampers the automatic evaluation. Nonetheless, chemical etching and thermal etching 

seem to be the preferred methods to minimize the effect of long holding times at elevated 

temperatures. Hence, these two alternatives will be further investigated in the present 

work. 

 

2.5.1 Chemical etching reagents 
 

In 1938 Vilella [46] proposed an etchant composed of picric acid, HCl and ethanol for 

revealing PAGBs. Despite Vilella’s reagents limited success of revealing PAGBs, 

Vilella’s reagent is considered to be among the earliest etchants for this purpose [47]. 

According to Vander Voort [47] the first reasonably successful etchant for PAGBs in 

carbon steels was presented by Bechet and Beaujard (BB-etchant) in 1955 [48]. The 

etchant consisted of an aqueous picric acid solution containing ~0.5 % Teepol
™

 as a 

wetting agent, the etchant has been modified throughout the years to fit different heat 

treatments and alloys as well as to improve the effectiveness. Where BB-etchant partly 

failed to reveal the PAGBs for quenched steel grades AISI 8620, 4140 and 5160 Vander 

Voort succeeded by replacing Teepol
™ 

with sodium tridecyl benzene sulfonate, adding 

small amounts of HCl to the BB-etchant and heating it to ~80-90°C [47]. However only 

steels with carbon or phosphorus content >0.30 wt% and >0.01 wt% respectively is 

reported to respond to BB-etchant [47].  

 

In order to reveal PAGBs in martensitic EN 18 steel, Barraclough [49] etched several 

specimens using aqueous, ethereal and alcohol solutions based on picric acid. 

Barraclough [49] concluded that alcohol was unsuitable as a solvent, to consistently 

reveal the PAGBs it was necessary to temper the specimens in the embrittling range and 
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the variation of wetting agent did not significantly affect the results (Barraclough 

generally used Teepol
™

). It is proposed that the tempering allows diffusion of phosphorus 

to the grain boundaries facilitating the etching [47, 50]. Barraclough [49] also confirmed 

picric acid to be the most suitable etching agent for revealing PAGBs. Barraclough 

finished sample preparations with careful back polishing, reducing etch details within the 

grains.  

 

Brownrigg et al. [51] showed that a slight variation of the picric acid reagent used by 

Barraclough [49] can be successfully employed to as-quenched steels with carbon 

content ranging from 0.03 – 0.8 wt% C. The reagent consisted of 100 ml saturated picric 

acid + 2 ml Teepol
™

 + 6 drops of concentrated HCl. To prevent staining of the specimens 

surfaces the excess of picric acid was removed from the etchant by filtering. Brownrigg et 

al. [51] concluded that the extra addition of HCl was the main key for revealing the 

PAGBs. Etching times varied between 4 – 7 minutes for low- and medium carbon content 

respectively.  

 

By investigating totally 13 different etchants for a CrMoV steel, Bodnar et al. [50] 

concluded that a saturated aqueous picric acid + a wetting agent + additional HCl (3-5 

drops / 50 ml etchant) dramatically improved the revealing of PAGBs compared to 

competing etchants. Used recipe: 20-25 g picric acid saturated in 500 ml distilled H2O + 

25 ml sodium tridecylbenzene sulfonate (40 wt%) + 3-5 drops of HCl / 50 ml etchant 

[50]. Etching was carried out under ultrasonic agitation and the etching time varied 

between 5-8 minutes. After etching, a slight back polish was made on a nap cloth. 

According to Brewer et al. [45] addition of HCl is particularly important for alloy grades, 

especially for high chromium content but the greater the carbon content the smaller HCl 

addition is required.  

 

Zhang and Cheng [52] concluded that an aqueous CrO3-NaOH-picric acid solution, 

heated to 120-130°C would reveal the PAGBs in carbon- and alloy steels. Even for alloys 

with a siliceous content of >1 % the PAGBs would be revealed as high siliceous content 

has proven to complicate the etching procedure [52]. Etching times varied between 30-60 

minutes for a solution of 10 g CrO3 + 50 g NaOH + 1.5 g picric acid + 100 ml distilled 

H2O.  

 

Cho et al. [53] presented successful etchants that do not require heating composed of 

different amount of two solutions AO and BS. AO = H2O (80 ml) + oxalic acid (28 ml) + 

H2O2 (4ml) and BS = sodium bisulfite (34 g) + H2O (100 ml) for revealing PAGBs and 

deformation bands in high Co-Ni martensitic alloy steels. Carbon-, cobolt- and nickel 

content for the steels considered ranged from 0.23 – 0.35 wt%, 9-13 wt% and 8-11 wt% 

respectively. A ratio 1:1 between AO and BS showed best results for steels with carbon 

content ranging from 0.28 – 0.35 wt%. Etching times varied between 2-3 minutes. Cho et 

al. [53] also concluded that the oxalic acid reacts very rapidly with the martensite matrix. 

No information about back polishing was mentioned.  
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2.5.2 Thermal etching 
 

According to Mullins [54] it is well known for a polycrystalline metal that grooves will 

develop at emerging grain boundaries if the metal is subjected to high temperatures. The 

mechanism for revealing the PAGBs during thermal etching (TE) is partly attributed to 

surface-, volume diffusion and evaporation-condensation [54, 55] of matter in direct 

proximity to grain boundaries, see Figure 9. For an initially flat surface, TE establishes an 

equilibrium groove angle between the grain boundary and the free surface [55, 56] 

making the PAGBs visible for example in a light optical microscope [44]. It should be 

emphasized that all mechanisms are acting simultaneously [54], usually with one 

predominant mechanism. Initially at TE the surface diffusion predominates as the groove 

width is still small and as the process continues volume diffusion and evaporation-

condensation become increasingly important [55]. Evaporation-condensation contributes 

mainly to matter transport for temperatures near the melting point [55]. The three 

mechanisms depend on parameters as vapor pressure, diffusion coefficients and diffusion 

distance [55].  

 

 
Figure 9. Schematic illustration over the mechanisms for groove formation between the 

free surface and the grain boundary [44].   

 

 

For experimental TE a proper pre-polished sample (finishing step of 1 μm diamond 

slurry) is subjected to a temperature in the austenitization temperature zone in an inert 

atmosphere or vacuum [39, 43, 44, 56]. The vacuum pressure is recommended to be < 1 

Pa to avoid oxidation of the sample surface [43]. García de Andrés et al. [44] used a 

radiation furnace to heat-treat the samples at a heating rate of 5 K s
-1

 for different 

austenitization temperatures for three medium carbon microalloyed steels. Subsequently 

cooling was conducted at a cooling rate of 1 K s
-1

. García de Andrés et al. [44] also 

concluded that it is not necessary to obtain a fully final martensitic microstructure for the 

evaluation of PAGBs prior to TE. No further metallographic preparation is required after 

TE.  
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Elevated austenitizing temperature or extended holding time in the austenite temperature 

zone will promote grain boundary advance resulting in “ghost traces” [44]. Ghost traces 

occurs when grooves at a PAGB advances simultaneously with the grain boundary over 

the surface. This phenomenon is not desirable as the microstructure might have 

transformed and thus do not reflect the PAGBs [44]. Actually, when ghost traces occurs 

differences in grain sizes between the sample surface and the bulk have been found [44]. 

