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1 Abstract 

Title 

Study and empirical modelling of recrystallisation annealing of martensitic 
chromium steel strip by means of EBSD  
 
Author 
Sorin Ionescu-Gabor (Sandvik Bioline, Sandvik Materials Technology) 
 
Recrystallisation annealing, a repeated heat treatment between different 
stages of cold rolling of martensitic chromium steel strip, is successful when 
neither high rolling forces nor wear of the working rolls occur during the 
subsequent cold rolling. Mechanical properties as tensile strength, yield, 
elongation or hardness have been, by tradition, the criteria that described the 
quality of the annealing process. In recent years, the development of the 
measurement equipment in the rolling mills and of the instruments for 
material investigations has accentuated more and more the role played by the 
microstructural properties in the evaluation of the heat treatment. Two 
microstructural characteristics of the degree of annealing are, firstly and most 
important, the recrystallisation degree, and, secondly, the secondary carbide 
density.  
 
The sample manufacturing and heat treatment, modelling and microstructure 
investigations by light optical- (LOM) and scanning electron microscopy (SEM) 
described in this article were carried out at Sandvik Materials Technology’s 
R&D Department and Bell Furnace Line in Sandviken, Sweden, while 
microstructure investigations and evaluation by scanning electron microscopy 
with field emission gun (FEG-SEM) and electron back scatter diffraction 
(EBSD) were done at the Corrosion and Metals Research Institute (KIMAB) in 
Stockholm, Sweden. 
 
The first part of this work shows that, in contrast to the traditional methods 
LOM and SEM, that use chemical etching for the preparation of the samples, 
EBSD can successfully characterise recrystallised structures in annealed 
martensitic chromium steels. Unlike conventional microscopy with LOM and 
SEM, EBSD is able to reveal the grain geometry, as well as to separate and 
identify the different phases in this kind of steels (ferrite, M23-, M6-carbides). 
Important parameters such as grain size, particle size and recrystallised 
fraction can be measured with high accuracy. This information can be used to 
understand, evaluate, control and even predict the recrystallisation annealing 
of martensitic chromium steel.  
 
The second part of this work presents how the results from microstructure 
description by EBSD can be directly used in relatively simple empirical models 
for determination of recrystallisation degree as function of the annealing 
parameters and the deformation history. EBSD was applied to evaluate the 
degree of recrystallisation in a series of annealing tests, with the purpose to 
model recrystallisation temperature in two types of martensitic chromium steel 
strip, a traditional one and one alloyed with molybdenum, cold rolled with 
different amounts of reduction and annealed with different temperatures, 
soaking times and heating rates. The empirical quadratic models were built 
with Umetrics’ software for experimental design, MODDE 8.0 and they 
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defined the recrystallisation degree (limits for LAGB and HAGB were set to 
1.5° and 7.5° for the first grade and 2.5° and 10° for second one) and the 
secondary carbides density as functions of annealing temperature, soaking 
time and cold reduction (the factor heating rate was removed as non-
significant). To be observed that these empirical models were fit much better 
for the recrystallisation degree than for the secondary carbides density. 
 
The modelling work described above, together with the implementation of on-
line physical temperature models in the bell annealers may lead to an 
increased productivity in the production plant by shortening the annealing 
cycle and minimising scrap and thus to an economical gain of ca 1,5 MSEK per 
year at Sandvik Materials Technology. 
 
Keywords 
EBSD, Etching, Metallography, Cold Rolling, Recrystallisation annealing, 
Chromium martensitic strip steels, Design of experiments, Empirical modelling  
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2 Introduction 

2.1 General aspects 
Recrystallisation degree and secondary carbide density are two important 
microstructural properties for the evaluation of the recrystallisation annealing 
of martensitic chromium steel for razor blades. The traditional method to 
prepare samples for microscopy in steel industry has been etching, with its 
variations as chemical etching, electrolytic etching, heat tinting, optical 
etching, cathodic vacuum etching, macroetching among others, followed by 
microscopy in light optical microscope (LOM) or scanning electron microscope 
(SEM), but none of these procedures is able to reveal distinctly the grain 
geometry of annealed chromium martensitic steel. These steels grades have, 
in annealed condition, a complicated structure with a dense secondary 
carbides distribution in a ferrite matrix and more advanced techniques are 
needed to measure the recrystallised fraction, the recrystallised grain size and 
carbide distribution. 
 
Scanning electron microscopy combined with field emission gun (FEG-SEM) 
and electron back scatter diffraction (EBSD) was the method, hereafter shortly 
called EBSD, to be used instead and the results are very promising. The 
purpose of this work was firstly, to compare traditional microscopy on etched 
samples with EBSD, secondly, to perform “state of the art” of EBSD 
measurements on cold rolled and annealed martensitic chromium steel strip 
and thirdly, to create empirical models for recrystallisation degree and carbide 
density as function of the technological annealing parameters that is 
recrystallisation temperature, soaking time and amount of cold rolling 
reduction.  
 