Ghost traces are easy to detect visually in a LOM, see figure 10. According to García de 

Andrés et al. [44] quenching inhibits ghost trace formation and when ghost traces are 

absent, measurements of the PAGBs on the surface has proven to match the PAGBs in 

the bulk by chemical etching. 

 

 
 

Figure 10. LOM micrographs showing a migrating grain boundary (a) and old grooves 

or ghost traces (b) which are unwanted phenomenon during revealing of PAGBs during 

TE since the grain sizes have been shown to difference from the original when above 

mentioned phenomenon occur [44].  

 

 

3. Experimental 

3.1 Materials 
 

Table 3 shows the chemical composition for tool steels Orvar
®
 Supreme (AISI H13) and 

Stavax
®
 ESR (AISI 420 modified) used in the experiments. Orvar

®
 Supreme is a 

chromium-molybdenum-vanadium-alloyed hot work tool steel delivered in soft annealed 

condition to approximately 180 hardness Brinell (HB) [57]. Stavax
®
 ESR is a stainless 

mould steel used in applications where corrosion is a problem in cooling channels for the 

tool and where high hygiene requirements are set etc. [58]. Stavax
®
 ESR is delivered in 

soft annealed condition to approximately 190 HB [58].  
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Table 3. Chemical constituents [wt%] for Orvar
®

 Supreme (AISI H13) and Stavax
®
 ESR 

(AISI 420 modified) [57, 58]. 
 

 

 

 

3.2 Thermomechanical simulation 

All specimens used in the present research were received in soft annealed condition 

machined to 10 mm length and 5 mm diameter. Initially all specimens were solution 

treated in a vacuum furnace at 1240°C with a holding time of 600 s and subsequently gas-

quenched in nitrogen. 

 

Furthermore, the specimens were processed in a dilatometer for thermomechanical 

treatment using Bähr Thermoanalyse DIL805A/D to achieve partially recrystallized 

specimens. Heating from room temperature (20°C) to the austenitization temperature of 

1240°C was conducted in 300 s i.e. at a heating rate of 4.13°Cs
-1

 and the material was 

subsequently soaked for 120 s at 1240°C. The specimens were then cooled down to each 

specific deformation temperature (Table 4) in 300 s with a holding time of 120 s before 

subsequent compression to 30 % reduction at a rate of 0.1 mms
-1

. After deformation the 

specimens were held at the deformations temperature for an additional 60 s before gas 

quenching down to approximately 70°C in 300 s and further air-cooled to room 

temperature. This procedure was conducted because the cooling rate is a limitation for the 

instrument at temperatures approaching room temperature. Nitrogen was used both as a 

protective- and cooling gas. Figure 11 shows an example of a dilatometer curve for 

specimen 2. The deformation temperatures are shown in Table 4. For the complete 

parameter set, see Table 5. 

 

Table 4. Deformation temperatures for each steel grades specific specimen. 
 

Steel grade Thermomechanical 

specimen [#] 

Deformation 

temperature [°C] 

Orvar
®
 Supreme 1  1085 

Orvar
®
 Supreme 2 1090 

Orvar
®
 Supreme 3 1090 

Stavax
®
 ESR 4 1020 

Stavax
®
 ESR 5 1040 

Stavax
®
 ESR 6 1040 

 

Constituent 

[wt%] 
C Si Mn Cr Mo V 

Orvar
®
 Supreme 0.39 1.0 0.4 5.2 1.4 0.9 

Stavax
®
 ESR 0.38 0.9 0.5 13.6 - 0.3 
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Figure 11. Graphic logging and illustration of the thermomechanical processing in the 

deformation dilatometer for specimen nr 2 (Orvar
®

 Supreme) showing temperature [°C], 

nominal temperature [°C] and change in length [µm] as function of time [s]. 

 

 

Table 5. Different sequences conducted during the thermomechanical processing 

according to Figure 11. Def. temp* is referred to the specific specimen and def. 

temperature specified in Table 4. 
  

Sequence [#] Sequence Temperature [°C] Duration [s] 

1 Heating 1240 300 

2 Soaking 1240 120 

3 Cooling Def. temp* 300 

4 Holding Def. temp* 120 

5 Compression Def. temp* 30 

6 Holding Def. temp* 60 

7 Quenching 70 300 

8 Cooling 20 - 

 

 

 

3.3 Metallographic sample preparation 

After the thermomechanical heat treatment all specimens were cut in two pieces parallel 

to the compression direction using an Isomet 11-1180 LOW SPEED SAW from Buehler 

with a disc width and load of 0.3 mm and 5 N respectively. Care was taken to assure that 

the specimens were not significantly affected by the heat exchange during the cutting 

process by using proper amount of water as a coolant. These specimens, appropriate for 

Light Optical Microscopy (LOM) and Electron Backscatter diffraction (EBSD) 

characterization, were subsequently hot mounted in a conductive bakelite resin, Buehlers 

KonductoMet
™

 using Struers CitoPress-1.   
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Further preparation steps for all specimens included grinding with SiC abrasive discs 

(220-600 mesh) followed by polishing with diamond slurry (9, 3 and 1 μm). The disc size 

and operation speed was 300 mm in diameter and 150 rpm respectively. All specimens 

were subsequently rinsed in ethanol during ultrasonic agitation (UA) for 5x2 minutes 

(replaced the ethanol). For specimens intended for EBSD characterization, finally oxide 

polishing was conducted for 6+1 minutes with OP-S and water respectively and rinsed in 

UA during additional manual swabbing with cotton. All grinding and polishing 

preparation steps were made using ATM Rubin 520, see Table 6. 

 

 

Table 6. Grinding, polishing and rinsing steps used in the metallographic preparation 

procedure. Note that last polishing step (MD-Chem) is only used for the EBSD samples. 
 

Preparation Abrasive disc/ 

Polishing cloth 

Lubricant/ 

Suspension 

Time 

[min] 

Force/Specimen 

[N] 

Grinding MD-Piano 220 Water 2 30 

Grinding MD-Piano 600 Water 2 25 

Grinding MD-Allegro DiaP. 9 μm 4 25 

Polishing MD-Plus/Dac DiaP. 3μm 4 25 

Polishing MD-Nap DiaP. 1μm 4 25 

Polishing MD-Chem OP-S 40 nm 6+1 15 

Rinsing Ultrasonic agitation Ethanol 5x2 Swab w. cotton 

 

 

 

3.4 Chemical etching 

For all specimens intended for chemical etching, the final polishing step was conducted 

directly adjacent to the etching procedure in order to prevent pronounced oxide formation 

which might hamper the etching. To obtain accurate experimental results, the etching 

reagents were only used once and replaced prior next specimen. A minimum of 80 ml of 

etching reagent has been used for each unique test. For all samples exposed to elevated 

temperatures a hotplate from VWR was used combined with an external analogue 

thermometer. All mixing and use of etchants has been conducted under a fume hood and 

with proper safety equipment i.e. protective gloves, glasses and lab coat etc.  

 

3.4.1 Saturated aqueous picric acid 
 

The etchant was prepared by adding 4 g picric acid (dissolved in ~30 % H2O) per 100 ml 

deionized H2O with subsequent magnetic stirrer for 120 minutes. The excess picric acid 

was separated by filtering the mixture with dual common “coffee” filters and adding 5 ml 

Teepol per 100 ml filtered solution. Resulting solution was possible to store in a glass 

container for a longer period of time. In conjunction with the etching procedure addition 

of 10 drops (~1.5 ml) of concentrated HCl per 100 ml solution was conducted. Specimens 

1-4 and 5-7 were immersed at room temperature (20°C) and elevated temperature (80°C) 

respectively. Specimens 1-4 were immersed during UA but not specimens 5-7. The 
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etching procedure was terminated by submerging the specimens in a beaker with ethanol 

at UA for 2 minutes. Back-polishing was conducted manually for 30, 60, 90 and 120 s 

using a chem cloth together with a chemomechanical colloidal silica (0.05 μm). Rinsing 

was conducted with ethanol in UA for 2 minutes. Each composition of the etchant was 

started from 500 ml H2O. 

 

 

Table 7. Etching time for each specific specimen and steel grade conducted in saturated 

aqueous picric acid. 
 

Steel grade Specimen [#] TmS [#] Etching time [s] 

Orvar
®
 Supreme 1 1 60 

Orvar
®
 Supreme 2 3 60 

Orvar
®
 Supreme 3 2 90 

Orvar
®
 Supreme 4 3 120 

Stavax
®
 ESR 5 4 4800 

Stavax
®
 ESR 6 5 4800 

Stavax
®
 ESR 7 6 4800 

 

 

 

3.4.2 Saturated aqueous picric acid with CuCl2 
 

Three different solutions were tested with different amounts of Teepol and CuCl2, see 

Table 8. The etchant was prepared by adding 4 g picric acid (dissolved in ~30 % H2O) 

per 100 ml deionized H2O with subsequent magnetic stirrer for 120 minutes. The excess 

picric acid was separated by filtering the mixture with dual common “coffee” filters. 

Proper amount of CuCl2 and Teepol according to Table 8 was added per 100 ml saturated 

and filtered picric acid with subsequent magnetic stirrer for additional 20 minutes. The 

specimens were immersed (without UA) at elevated temperature (75°C) except 

specimens 12, 13 and 14 (20°C) for different holding times, see Table 8. The etching 

procedure was terminated by submerging the specimens in a beaker with ethanol at UA 

for 2 minutes. Back-polishing was conducted manually for 30, 60, 90 and 120 s using a 

chem cloth together with chemomechanical colloidal silica (0.05 μm). Rinsing was 

conducted with ethanol in UA for 2 minutes. 

 

 

Table 8. Etching time for each specific specimen and steel grade conducted in saturated 

aqueous picric acid with different amount of CuCl2 and Teepol. 
 

CuCl2 [g] Teepol 

[ml] 

Steel grade Specimen [#] TmS [#] Etching time 

[s] 

2.0 0.5 Orvar
®
 Supreme 8 1 1.5 

  Orvar
®
 Supreme 9 3 3 

  Orvar
®
 Supreme 10 2 6 
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  Stavax
®
 ESR 11 5 360 

2.0 5.0 Orvar
®
 Supreme 12 1 5 

  Orvar
®
 Supreme 13 3 6 

  Orvar
®
 Supreme 14 2 7 

  Stavax
®
 ESR 15 6 540 

1.5 5.0 Stavax
®
 ESR 16 4 2700 

 

 

 

3.4.3 Oxalic and sodium bisulfite based acid 
 

The etchant was prepared by mixing two solutions AO and BS with volume fraction of 1:1 

for Orvar
®
 Supreme and 1:1, 1:2 and 2:1 for Stavax

®
 ESR, see Table 9. Solution AO was 

prepared by adding 10 g oxalic acid per 100 ml deionized H2O during magnetic stirring 

for 20 minutes with subsequent filtering (dual “coffee” filters) to obtain saturated 

aqueous oxalic acid free from undissolved acid. Furthermore, by first adding 28 ml of 

saturated oxalic acid and secondly adding 4 ml of hydrogen peroxide (H2O2) per 80 ml 

H2O during magnetic stirring for further 20 minutes, solution AO was finished. Solution 

BS was composed of 34 g NaHSO4 per 100 ml H2O and was added during magnetic 

stirring for 20 minutes. The two solutions AO and BS were subsequently mixed during 

magnetic stirring for 20 minutes to form the final etchant. Specimens 17-22 were 

immersed at 20°C under UA for different etching time, see Table 9. The etching 

procedure was terminated by submerging the specimens in a beaker with ethanol at UA 

for 2 minutes. Back-polishing was conducted manually for 30, 60 and 90 s using a chem 

cloth together with chemomechanical colloidal silica (0.05 μm). Rinsing was conducted 

with ethanol in UA for 2 minutes. 

 

This etchant has to be prepared from the very beginning at the intended time of use since 

it ages, resulting in major loss of effectiveness. 

 

 

Table 9. Etching time for each specific specimen and steel grade conducted in oxalic and 

sodium bisulfite based acid. 
 

Steel grade Specimen [#] TmS [#] Vol. fraction [AO:BS] Etching time [s] 

Orvar
®
 Supreme 17 3 1:1 20 

Orvar
®
 Supreme 18 2 1:1 30 

Orvar
®
 Supreme 19 1 1:1 40 

Stavax
®
 ESR 20 4 1:1 4800 

Stavax
®
 ESR 21 5 1:2 4800 

Stavax
®
 ESR 22 6 2:1 4800 
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3.4.4 Aqueous CrO3-NaOH-picric acid 
 

Caution must be taken handling aqueous CrO3-NaOH-picric acid since it contains CrO3 

which is very hazardous. Follow the precautions given by the manufacturer of CrO3 at all 

times. 

 

The etchant was prepared by successively adding 10 g dry CrO3 per 100 ml deionized 

H2O during- and by subsequent magnetic stirring for 20 minutes to dissolve the CrO3. 