2.2 Martensitic chromium steel strip for edge applications  
The areas of use of martensitic steels are those in which the high strength is 
an advantage and the corrosion requirements are relatively small. The 
martensitic steels with low carbon contents are often used as stainless 
constructional materials. The martensitic steels with high carbon content are 
used for springs, surgical instruments and for sharp-edged tools. Strip made 
of martensitic chromium steel grades is used mostly in cutting edge 
applications as industrial or domestic knives, razor blades or doctor blades, 
but also in other non-cutting applications, for example flapper valves for 
compressors. The usual chemical composition of martensitic chromium steels 
is between 0.2 and 1.0% wt. C, around 13% wt. Cr and small quantities of 
metals like nickel, molybdenum, vanadium etc. that contribute among others 
to carbide forming, corrosion and wear resistance. The martensitic chromium 
steel grades can be considered as a two-phase alloy because in annealed or 
cold rolled condition, their microstructure consists mainly of secondary and 
possibly even primary multimetallic carbides Me23C6, respectively Me7C3 in a 
ferritic matrix. The term martensitic is used by convention because the steel 
grades have a martensitic matrix with multimetallic carbides in their final 
hardened/tempered condition. The most common property of these steel 
grades is the fact that they can be hardened and tempered in order to achieve 
high levels of wear resistance, cutting edge durability and hardness that is 
mostly influenced by carbon content and amount of secondary carbides.  
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Another quality of the end product that has to be taken care of is its corrosion 
resistance, determined by the chromium content of the matrix. Corrosion 
resistance has usually a medium level because of its antagonism with the 
cutting properties of the grade as chromium will be distributed either within 
the matrix, thereby increased stainless character, or within the secondary 
carbides, thereby increased microhardness. Increased chromium content 
increases corrosion resistance, while increased carbon content has the 
opposite effect due to the formation of chromium carbides. Alloying with 
molybdenum improves corrosion resistance and it is molybdenum, in 
combination with the higher chromium content, which leads to superior 
corrosion resistance compared to the other hardenable stainless steels. The 
martensitic stainless steels are resistant to damp air, steam, freshwater, 
alkaline solutions (hydroxides) and dilute solutions of organic and oxidising 
inorganic acids. The martensitic steels have poor resistance to pitting and 
crevice corrosion but are largely immune to stress corrosion cracking. They 
should not normally be used in sea water without cathodic protection.   
 
Increased carbon content increases strength, but at the expense of 
considerable degradation of weldability. Strength thus increases while 
weldability decreases. Martensitic 13% chromium steels with higher carbon 
content are not designed to be welded, even though it is possible under 
special circumstances.  
 
 
2.3 Recrystallisation in two-phase alloys 
This is the case for martensitic chromium steel grades where the two phases 
are the ferrite matrix and the secondary carbides as a dispersed phase with a 
volume fraction above 5%. These particles can accelerate recrystallisation 
process by increasing the stored energy and thereby the driving force for 
recrystallisation and by acting as nucleation sites (larger particles), or 
decelerate it by exerting a pinning effect on both low angle grain boundaries 
(LAGB) and high angle grain boundaries (HAGB) because of closely spaced 
particles. 
 
The particles influence the recrystallisation by means of their own parameters 
(volume fraction, size and interspacing) and by means of the microstructural 
homogeneity in their vicinity. Other influential factors are the strain induced in 
the material during previous cold working. 
 

3 Experimental procedure 

The materials to be investigated were Sandvik 13C26 strip (about 0.65% C 
and 13% Cr), a traditional martensitic chromium steel grade for razor blades, 
used mainly in edge applications, and Sandvik 7C27Mo2 strip (about 0,35% C, 
13% Cr and 1% Mo), used in applications like flapper valves, where a better 
corrosion and fatigue resistance on the cost of the cutting edge capability is 
needed. The samples were both cold rolled (with different reductions) and cold 
rolled (with different reductions)/annealed (at different annealing 
temperatures and different soaking times). All samples for the LOM and SEM 
investigations were evaluated in the cross section, perpendicular to the rolling 
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direction. As for the investigations with EBSD, the long cross-section i.e. sheet 
rolling direction versus sheet normal direction, was prepared in all cases. 
 
4 Grain geometry and secondary carbides distribution by 
conventional microscopy 

4.1 General aspects 
Recrystallisation degree and secondary carbide density are two important 
microstructural properties for the evaluation of the recrystallisation annealing 
of martensitic chromium steel for razor blades. A high amount of 
measurements are needed for building an annealing model, which claims quick 
investigations by automatic image analysis. The quality of the image analysis 
of the microstructure is strongly dependent on the etching method. There is a 
multitude of etching methods, chemical etching, electrolytic etching, heat 
tinting, optical etching, cathodic vacuum etching, macroetching among others, 
but the most suitable for annealed chromium steel grades are the first three 
ones. 
 
4.1.1 Chemical Etching  
[1] 
The most used method to reveal the microstructure in a material is by 
chemical etching. Chemical etching is achieved by the use of acidic or alkalic 
chemicals, or combinations of either, in an aqueous or alcoholic solution. It is 
a corrosive process, a dissolution of metal atoms at the junction of two grains, 
or between smaller microconstituents and the surrounding matrix. Where a 
dendrite growing in one direction meets another dendrite growing in a 
different direction, a grain boundary is formed at the line of junction, and it is 
a high energy level due to a disordered atomic arrangement. The atoms at 
these lines of junctions try to mesh together to form an ordered arrangement 
but they never quite make it, and as a result, they are in a constant state of 
agitation, which makes them more susceptible to etchant attack. 
 