Further, 50 g NaOH per 100 ml H2O was added to the solution during magnetic stirring 

until complete dissolution was achieved. Caution must be taken during the addition of 

NaOH to avoid spattering since lot of heat is generated. Finally, 2 g of picric acid per 100 

ml deionized H2O was added to the solution with subsequent magnetic stirring for 40 

minutes before filtering the solution with dual “coffee” filters to separate possible 

undissolved picric acid. Specimens 23-28 were immersed at elevated temperature to 

115°C without the use of UA and at different holding times, see Table 10. The etching 

procedure was terminated by submerging the specimens in a beaker with deionized H2O 

at UA for 2 minutes with subsequent rinsing with ethanol (ethanol dissolve the etchant 

ineffective). Back-polishing was conducted manually for 30, 60, 90 and 150 s using a 

chem cloth together with a chemomechanical colloidal silica (0.05 μm). Rinsing was 

conducted with ethanol in UA for 2 minutes.  

 

 

Table 10. Etching time for each specific specimen and steel grade conducted in aqueous 

CrO3-NaOH-picric acid. 
 

Steel grade Specimen [#] TmS [#] Etching time [s] 

Orvar
®
 Supreme 23 2 70 

Orvar
®
 Supreme 24 3 80 

Orvar
®
 Supreme 25 1 90 

Stavax
®
 ESR 26 6 4200 

Stavax
®
 ESR 27 5 4800 

Stavax
®
 ESR 28 4 5400 

 

 

3.5 Thermal etching 
 

After the semiautomatic sample preparation, the specimens were taken out from the hot 

mounting resin. The sample surface was protected from contamination by using a 

protective polymer film since the dismounting generates small resin particles which could 

contaminate and scratch the prepared surface. Two cuts were made next to the specimen 

at each end surfaces by a bow saw and dismounting the specimen was conducted using a 

small mallet at the hot mounted circumferential surface just behind the specimen between 

the two cuts. This procedure effectively separated the specimen from the hot mounted 
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resin. The protective film was removed and the specimens were rinsed in ethanol during 

UA for 5 minutes. After the rinsing, all specimens were checked visually to ensure that 

all resin was properly removed to prevent contamination of both the specimen surfaces 

and the dilatometer during the subsequent etching procedure. 

 

Thermal etching was conducted using Bähr Thermoanalyse DIL805A/D dilatometer. To 

prevent oxidation of the specimens, a vacuum < 50 Pa was first conducted with a 

subsequent flooding of helium gas to ~ 0.2 bar in the sample chamber with further 

vacuum pumping to < 3.5 Pa with the sample mounted. This procedure reduced the risk 

for sample oxidation when only a modest vacuum pressure could be achieved. With the 

vacuum pumps running the thermal etching procedure was started. A heating rate of 

5°Cs
-1

 was conducted from room temperature to the specific austenitization- and holding 

temperatures (Tγ). For holding temperatures and holding times (tγ) for the specific 

samples, see Table 11. Subsequently gas cooling with helium was conducted at a cooling 

rate of ~ 9.3°Cs
-1

 down to room temperature.  

 

 

Table 11. Holding time for each specific temperature and specimen conducted over TE. 
 

Steel grade Specimen [#] TmS [#] Tγ [°C] tγ [s] 

Orvar
®
 Supreme 29 3 1000 60 

Orvar
®
 Supreme 30 2 1090 60 

Orvar
®
 Supreme 31 3 1090 120 

Orvar
®
 Supreme 32 2 1090 240 

Orvar
®
 Supreme 33 3 1090 300 

Stavax
®
 ESR 34 5 1040 60 

Stavax
®
 ESR 35 6 1040 240 

 

 

 

3.6 Prior Austenite Grain Boundary characterization/evaluation 

The metallographic samples were characterized with respect to PAGBs by using LOM, 

EBSD and manual quantitative measurements of recrystallized fraction according to the 

point counting method. 

 

In order to examine corresponding areas of the specimens first by EBSD and 

subsequently by LOM, a Vickers indentation intended for navigation was conducted in an 

area at the center of the thermomechanical processed specimens with a load of 1 kgf. This 

resulted in an indentation with a diagonal of approximately 50 μm using a Matsuzawa 

MXT50. By polishing with 3- (MD-Plus) and 1 μm (MD-Nap) for 30 s respectively after 

the EBSD examination, the oxide layers were effectively removed prior the etching 

without wearing down the Vickers indentation. 
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3.6.1 Light Optical Microscopy 

A Zeiss Axiophot optical microscope was used to obtain high quality low magnification 

micrographs of the etched samples. Higher magnifications, up to 500 x, were used in 

order to achieve information about interesting areas where different substructures could 

be identified.  

 

 

3.6.2 Electron BackScatter Diffraction 

A FEI QUANTA 600 F FEG-SEM was used together with a NordlysNano EBSD 

detector from Oxford Instruments to obtain high quality high magnification micrographs 

and mapping areas. The areas correspond to the areas near the center of the 

thermomechanical processed specimens and where a subsequent etching and LOM 

examination were conducted. All maps were obtained using an accelerating voltage of 20 

kV, beam current of approximately 5-30 nA, aperture size of 50-100 μm, a spot size of 

4.0-7.0 nm and binning mode of 4x4. These settings yielded an acquisitioning rate of ~5 

frames per second. Higher beam current did not increase the acquisition rate. This low 

acquisitioning rate could possible originate from the set-up of the detector. For current 

number of reflectors and references to the databases for the specific phases used for 

indexing the maps, see Table 12. 

 

Table 12. Number of reflectors and references to the databases used for indexing each 

specific phase during the EBSD are listed. 
 

Indexed phase Reflectors [#] Ref.  

Iron, fcc 32 [59] 

Iron, bcc 43 [60] 

Mo2C 40 [61] 

Cr7C3 64 [62] 

VC 32 [63] 

 

 

The raw data obtained from the EBSD was further processed in software named “HKL 

Tango”. Any map was processed by extrapolating “wild spikes” as well as “zero 

solutions” iterating with five neighbors. Grain boundaries are represented by black lines 

between 14-46° misorientation for Orvar Supreme and Stavax ESR except for high 

resolution maps where white and black lines corresponds to 2-14° and > 14° 

misorientation respectively.  

 

3.6.3 Quantifying the percentage of recrystallized material 
 

The percentage recrystallized material was calculated quantitatively for one micrograph 

from each steel grade with the area of 1150 x750 μm
2
 using the point counting method. A 

grid of crosses was used as probes with a spacing of 21.5 μm and randomly placed on top 
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of the micrographs. Since the percentage unrecrystallized material could be determined 

visually to be the minor constituent, crosses that fell into an unrecrystallized region were 

counted (one unit). Crosses that fell on a boundary splitting a recrystallized and an 

unrecrystallized grain were counted as one-half unit as well as crosses that fell on a 

boundary splitting two grains of similar interest (i.e. unrecrystallized grains). 

Micrographs used for the quantifying of the recrystallized material were Figure 12a for 

Orvar Supreme and Figure 12e for Stavax ESR. The reader is referred to Chapter 5 

(Discussion) to see what material is considered to be recrystallized and unrecrystallized.  