There are hundreds of etchants that are used to reveal the microstructures in 
ferrous and nonferrous alloys. The two most used etchants for microetching 
carbon and alloy steels are 2% Nital and 4% Picral. Because both etchants 
have similar etching characteristics, they often are regarded as being 
interchangeable, and to a certain extent they are. However, under certain 
conditions, the choice of one etchant over the other will produce noticeable 
differences. For example, in a low carbon steel having a mixed microstructure 
of pearlite and ferrite, 2% Nital will etch ferrite grain boundaries but will have 
a tendency to overetch the pearlite phase. Conversely, 4% Picral will etch the 
pearlite phase very nicely but not the ferrite grain boundaries. Carbon steels 
that have been annealed to produce coarse pearlite can be used with either 
Nital or Picral. In steels that have been heat treated to produce fine pearlite, 
there is a significant difference in the etching characteristics of the two 
etchants. Nital will leave areas very lightly etched while adjacent areas will be 
heavily etched. Attempts to further etch the lighter areas results in the faster 
etching areas to become overetched. Picral, being a slower acting etchant, will 
etch much more evenly. Furthermore, Nital seems to result in black and white 
areas with none of the subtler half-tones that Picral will produce. When 
microscopic examination of pearlite is being done at relatively high 
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magnifications (750 to 1000), Picral is preferred because it stains iron-carbide 
and differentiates it from ferrite more readily than Nital. 
 
Picral is preferred when etching tempered martensitic microstructures in 
carbon or alloy steels. Nital does not reveal all the coalesced carbides that 
have precipitated in the prior austenite grain boundaries or along martensite 
needles. Picral, on the other hand, reveals even the slightest carbides that are 
present. Picral is not the preferred etchant in all cases. There are many 
microstructures where Nital etching is preferred: ferrite grain boundaries, 
certain alloy steels, and visual case depth measurements. It is faster etching 
than Picral and is certainly cleaner to use. Picral stains the fingers very 
quickly. 
 
4.1.2 Electrolytic Etching  
[1] 
Electrolytic etching is forced corrosion in the presence of an electrolyte and 
electrical current. It is seldom used in the etching of carbon or alloy steels, 
but is used for alloys that are impervious or slow reacting to chemical etching. 
Stainless steels, heat resistant alloys, nickel base alloys, cobalt base 
alloys, and chromium are some materials where electrolytic etching is 
preferred. An inert material is made the cathode (negative pole) in an 
electrolyte. A polished sample is placed into the solution, and contact by a fine 
pointed stylus on the polished surface makes the sample the anode (positive 
pole) to complete an electrical circuit. Austenitic stainless steel is very 
effective when used for the cathode and the contact stylus. With chromium 
and platinum and their alloys, a carbon cathode and a platinum stylus is 
better.  
 
The principle of electrolytic etching is essentially the same as for 
electropolishing but with much less current. Current density (amperage) is 
very critical: too high a current density will evolve gas bubbles which will 
cause pitting, and too low a current density will be ineffective. Current density 
cannot be preset (as with voltage) because amperage is not registered until 
the circuit has been completed, and current density will vary according to the 
exposed metal surface. If unmounted samples are to be electrolytically etched, 
masking off surfaces not to be etched with insulating tape will give much 
better control of the etching characteristics. For example, if it has been 
determined that a current density of 0,5 A/inch2 is the ideal amperage, 1 inch3 
of material would require 3 A (0,5 x 6 sides of 1 inch2 each) to be effective, 
and this is too high. However, by masking off five faces, the current density is 
reduced to 0,5 A. 
 
It is impossible to get an evenly etched surface with electrolytic etching. Edges 
of samples farthest away from the point of contact will etch rapidly, with the 
least amount of etching occurring at the point of contact. Overetching can 
occur very rapidly. Touching the sample briefly at several locations will give 
more even etching than leaving the contact point in one place. There is a 
definite place in metallographic practices for electrolytic etching, and 
laboratories processing various alloys cannot depend strictly on chemical 
etching. For example, electrolytic etching is used frequently in minor phase 
identification. In heat resistant alloys, particularly the HK series, as many as 
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seven different microconstituents can be present in addition to the austenitic 
matrix—carbide, sigma chi, ferrite, carbonitrides, nitrides, and laves phases. 
Etching for general microstructure with glyceregia (30 cm3 glycerine, 30 
cm3HCI, 10 cm3 HNO ) will outline all phases equally, and it is impossible to 
differentiate between them. However, with various electrolytes, different 
phases are selectively etched for identification.  
 
Other examples where electrolytic etching is preferred over chemical etching is 
in the detection of carbide precipitation (sensitization) in the grain boundaries 
of austenitic stainless steels and staining ferrite in austenitic weld areas or 
precipitation hardening alloys for purposes of quantitative analyses. While it is 
ideal to have a power source where voltage can be varied and amperage 
monitored, a suitable power source can be achieved by wiring two 1½ Volt dry 
cells in series. With few exceptions, direct current (DC) is used for electrolytic 
etching of most metal alloys. With some metals, notably platinum and 
palladium and their alloys, better results are achieved with alternating current 
(AC). Unfortunately, there is no universal electrolyte for all alloys. Each alloy 
system requires a different electrolyte and different current densities. Among 
the most frequently used electrolytes are 10% oxalic acid and 10% chromic 
acid. Both are used extensively as etchants for austenitic stainless steels. 
 