 

Totally 938 units out of 2120 were calculated to be unrecrystallized for Orvar Supreme. 

For Stavax ESR, a sum of 557 units was calculated out of 2120 to be unrecrystallized. 

The percentage unrecrystallized material was calculated according to equation 4 and 

multiplied by 100. To obtain the percentage recrystallized material, the percentage 

unrecrystallized material is subtracted from 100. 

 

 

4. Results 

In the following sections the results from the metallographic and EBSD characterization 

will be presented. For all images, the compression direction is parallel to the scale bar. In 

order to facilitate the comparison of LOM and EBSD images of the etched and partially 

recrystallized samples, the images are presented at the end of the chapter. All EBSD 

maps are represented by the Inverse Pole Figure (IPF) in Z-direction. For all EBSD maps 

and corresponding LOM micrographs, a Vickers indentation will be found as a white and 

black diamond figure in the micrographs due to the navigation in the experimental work. 

It should be noted that the metallographic characterization covered all the specimens 

presented in the experimental chemical- and thermal etching chapters with different back-

polishing steps. However, since not all of the specimens were etched with sufficiently 

high quality to reveal the microstructure and especially the PAGBs, micrographs of 

poorly etched and back-polished specimens will be found in the Appendix 1. For 

specimens where the etching was too vigorous or absent, no micrographs are presented. 

Appendix 2 shows the former etching results for Orvar Supreme and Stavax ESR 

conducted for the etching reagent Vilella. 

 

 

4.1 Characterization of etching results 

4.1.1 Etching evaluation by Light Optical Microscopy 

Figure 12 shows LOM micrographs from specimen 2 and 18 etched in saturated aqueous 

picric acid (a-b) and oxalic plus sodium bisulfite based acid (c-d) respectively for Orvar 

Supreme, revealing PAGBs and substructure features. Grains with pronounced 

substructure features tend to be more asymmetrical (elongated perpendicular to the 

compression axis) morphologically and to an extent less polygonal and equiaxed 

compared to grains where substructure features are absent. Figure 12e-f shows LOM 

micrographs from specimen 28 etched in aqueous CrO3-NaOH-picric acid for Stavax 
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ESR revealing PAGBs and a bimodal grain size. The larger grains are elongated 

perpendicular to the compression axis and show more irregular and serrated grain 

boundaries compared to the smaller more polygonal shaped grains. The patchiness is a 

result from the etching procedure and follows the flow lines from the thermomechanical 

simulations. Aqueous CrO3-NaOH-picric acid attacked Orvar Supreme too vigorous. 

Saturated aqueous picric acid with CuCl2 also attacked specimens of Orvar Supreme too 

vigorous but instead attacked specimen of Stavax ESR poorly with some pitting and are 

not presented. 

 

Figure 12g-h shows LOM micrographs from thermally etched specimen 32 and 35 for 

Orvar Supreme and Stavax ESR respectively. Common for the thermal etching is the 

more distinct revealing of the martensitic structure which hampers the evaluation of the 

PAGBs compared to the chemical etchants. According to Figure 12g-h the grain 

boundaries are more clearly revealed for Stavax ESR compared to Orvar Supreme which 

has not been fully successfully etched for the objective to reveal the PAGBs. Ghost traces 

are absent for both specimens.  

 

Figure 13 displays a close-up LOM micrograph of Orvar Supreme etched in saturated 

aqueous picric acid. The area marked with a red box shows how the PAGB with absent 

substructure evolves and migrates into the grain with pronounced substructure and it is 

clear how the migrating grain boundary follows the substructure boundaries. The 

micrograph also shows the presence of large variation in size of the substructure units. 

 

The enclosed areas in Figure 14 show the earlier mentioned irregular and serrated grain 

boundaries for Stavax ESR etched in aqueous CrO3-NaOH-picric acid. It is evident that 

parts of the grain boundaries are pinned by different precipitates creating nodes for the 

remaining and migrating grain boundaries. 

 

 

4.1.2 Validation of etching by Electron BackScattered Diffraction 
 

Figures 15-16 shows EBSD maps (a) and corresponding LOM images (b) for different 

areas in a sample from Orvar Supreme etched with oxalic and sodium bisulfite based 

acid. The etched and revealed PAGBs agrees well with the defined grain boundaries in 

the EBSD maps between 14-46° misorientation which are represented by black lines. 

Although, not the complete austenite grain boundaries could be defined in the EBSD 

maps due to that the martensitic substructure misorientation coincide with the high angle 

grain boundaries in the austenite > 46° (see Table 1-2). The EBSD maps show 

pronounced misorientation and martensitic substructures inside the grains due to the IPF 

coloring scheme. No preferred crystallographic orientation of the grains showing the 

substructure could be found. Common for grains showing substructure features with a 

few exceptions are the surrounding grains tendency to grow into the substructure grains 

with a curved interface, see also Figure 12a-d. 
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In order to evaluate the revealed substructure features in Orvar Supreme with respect to 

the etching, EBSD maps with smaller step size was conducted for areas exhibiting both 

substructure features and not. For EBSD maps in Figures 17 and 18a, grain boundaries 

are defined between 2-14° and > 14° misorientation in white and black lines respectively. 

Figure 17 is a close-up EBSD map with a step size of 0.2 µm which originates from the 

red box in Figure 16b with absence of etched and revealed substructure features. In 

Figure 17, units of martensite are displayed which are slightly elongated and according to 

Table 1-2, the white lines represent sub-block boundaries with some overlap to packet 

boundaries where the black lines represent block boundaries as well as packet boundaries. 

Figure 18a displays a close-up EBSD map with a step size of 0.15 µm originating from 

the area marked with a red box in Figure 18b. The etched and revealed substructure 

features enclosed in Figure 18b are not possible to distinguish morphologically from the 

corresponding EBSD map in Figure 18a which only shows martensitic substructures. The 

martensitic units in the EBSD map display an elongated morphology with an estimated 

width of approximately 1-2 µm and are possibly somewhat more scattered in orientation 

compared to the martensitic units in Figure 17 according to the IPF. 

 

Figures 19-21 displays EBSD maps (a) and corresponding LOM images (b) for different 

areas in a sample from Stavax ESR etched in aqueous CrO3-NaOH-picric acid. The 

noticeable spots in the LOM image originate from storing the mixed etchant over a period 

of time (~ 3 weeks). As for the Orvar Supreme sample, the etched and revealed PAGBs 

for Stavax ESR agrees well with the defined grain boundaries between 14-46° 

misorientation in the EBSD maps which are represented by black lines. Although, not the 

complete austenite grain boundaries could be defined in the EBSD maps due to that the 

martensitic substructure misorientation coincide with the high angle grain boundaries in 

the austenite > 46° (see Table 1-2). The EBSD maps show pronounced misorientation 

and martensitic substructures inside the grains due to the IPF coloring scheme. No 

preferred crystallographic orientation for grains extending > 200 µm in any direction 

could be found. For the larger grains, the surrounding and smaller grains tend to grow 

into the larger grains with a curved interface, see also Figure 12e-f. 

 

 

4.1.3 Percentage of recrystallized material 
 

Using the point counting method, the recrystallized material for Orvar Supreme was 

calculated to be 55.8 %. For Stavax ESR, the recrystallized material was calculated to be 

73.7 %.  
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Figure 12. LOM micrographs showing PAGBs in: Orvar Supreme etched in saturated 

aqueous picric acid (a-b), oxalic and sodium bisulfite based acid (c-d) and Stavax ESR 

etched in aqueous CrO3-NaOH-picric acid (e-f). g) show thermal etched specimen for 

Orvar Supreme and h) for Stavax ESR. 



31 

 

 
Figure 13. A close-up LOM micrograph showing how an immigrating grain boundary in 

the red box follows the substructure grain boundaries for Orvar Supreme etched in 

saturated aqueous picric acid. 

 

 
Figure 14. A LOM micrograph showing: irregular and serrated grain boundaries in the 

red boxes for Stavax ESR etched in aqueous CrO3-NaOH-picric acid. It is clear that 

parts of the grain boundaries are pinned by different precipitates, creating nodes for the 

remaining and immigrating grain boundaries. 
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Figure 15. An IPF colored EBSD map a) and LOM micrograph b) over the same area 

for Orvar Supreme showing: the validation of etched PAGBs for oxalic and sodium 

bisulfite based acid. Grain boundaries are defined between 14-46° and are represented 

by black lines for the EBSD map a). 
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Figure 16. An IPF colored EBSD map a) and corresponding LOM micrograph b) for 

Orvar Supreme showing: the validation of etched PAGBs for oxalic and sodium bisulfite 

based acid. Grain boundaries are defined between 14-46° and are represented by black 

lines for the EBSD map a). The red boxed area in b) corresponds to Figure 17. 
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Figure 17. A close-up IPF colored EBSD map for Orvar Supreme with a step size of 0,2 

µm, originating from the red box in Figure 16b which shows no substructure features. 

Grain boundaries are defined between 2-14° and > 14° misorientation in white and black 

lines respectively. 

 

 

 

 

 

 

 

 

=5 µm; Map4; Step=0,2 µm; Grid125x125
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Figure 18. A close-up IPF colored EBSD map a) with a step size of 0,15 µm to 

corresponding boxed area in the LOM micrograph b) for Orvar Supreme etched in oxalic 

and sodium bisulfite based acid showing substructure features. Grain boundaries are 

defined between 2-14° and > 14° misorientation in white and black lines respectively for 

the EBSD map in a). 
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Figure 19. An IPF colored EBSD map a) and LOM micrograph b) over the same area 

for Stavax ESR showing: the validation of etched PAGBs for aqueous CrO3-NaOH-picric 

acid. Grain boundaries are defined between 14-46° and are represented by black lines 

for the EBSD map a). The spots in b) originate from storing the mixed etchant over a 

period of time. 
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Figure 20. An IPF colored EBSD map a) and corresponding LOM micrograph b) for 

Stavax ESR showing: the validation of etched PAGBs for aqueous CrO3-NaOH-picric 

acid. Grain boundaries are defined between 14-46° and are represented by black lines 

for the EBSD map a). The spots in b) originate from storing the mixed etchant over a 

period of time. 
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Figure 21. An EBSD map a) and corresponding LOM micrograph b) for Stavax ESR 

showing: the validation of etched PAGBs for aqueous CrO3-NaOH-picric acid. Grain 

boundaries are defined between 14-46° and are represented by black lines for the EBSD 

map a). The spots in b) originate from storing the mixed etchant over a period of time. 
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5 Discussion 

5.1 Revealing of Prior Austenite Grain Boundaries 
 

It is a well-known fact that revealing PAGBs can be very difficult and sometimes 

impossible depending on constitution and the thermomechanical processing of the steel 

[47]. Although, for Orvar Supreme and Stavax ESR two respectively one chemical 

etchant has been tested and verified to yield good results for the purpose of revealing 

PAGBs. However, when studying the LOM micrographs for Stavax ESR a few grain 

boundaries can still be detected as incomplete. The phenomenon originates possibly 

either from incomplete etching attack or by “incomplete” recrystallization inclosing grain 

boundaries as a massive dislocation wall. If incomplete etch attack, the phenomenon 

could be avoided by extending the etching time. But an extended etching time would 

introduce a more severely attacked matrix i.e. revealing the martensitic structure which 

would hamper a later evaluation of the PAGBs. It should also be emphasized that the 

etching times studied during the evaluation of the etching reagents varied slightly from 

specimen to specimen in order to obtain identical etch attack. This tendency needs some 

attention because the results only gives an estimation of what etching duration is needed 

and have to be visually supervised during the etching to prevent under- or over-etching. 

This applies mainly to the etchants for Orvar Supreme where relatively short etching 

procedures are imposed. For Stavax ESR where the etching attack proceeds slowly, a 

more even etching result was obtained between specimens. Regarding Orvar Supreme for 

particular cases involving grains with substructure features, it can be hard to determine 

whether a certain area constitute of one or more grains, as can be seen in the upper left 

corner in Figure 12a. In order to further accentuate the PAGBs from the substructure 

features, more work is needed concerning the composition of the etchants since the 

substructure boundaries and PAGBs have a common denominator that makes the 

boundaries susceptible for chemical etching attack. A gentle back-polishing could help to 

reveal and determine if the area consists of one or more grains.  

 

When thermal etching is successfully conducted, the procedure is an excellent alternative 

to chemical etchants since it handles and produces no hazardous substances or fumes. 

Unfortunately, only small specimens can be thermally etched in the dilatometer but if a 

proper vacuum furnace is used, even larger specimens can be treated. As seen in Figure 

12g-h, the thermal etching has more clearly revealed the grain boundaries for Stavax ESR 

compared to Orvar Supreme. Orvar Supreme has not been fully successfully etched for 

the objective to reveal the PAGBs at a holding time of 240 s at 1090°C, thus further 

etching experiments needs to be conducted. A holding time of 60 s shows insufficiently 

etched specimens where a holding time of 300 s shows a microstructure where the grain 

boundaries are hard to distinguish, see Appendix 1. A suggestion is to first concentrate 

further work on holding times between 60-240 s at 1090°C and later even to vary the 

holding temperature to reveal the PAGBs satisfactory. As ghost traces are absent for both 

specimens, it is reasonable to consider that the microstructure revealed by the etching 

procedure at the surface is consistent with the microstructure in the bulk [44]. Since it is 
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now available chemical etchants to reveal PAGBs, this could be confirmed in a future 

work. 