4.1.3 Heat Tinting  
[1] 
Heat tinting is somewhat of a lost art; it was quite popular during the 1940's–
1950's but soon gave way to the more conventional chemical etching 
methods. However, there are still specialized uses for heat tinting. The actual 
steps involved in heat tinting are relatively simple. However, some care must 
be given to the preparation of the specimen to be heat tinted. It should be as 
free as possible from disturbed metal and polishing scratches and, after the 
final polishing step, should be rinsed in carbon tetrachloride or petroleum 
ether. This last cleaning step promotes an even oxidation. The cleaned 
specimen is placed face upwards on an electric hot plate or floated face 
upwards in molten tin. If the latter method is used, the surface of the 
specimen must not come in contact with the molten tin.  
 
The initial attempt at heat tinting is by trial-and-error, but once the optimum 
time and temperature has been determined, reproducibility is consistent. 
Temperatures usually will range between 400-500 °C and very seldom exceed 
500 °C. It is best to proceed in small increments of time at a given 
temperature to get a “feel” for what is transpiring. If too much time is being 
taken at a given temperature, increase the temperature in 50 °C increments. 
Heat tinting procedures may be repeated until the desired contrast is 
obtained. Observe that, if over heat tinted, the specimen must be re-prepared. 
Excellent grain contrast can be achieved with nonferrous alloys and especially 
with castings with blow holes or porosity (there is no danger of chemical 
etchant bleed-out from the pores). Austenitic stainless steels also have been 
successfully heat tinted. The thickness of the metal oxide formed during heat 
tinting depends largely on the composition of the material, and the various 
thicknesses of oxide will exhibit different colors, thus making possible a 
structure differentiation.  
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4.2 Evaluation of the chosen etching methods 
Some of the etching methods described in Table 1 were used to investigate 
recrystallisation degree and carbide statistics with LOM and SEM in annealed 
samples of Sandvik 13C26, a traditional martensitic chromium steel grade.  
 
Table 1: Etchants recommended for investigation of martensitic chromium steel 
grades 

Purpose of investigation 

Recrystallisation degree Carbide statistics 

Nital 1% “Laced” picric acid 
Ammonium persulphate Beraha 
Ammonium molybdate Kallings 
Tempering etching V2A 
Picric acid 1 (Giometto & Capella) Electrolytic etching in chlorhydric acid 
Picric acid 2 Murakami 

E
tc
h
a
n
t 

  
 
4.2.1 Microstructure in LOM 
a. Nital 1% 
Theory [2]:  
The etchant consists of: 
- 0.5 to 5 ml nitric acid 
- 100 ml ethanol (96% volume) 
 
Repeated etchings and polishings of the sample are recommended. Nital 
reveals ferrite, austenite and martensite but probably no metallic carbides. 
The etching rate of the ferrite is strongly dependent on the different grain 
orientations. 
 
Practice:  
The actual composition of the etchant was: 
- 1 ml nitric acid 
- 100 ml ethanol (96% volume) 
No repeated polishing and etching were carried out. At the first sight, the 
quality of the etching was good with respect to carbide statistics (see Figure 
1). 
 
Figure 1: Microstructure aspect after etching with Nital 1% in LOM 
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b. Ammonium persulphate 
Theory [1]:  
Pre-etching with 4% picric acid in ethanol 5 to 12 seconds. The etchant 
consists of: 
- 0.3 to 1 g ammonium persulphate 
- 50 ml ethanol (96% volume) 
- 50 ml distilled water 
 
The etching time is between 20 and 75 seconds. The method is appropriate 
when the investigation is carried out in polarized light. Suitable steel grades 
are low carbon steels. 
 
Practice: 
There was no pre-etching with picric acid. The actual composition of the 
etchant was: 
- 5 g ammonium persulphate 
- 250 ml ethanol (96% volume) 
- 250 ml distilled water 
The etching time was as prescribed above. The results of the etching were 
preliminarily also good (see Figure 2). 
 
Figure 2: Microstructure aspect after etching with ammonium persulphate in LOM 

 
 
c. Picric acid 1 (Giometto and Capella)  
Theory [3]: 
The etchant consists of: 
- 4 g picric acid 
- 100 ml methanol 
- 24 ml acetic acid 
- 40 ml chlorhydric acid 
 
The etching time is between 10 and 30 seconds. The etchant acts on the grain 
boundaries and it is suitable mostly for hardened chromium steel (0,52% 
weight C and 15% weight Cr). 
 
Practice: 
The actual composition of the etchant was: 
- 12 g picric acid 
- 300 ml methanol 
- 72 ml acetic acid 
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- 120 ml chlorhydric acid 
The etching time, some seconds only, was much shorter than the prescribed 
one (10 to 30 seconds) because the etchant was very aggressive. The result of 
the etching was not satisfactory, as the image was pulpy (see Figure 3). 
 
Figure 3: Microstructure aspect after etching with picric acid, according to Giometto 
and Capella in LOM 

 
 
As the attack on the grain boundaries was too aggressive the sample was 
polished repeatedly after etching. The resulting microstructure could not show 
any grain boundaries but the secondary carbides became more visible (see 
Figure 4). The general aspect of the microstructure was still pulpy. 
 
Figure 4: Microstructure aspect after etching with picric acid, according to Giometto 
and Capella, succesive polishings in LOM 

 
 
d. ”Laced” picric acid 
Theory: 
This is Sandvik’s most usual etchant of annealed razor blade steel, and it has 
the following concentration:  
- 4 g picric acid 
- 100 ml ethanol (96% volume) 
- some drops of chlorhydric acid. 
 