 

During the validation of the etchants with respect to the EBSD maps, it should be noted 

that there are not enough conditions in the software named “HKL Tango” to reconstruct 

the prior austenite grains from the raw data obtained by EBSD. Even the task to 

reconstruct the PAGBs are difficult since a lot of the relationships between the 

martensites different substructures coinciding with the angular misorientation between 

the PAGBs, especially for high angle boundaries > 46°, see Table 1-2. The K-S OR was 

selected for the validation since it was frequently used in articles and was considered to 

be well-established [22, 23, 24, 25, 26, 27]. The martensitic substructure coincide with 

the defined PAGBs in the EBSD maps because there is not sufficient parameter sets in 

the software to set the conditions needed i.e. misorientation axis and angle etc. to 

reconstruct the PAGBs. To only be able to provide or disregard certain angular conditions 

to delineate and reconstruct the PAGBs is insufficient. For the EBSD maps with lower 

resolution, the boundaries were defined between 14-46° misorientation. According to the 

K-S OR in Table 1-2, this was a suitable definition since a larger angular range would 

enable the different martensitic substructures to be delineated in the EBSD maps. 

Delineating the martensitic substructures would make the evaluation of the PAGBs in the 

EBDS maps difficult. By using a range of 2°−
+  of the ideal K-S, efforts were made to 

disregard the martensites different misorientation angles between the variant-pairs. The 

result did only yield a slightly lesser appearance of the martensitic matrix but the 

delineation of the PAGBs in the EBSD maps was also reduced. This indicates that it is 

necessary to be able to define the orientation relationship between the martensitic units by 

more conditions than just an angular misorientation. The range of 2°−
+  was based on that 

the evaluated specimens were thermomechanical processed which have introduced 

stresses and dislocations to the material, making the OR different from the ideal K-S. The 

different OR from the K-S complicates the evaluation of the PAGBs. Yet, a range of 2°−
+  

could be insufficient considering that Morito et al. presented results where the OR 

deviated 2-2.5° from the ideal K-S OR towards N-W OR for one maraging steel and two 

steels containing Mn [30], although the OR was between parent austenite and lath 

martensite. 

 

 

5.2 Definition of recrystallization 
 

In order to determine which grains are recrystallized or not in Orvar Supreme, a 

discussion follows dealing with the issue. As pointed out earlier, the major proportion of 

all grains with pronounced substructure features are larger and elongated perpendicular to 

the compression axis compared to other grains, thus indicating unrecrystallized grains. 

Although it is difficult to determine whether the substructure features actually are 

subdivision of earlier austenite microstructure or not, it is supported by the morphology 

as well as the theory that a recrystallized grain do not have a pronounced inherent 

dislocation substructure [7, 64]. Since the specimens are thermomechanically processed 
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to 30 % reduction before a certain holding time, it is reasonable to take the substructure 

features as a dislocation substructure. It is also clear that smaller surrounding grains with 

absent substructure features evolves and migrates into the grain with pronounced 

substructure, indicating that grains with substructure features are unrecrystallized. Hence, 

the substructure features can be considered as subgrains and grains with inherent 

subgrains as unrecrystallized grains. As seen in Figure 13, the substructure feature walls 

act as a more difficult obstacle for the migrating grain boundary compared to the 

substructure features interior. In the lower right in Figure 12b, a relatively large 

substructure constituent can be seen compared to surrounding substructure features. But 

compared to the other small grains in Figure 12 a, which is the same specimen, it can be 

seen that the substructure features are nearly the same size, hence the substructure 

features could constitute newly formed and recrystallized grains. 

 

With the analytical methods used in this work and in the manner the results are 

represented, no substructures features appeared in the EBSD maps, instead martensitic 

substructures and units appeared clearly; compare Figure 16b, 17 and 18. Hence, it is not 

possible to determine from the EBSD results whether the substructure features constitute 

former austenitic dislocation substructures or not since no signs of the substructure 

feature walls could be detected in the close-up EBSD maps, see Figure 16b, 17 and 18. It 

should be clarified that from the literature survey the influence of dislocations or 

dislocation walls upon the martensitic transformation never appeared. Further, it is 

possible that the substructure features introduces too small variations in misorientation 

with respect to the EBSD systems resolution resulting in absent information in the EBSD 

maps. Moreover, it is not possible from the EBSD maps to distinguish any obvious 

orientation trend for grains showing substructure features compared to other grains, see 

Figure 15-16. This originates from the martensitic constituents as packets, blocks and 

sub-blocks cover the prior austenite grain orientation and hamper the orientation 

evaluation. For the purpose to evaluate and to reconstruct the prior austenite grains from 

EBSD data, there is a commercial software named ARPGE [65]. 

 

In the same manner as for Orvar Supreme, a discussion about the recrystallization 

phenomenon for Stavax ESR will follow. For all the examined specimens for Stavax ESR 

two different grain sizes i.e. a bimodal grain size appeared. The larger grains are 

elongated perpendicular to the compression axis. It is obvious that the smaller grains 

propagates and grows into the larger with a spherical shape which together with the 

elongation supports that the larger grains are unrecrystallized [7, 64]. The grain 

boundaries for the larger grains are also more irregular and serrated compared to the 

smaller more polygonal shaped grains indicating unrecrystallized grains. This is 

moreover emphasized as parts of the grain boundaries are pinned at different precipitates 

forming nodes for the remaining and migrating grain boundary which tend to propagate 

into the larger grains, see Figure 14. As for Orvar Supreme, it is not possible by the 

EBSD maps to distinguish any obvious orientation trend for the larger grains compared to 

the smaller grains, see Figure 19-21. Regarding Stavax ESR, it has to be considered that 

the bimodal grain size could originate from earlier processing steps and if so, how would 
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it affect the recrystallization phenomenon? This is an error for this specific study since 

the microstructure was not evaluated and characterized from the delivered state as well as 

after the first solution treatment step. Have the larger grains grown from a similar grain 

structure and been favored to grow larger during the thermomechanical treatment or are 

the bimodal grain structures originating from earlier processing steps? How do the 

precipitates influence the recrystallization and the grain growth? Regardless of the 

evolution, the larger grains adversely affect the microstructure and should be prevented. 

Thus, it is reasonable to consider the larger grains as unrecrystallized grains although the 

definition of recrystallization is not yet clarified for this specific microstructure.  

 

It is possible to quantify the fraction of recrystallized material using the point counting 

method but the presented percentage recrystallized material cannot be ensured since only 

examples of calculations have been made in this work. To reduce the error margin and to 

obtain higher accuracy, several areas are needed to be calculated. The point counting 

method is very slow to perform and manually conducted, the method also introduces 

individual evaluation regardless of how strict the definition of recrystallization is.  

 

To obtain a better understanding of both Orvar Supreme and Stavax ESR regarding the 

recrystallization phenomenon, series of thermomechanical specimens should be 

conducted. For example, thermomechanical simulations of specimen gas quenched 

immediately after the deformation sequence and specimen gas quenched after a certain 

holding time after the deformation sequence. In between these two extremes, simulations 

of additional specimens with different holding times would be desirable. The procedure 

of a series of specimens at different holding times together with results of the starting 

microstructure would allow following the recrystallization evolution, resulting in a better 

understanding of the recrystallization phenomenon. It would also help to actually decide 

which grains are recrystallized or not for this specific work and for future work as well. 

This is possible since it now is etchants available for revealing the PAGBs.  
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6 Conclusions 

The metallographic evaluation and validation of different etching reagents together with 

the recrystallization phenomenon of tool steels Orvar Supreme and Stavax ESR have 

been characterized using light optical microscopy and electron backscattered diffraction. 

It is found that etching of martensite to reveal PAGBs is very complex and the 

martensitic units can coincide with the PAGBs making the evaluation difficult using 

EBSD. However, by using the 24 different variants in the K-S OR it is possible. 

Furthermore, the percentage of recrystallized material has been calculated using the point 

counting method and the main conclusions from the study are: 

 

 Etching of martensite to reveal PAGBs is very complex 

 

 Two etchants provides good results in revealing PAGBs for Orvar Supreme 

o Saturated aqueous picric acid 

o Oxalic and sodium bisulfite based acid 

 

 One etchant provides good results in revealing PAGBs for Stavax ESR 

o Aqueous CrO3-NaOH-picric acid 

 

 Thermal etching is possible in revealing PAGBs for Stavax ESR 

 

 Grains with pronounced subgrain- or cell structure for Orvar Supreme can be 

considered as unrecrystallized  

 

 A bimodal grain size occurs in Stavax ESR  

 

 The larger grains can be considered to be unrecrystallized for Stavax ESR 

 

7 Recommendations for future work 
 

It is very difficult to both reveal the complete PAGBs while suppressing the appearance 

of the martensitic matrix, making an automatic evaluation of the recrystallized fraction 

from LOM possible. The EBSD technique might be the better and future evaluation 

method. It would require a significantly faster acquisitioning rate than what is currently 

implemented at Uddeholm. Further evaluation and also an investment of relevant EBSD 

equipment is therefore needed. It would be desirable to evaluate the ARPGE [65] 

software in another thesis since it is the only commercially available software for the 

purpose of reconstructing the parent austenite grains. 
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Appendix 1 
 

 
 

Figure 22. LOM micrograph showing PAGBs in: Orvar Supreme etched in saturated 

aqueous picric acid for 60 s and no back polishing (specimen 2). 

 

 
 

Figure 23. LOM micrograph showing PAGBs in: Orvar Supreme etched in saturated 

aqueous picric acid for 60 s (specimen 2) and back polished for 30 s. 
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Figure 24. LOM micrograph showing PAGBs in: Orvar Supreme etched in saturated 

aqueous picric acid for 60 s (specimen 2) and back polished for 60 s. 

 

 
 

Figure 25. LOM micrograph showing PAGBs in: Orvar Supreme etched in saturated 

aqueous picric acid for 90 s and no back polishing (specimen 3). 
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Figure 26. LOM micrograph showing PAGBs in: Orvar Supreme etched in saturated 

aqueous picric acid for 90 s (specimen 3) and back polished for 30 s. 

 

 
 

Figure 27. LOM micrograph showing PAGBs in: Orvar Supreme etched in saturated 

aqueous picric acid for 90 s (specimen 3) and back polished for 60 s. 
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Figure 28. LOM micrograph showing PAGBs in: Orvar Supreme etched in oxalic and 

sodium bisulfite based acid for 20 s and no back polishing (specimen 17). 

 

 
 

Figure 29. LOM micrograph showing PAGBs in: Orvar Supreme etched in oxalic and 

sodium bisulfite based acid for 20 s (specimen 17) and back polished for 30 s. 
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Figure 30. LOM micrograph showing PAGBs in: Orvar Supreme etched in oxalic and 

sodium bisulfite based acid for 20 s (specimen 17) and back polished for 60 s. 

 

 
 

Figure 31. LOM micrograph showing PAGBs in: Orvar Supreme etched in oxalic and 

sodium bisulfite based acid for 30 s and no back polishing (specimen 18). 
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Figure 32. LOM micrograph showing PAGBs in: Orvar Supreme etched in oxalic and 

sodium bisulfite based acid for 30 s (specimen 18) and back polished for 30 s. 

 

 
 

Figure 33. LOM micrograph showing PAGBs in: Orvar Supreme etched in oxalic and 

sodium bisulfite based acid for 30 s (specimen 18) and back polished for 60 s. 
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Figure 34. LOM micrograph showing PAGBs in: Orvar Supreme etched in oxalic and 

sodium bisulfite based acid for 40 s and no back polishing (specimen 19). 

 

 
 

Figure 35. LOM micrograph showing PAGBs in: Orvar Supreme etched in oxalic and 

sodium bisulfite based acid for 40 s (specimen 19) and back polished for 30 s. 
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Figure 36. LOM micrograph showing PAGBs in: Orvar Supreme etched in oxalic and 

sodium bisulfite based acid for 40 s (specimen 19) and back polished for 90 s. 

 

 
 

Figure 37. LOM micrograph showing PAGBs in: Stavax ESR etched in aqueous CrO3-

NaOH-picric acid for 4800 s (specimen 19) and back polished for 30 s. 
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Figure 38. LOM micrograph showing PAGBs in: Stavax ESR etched in aqueous CrO3-

NaOH-picric acid for 4800 s (specimen 19) and back polished for 90 s. 

 

 
 

Figure 39. LOM micrograph showing PAGBs in: Stavax ESR etched in aqueous CrO3-

NaOH-picric acid for 4800 s (specimen 19) and back polished for 150 s. 
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Figure 40. LOM micrograph showing a specimen for Orvar Supreme thermal etched for 

60 s (specimen 29). 

 

 
 

Figure 41. LOM micrograph showing a specimen for Orvar Supreme thermal etched for 

60 s (specimen 30). 
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Figure 42. LOM micrograph showing a specimen for Orvar Supreme thermal etched for 

120 s (specimen 31). 

 

 
 

Figure 43. LOM micrograph showing a specimen for Orvar Supreme thermal etched for 

300 s (specimen 33). 
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Figure 44. LOM micrograph showing a specimen for Stavax ESR thermal etched for 60 s 

(specimen 34). 
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Appendix 2 
 

The purposes of the two following micrographs are to clarify and to show the former 

etching results obtained for Orvar Supreme and Stavax ESR. The etching reagent for 

Orvar Supreme and Stavax ESR is Vilella. 

 

 
 

Figure 45. LOM micrograph showing former etch results for Orvar Supreme etched in 

Vilella for 20 s. 

 

 
 

Figure 46. LOM micrograph showing former etch results for Stavax ESR etched in 

Vilella for 20 s. 