Practice: 
The composition of the etchant was as prescribed. The secondary carbides 
were very distinct and the images were used for the manual calculation of the 
secondary carbide density (see Figure 5 and 6). 
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Figure 5: Microstructure aspect after etching with picric acid, ”laced” with chlorhydric 
acid in LOM 

 
 
Figure 6: Microstructure aspect after etching with picric acid, ”laced” with chlorhydric 
acid in LOM 

 
 
e. Beraha 
Theory [4]: 
The etchant consists of: 
- 8,8 g ammonium hydrogen fluoride 
- 0,8 g potassium bisulphite 
- 72 ml chlorhydric acid 
- 400 ml distilled water 
The etching time is around 20 seconds and the method is used to reveal 
segregations. 
 
Practice: 
The actual composition of the etchant was as prescribed above. The 
preliminary results were less satisfactory (see Figure 7), not as good as when 
using the “traditional” Beraha:  
- 5 g potassium bisulphite 
- 3 ml chlorhydric acid 
- 500 ml distilled water  
 
Figure 7: Microstructure aspect after etching with Beraha in LOM  
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f. Electrolytic etching in chlorhydric acid 
Theory [1]: 
The etchant consists of: 
-7 ml concentrated chlorhydric acid 
-100 ml ethanol (96% volume) 
The etching time is between 3 and 15 seconds and the sample shall be used 
as anode, with an electrical voltage between 1,5 and 4,5 V. 
 
Practice: 
The actual composition of the etchant was as prescribed, but some slight 
mistake might have happened when mixing the components. The etchant was 
quite aggressive too. The result of the etching was not satisfactory as the 
microstructure was pulpy (see Figure 8). 
 
Figure 8: Microstructure aspect after electrolytic etching in chlorhydric acid in LOM 

 
 
 
g. Murakami 
Theory [5]: 
The etchant consists of: 
-10 g potassium ferrocyanide K3[Fe(CN)6] 
-10 g potassium hydroxide 
-100 ml distilled water 
The etching time is 10 to 15 seconds at room temperature.  
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Practice: 
The actual composition of the etchant was as prescribed above. Carbides could 
be revealed relatively well (see Figure 9) 
 
Figure 9: Microstructure aspect after etching in Murakami in LOM 

 
 
 
4.2.2 Image analysis system of microstructures in LOM 
The image analysis system to be used in order to investigate the images 
created in LOM KS 300, version 1.2, by Kontron Elektronik. The analysis 
showed that the used etching methods (see §3.2.1 ) were satisfactory for the 
secondary carbides statistics but they would hardly give any results with 
respect to the geometry of the grain boundaries.  
 
The carbide statistics was difficult to be evaluated exactly because the 
magnification was too low and the small secondary carbides could be mixed up 
with small inherent image defects. Therefore a complementary investigation 
by scanning electron microscope (SEM) was recommended. Of all the samples 
the best image quality was achieved by etching with ammonium persulphate, 
Nital 1% and “laced” picric acid. The secondary carbides etched in Beraha 
were also quite visible but those in the samples etched in picric acid and 
electrolytically in chlorhydric acid were overetched and thereby impossible to 
interpret.  
 
As for the recrystallisation degree, all the samples were investigated in LOM’s 
bright-, dark-, interference contrast- and polarized light field in order to 
describe the geometry of the grain boundaries and only the electrolytical 
etching in chlorhydric acid could show some not uncertain information. A 
further evaluation by investigating the samples with SEM is recommended. 
 
4.2.3 Microstructure in SEM 
The investigation was carried on SEM with secondary electrons microscopy 
(SE) and with backscattered electrons (BSE), using a resolution of 1024x800 
and two magnification levels, x5000 and x8000. SEM/BSE with a magnification 
of x8000 gave the best results on specimens etched in Murakami and Nital 1% 
for the determination of the secondary carbides statistics, respectively on 
specimens etched electrolytically in chlorhydric acid for the determination of 
the grain geometry. All the SEM images of the specimens etched according to 
the 7 methods (§2.1.1 to §2.1.7) are presented in Figure 10 to 16.  
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a. Nital 1% 
 
Figure 10: Microstructure aspect after etching in Nital 1% in SEM  
a. SE, x5000 

 

b. SE, x8000 

 
c. BSE, x5000 

 

d. BSE, x8000 

 
 
b. Ammonium persulphate 
 
Figure 11: Microstructure aspect after etching with ammonium persulphate in SEM 
a. SE, x5000 

 

b. SE, x8000 

 
c. BSE, x5000 persulphate 

 

d. BSE, x8000  
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c. Picric acid 1 (Giometto and Capella) 
 
Figure 12: Microstructure aspect after etching with picric acid 1 in SEM 
a. SE, x5000 1 

 

b. SE, x8000 

 
c. BSE, x5000 

 

d. BSE, x8000 

 
 
d. ”Laced” picric acid 
 
Figure 13: Microstructure aspect after etching with "laced" picric acid in SEM 
a. SE, x5000 

 

b. SE, x8000 

 
c. BSE, x5000 

 

d. BSE, x5000 
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e. Beraha 
 
Figure 14: Microstructure aspect after etching with Beraha in SEM 
a. SE, x5000 

 

b. SE, x8000 

 
a. BSE, x5000  

 

b. BSE, x8000 

 
 
 
f. Electrolytic etching in chlorhydric acid 
 
Figure 15: Microstructure aspect after electrolytic etching with chlorhydric acid in SEM 
a. SE, x5000 

 

b. SE, x8000 

 
c. BSE, x5000 

 

d. BSE, x8000 
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g. Murakami 
 
Figure 16: Microstructure aspect after etching with Murakami in SEM 
a. SE, x5000 

 

b. SE, x8000 

 
c. BSE, x5000 

 

d. BSE, x8000 

 
 
4.2.4 Image analysis of grain geometry of microstructure in SEM 

(BSE) 

Electrolytic etching with chlorhydric acid 
The actual composition of the etchant was as prescribed in theory, which is 7 
ml concentrated chlorhydric acid and 100 ml ethanol (96% volume). The 
etching time was between 3 and 15 seconds and the sample was used as 
anode, with an electrical voltage between 1.5 and 4.5 V. In LOM, the result of 
the etching was not satisfactory as the microstructure became overetched (see 
Figure 17).  
 
Figure 17: Microstructure aspect after electrolytic etching with chlorhydric acid in LOM 

 
 
Images in SEM had better quality and they could be used for evaluating the 
grain geometry with image analysis. Results from image analysis of grain sizes 
and boundaries of samples prepared by electrolytic etching with chlorhydric 
acid are presented below. The initial SEM-BSE image for the image analysis is 
presented in Figure 18. 
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Figure 18: Reference SEM-BSE image after electrolytic etching with chlorhydric acid 
(initial magnification x8000) 

 
 
The manual detection method means that all grain boundaries are indexed 
manually with the cursor before the measurement (see Figure 19). 
 
Figure 19: Image analysis: Manual detection of grain boundaries after electrolytic 
etching with chlorhydric acid (initial magnification x8000) 

 
 
The automatic detection method implies that detectable triple points or 
excessive etching in the boundary area are indexed with grey scale threshold 
values (see Figure 20). Afterwards, a combination of an ultimate 
erosion/dilation algorithm regenerates automatically the grain boundaries in 
the binary image, by means of the created centre point of each grain. 
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Figure 20: Image analysis: Automatic detection of grain boundaries after electrolytic 
etching with chlorhydric acid (initial magnification x8000) 

 
 
The semi-automatic detection method resembles the automatic one, with the 
exception of the fact that the indexing with grey scale threshold values, were 
replaced by a manual definition of the centre points with the cursor, followed 
by an ultimate dilation algorithm (see Figure 21). 
 
Figure 21: Image analysis: Semi-automatic detection of grain boundaries after 
electrolytic etching with chlorhydric acid (initial magnification x8000) 

 
 
By the reversible manual-automatic detection method, the results from the 
fully manual detection of the grain boundaries have been used in order to 
regenerate the boundaries one more time by means of the ultimate 
erosion/dilation algorithms (see Figure 22). 
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Figure 22: Image analysis: Manual-automatic detection of grain boundaries after 
electrolytic etching with chlorhydric acid (initial magnification x8000) 

 
 
The measurements of grain geometry by image analysis, gathered in Table 2, 
show that the results of the detection methods based on ultimate 
erosion/dilation (automatic, semi-automatic and manual-automatic) are quite 
similar. These methods give also a larger average diameter, lower standard 
deviation and smaller difference between the maximal and the minimal 
diameter values i.e. a more homogeneous grain with more circular grains, 
compared to the fully manual method.  
 
Table 2 Results of image analysis of the grain size (diameter) of samples prepared by 
electrolytic etching with chlorhydric acid and investigated in SEM-BSE (AO 2661, 
magnification x8000) 
Detection type Diameter 

(average) 

(µm) 

Diameter  

(standard deviation) 

(µm) 

Diameter  

(difference max–min)  

(µm) 

Manual 1.32 0.47 0.65 
Automatic 1.51 0.28 0.71 

Semi-automatic 1.45 0.28 0.72 
Manual-automatic 1.44 0.27 0.72 
  
The explanation is that the algorithm, ultimate dilation, regenerates the grain 
boundaries out of a growth operation, where the centre points are allowed to 
grow until they meet an adjacent growing point. In practice, the grain 
boundaries are regenerated at the middle of the distance between two centre 
points. The consequence is that an inhomogeneous microstructure, consisting 
of both large and small grains, will be regenerated with a poorer accuracy than 
a homogeneous one. A correct measurement of the recrystallisation degree 
will therefore be difficult to achieve, because the automatic or semi-automatic 
methods are insensitive to small variations of the grain structure and because 
the manual method depends on etching time and electric voltage, as well as 
on the quality of the visual interpretation of the grain boundaries. That is why 
a further investigation of the grain geometry by means of EBSD proved to be 
necessary. 
 
4.2.5 Image analysis of secondary carbide statistics in SEM 
Detection of secondary carbides with the image analysis software was carried 
out manually and automatically. Manual detection implied that the boundary of 
the carbides were marked manually with the cursor before the measurements, 
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while automatic detection implied that the indexing was made by grey scale 
thresholding related to the grey scale values of the carbides. 
 
a. Nital 1%  
The actual composition of the etchant was 1 ml nitric acid and 100 ml ethanol 
(96% volume). The samples were polished and etched only once (sometimes 
repeated polishing and etching are recommended). For the microstructure 
images, the magnification in LOM was too low to be used for differentiating the 
secondary carbides from other small defects, or to separate individual 
secondary carbides, gathered in clusters (see Figure 23).  
 
Figure 23: Microstructure after etching with Nital 1% in LOM  

 
 
Microscopy by SEM-BSE gave more substantial information about the 
secondary carbides distribution (see Figure 24 for reference image of the 
image analysis). 
 
Figure 24: Reference SEM-BSE image after etching with Nital 1% (initial magnification 
x8000) 

 
 
Manual detection was only possible for the secondary carbides of samples 
etched with Nital 1% was possible (see Figure 25), but the method seemed to 
be less dependent on the operator as the acuity of the phase boundaries 
reduced the number of interpretation alternatives 
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Figure 25: Image analysis: Manual detection of secondary carbides after etching with 
Nital 1% (initial magnification x8000) 

 
 
 
b. Murakami 
The etchant consisted of 10 g potassium ferrocyanide K3[Fe(CN)6], 10 g 
potassium hydroxide and 100 ml distilled water. The etching time was 10 to 
15 seconds at room temperature. The microstructure images captured in LOM 
had a good quality (see Figure 26), but they were not consistent enough for 
image analysis of the secondary carbides, so an investigation in SEM-BSE was 
necessary (see Figure 27 for reference structure for image analysis). 
 
Figure 26: Microstructure after etching with Murakami in LOM 

 
 
Figure 27: Reference SEM-BSE image after etching with Murakami (initial 
magnification x8000) 
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A comparison between manual and automatic detection shows that the manual 
method gives 1.5 times higher carbide area fraction (see Figure 28). The lower 
area fraction obtained by automatic detection can be explained by the fact 
that the boundaries of smaller carbides are more diffuse. The correct area 
fraction lies probably between the areas measured by the two methods. 
 
Figure 28: Image analysis: Comparison between manual (carbides boundaries defined 
by white lines) and automatic (carbides defined as white objects) detection of 
secondary carbides after etching with Murakami (initial magnification x8000) 

 
 
The results of the image analysis of the secondary carbides distribution are 
presented in Table 3. Image analysis of samples etched with Murakami is a 
rather fast method because of the possibility to use automatic detection, but it 
is anyhow quite dependent on the operator’s skills because of the diffuse 
carbide boundary aspect. However, secondary carbide number density values 
measured by automatic detection on samples etched with Murakami are close 
to the values measured by the traditional method, i.e. manual counting of 
microstructures captured in LOM. 
 
Table 3 Results of image analysis of the secondary carbides distribution of samples 
prepared by etching with Nital and Murakami and investigated in SEM-BSE. 
Comparison with secondary carbide density measured by manual counting in LOM. 
Sample 

 

Etchant Detection 

type 

Magnifi- 

cation 

Carbides  

area 

fraction 

(%) 

Carbides 

density in 

SEM-BSE 

(100 µm-2) 

Carbides 

density in 

LOM1 

(100 µm-2) 

Manual X5000 29.0 92 AO 2661 Nital 1% 
Manual X8000 27.4 98 

72.2 

Manual X5000 14.3 95 
Automatic X5000 9.3 78 
Manual X8000 16.0 118 

AO 2592 Murakami 

Automatic X8000 9.2 82 

70.2 

1 Manual counting. 
 
4.3 Evaluation of different etching methods 
The following conclusions about the etching methods could be drawn after 
investigating the microstructures with image analysis: 
 
a) Electrolytic etching with chlorhydric acid – The method might be used to 
reveal the grain form, even if the grain boundaries are not uniformly 
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etched, which makes criterion A2 only partially fulfilled. An automatic 
detection with image analysis gives only a comparative value without 
having criterion A1 fulfilled. By manual detection, which is quite quick at 
high magnifications (x8000), criterion A1 can be fulfilled to a high degree. 
However the method cannot be applied considering criteria A3 and A4 and 
it cannot be used for revealing secondary carbides, because of the 
excessive etching of the grain boundaries (B1-B6).  

b) Murakami – It is an oftenly used method for investigations of secondary 
carbide statistics. The method is suitable to automatic image analysis, but 
uncertain according to criteria B1, B3 and B4, i.e. accuracy and 
reproducibility. It is probably usable according to criterion B5, but not to 
criterion B6. When compared to the normally used, manual secondary 
carbide detection method in LOM, etching with Murakami seems to be the 
best alternative for evaluating secondary carbide density by automatic 
detection, but the method is not able to reveal grain geometry (A1-A4). 

c) Nital 1% - It seems to be the best alternative for describing secondary 
carbide distribution. The method complies with criteria B1, B3 and B4, 
probably even with criterion B5 at low magnifications, but it is not suitable 
according to criterion B6 as long as criterion B2 is not fulfilled. The 
incompliance with criterion B2 implies that only manual and thereby time-
consuming detection with image analysis can be used. Presently, the 
method can be used as a reference test for the Murakami method. The 
method is also not able to reveal grain geometry (A1-A4). 

d) Ammonium persulphate – The method is less interesting for evaluation of 
the secondary carbide distribution as it does not comply with criteria B1 
and B2. It cannot reveal grain geometry either (A1-A4). 

e) Picric acid by Giometto and Capella – The method does not comply with 
any criteria (A1-A4/ B1-B6). 

f) Picric acid “laced” with chlorhydric acid – Comparable to ammonium 
persulphate and Beraha, but somewhat better. 

g) Beraha - Comparable to ammonium persulphate, though inferior. 
 
All samples were investigated in LOM’s bright-, dark-, interference contrast- 
and polarised light field in order to describe the geometry of the grain 
boundaries, but only the electrolytic etching in chlorhydric acid might give 
some results, however the statistical probability is quite low. In LOM the 
etchants could only describe the distribution of secondary carbides, but it was 
not possible to reveal the form of the grain boundaries. None of the samples 
investigated in LOM was suitable for image analysis, pointing out the necessity 
for using SEM instead.  
 
SEM-BSE microscopy with a magnification of x8000 can be used successfully 
for describing the secondary carbides distribution in samples etched with Nital 
1% and Murakami. Even characterisation of the grain geometry is possible 
with SEM-BSE on samples prepared by electrolytic etching with chlorhydric 
acid, but the accuracy is not satisfactory.  A combination of etching with Nital 
1% and Murakami should be tested, both in order to average the grey scale 
levels inside the carbides and to make the separation of the grey scale levels 
of the carbides more distinct from the ferrite matrix. Hereby, automatic 
detection of the carbides might be possible even for samples etched with Nital 
1%. A more powerful electrolytic etching with chlorhydric acid, by varying 
etching time and electric voltage, could be favourable for a manual detection 
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of the grains. Besides, the image analysis shows a varying possibility for 
automatic detection, which implies more time consuming investigations, and 
the ability for measuring recrystallisation degree, sometimes cannot be 
fulfilled with a high accuracy. Consequently further investigations with EBSD 
are recommended. 
 
5 Grain geometry and secondary carbides distribution by EBSD 

5.1 Common martensitic chromium steel (1st trial) 
[9] 
5.1.1 Material, processing and experimental techniques 
Usual manufacturing of a traditional martensitic chromium steel strip, Sandvik 
13C26, is described in Table 4 below.  

Table 4: Manufacturing flow chromium steel strip (main operations) 
Operation Comments 

Hot rolling Unique reduction rate 
Annealing I (Spheroidisation)  
Cold rolling I Unique reduction rate 
Annealing II (Recrystallisation)  
Cold rolling II Low and high reduction rate 
Annealing III (Recrystallisation)  
Cold rolling III Low and high reduction rate 
Annealing IV (Recrystallisation)  
Cold rolling IV Low and high reduction rate 
 

A first batch of samples, cold rolled (AO 4681 and AO 4685) and annealed (AO 
2592 and AO 2661) samples i.e. originating from before and after the third 
annealing in the manufacturing process, were characterised thoroughly and 
used to optimise the microscope and EBSD parameters. See Table 4 for 
description of manufacturing. The second batch contained samples taken from 
the different production steps during cold rolling and annealing (AO 5802, AO 
5887 and AO 5827). All samples are presented in Table 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



28 
 

Table 5. Description of samples to EBSD investigation 
Sample Condition 

AO4681 Cold rolled III low reduction  

AO4685 Cold rolled III high reduction  
AO2592 
 

Annealed III after cold rolling III with high reduction  

AO2661 Annealed  III after cold rolling III low reduction  
AO5802-1 Annealed I after hot rolling 
AO5802-2  Cold rolled I  
AO5802-3 Annealed II after cold rolling I 
AO5802-4 Cold rolled II with low reduction  
AO5802-5 Annealed III after cold rolling II low reduction  
AO5802-6 Cold rolled III high reduction  
AO5802-7 Annealed IV after cold rolling III high reduction  
AO5887-1 Annealed I after hot rolling  
AO5887-2 Cold rolled I 
AO5887-3 Annealed II after after cold rolling I 
AO5827-4 Cold rolled II high reduction  
AO5887-5 Annealed III after cold rolling II high reduction  
AO5887-6 Cold rolled III low reduction  
AO5887-7 Annealed IV after cold rolling III low reduction  
 
 

The samples were prepared by mechanical grinding and polishing with 
diamond paste. The final polishing step before putting the specimen into the 
microscope was polishing on soft cloth with a silica suspension (Buehler 
Mastermet). All grinding and polishing steps were performed in a Struers 
Abramin automatic polishing device. 

The EBSD measurements were done in a LEO 1530 Gemini FEG-SEM, armed 
with hardware (CCD camera) and software from HKL Technology (Channel 
5.03). The software “Channel 5” consists of more subroutines that process the 
micrographs into a graphical or tabular form. In this specific case, the 
subroutine “Tango” was used in order to present the microstructure by means 
of EBSD OIM’s (Orientation Maps). Some important notions: 
• IPF (Inverse Pole Figure component) translates the crystallographic 
directions into a system of co-ordinate axes related to the sample (e.g. 
parallel or perpendicular to the rolling direction)  

• GB (Grain Boundaries) allows the software to plot the grain boundaries in 
different colours and thicknesses depending on the misorientation angle 
between different analysed points 

• BC (Band Contrast) and BS (Band Slope) are a quality criterion for the 
EBSD analysis. A higher value implies a better EBS pattern. Deformed 
areas, grain and phase boundaries have lower contrast values 

• “Recrystallised fraction” detects recrystallised grains 
 

The samples were oriented with the “long section” towards the electron beam; 
i.e. the scanned area of the sheet material had the rolling direction (RD) as X-
axis and the normal direction (ND) as Y-axis.  
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The second largest aperture (60 µm) was used during the EBSD 
measurements, the acceleration voltage was 20kV and the working distance 
was 10 mm. The extractor voltage was increased from the standard value 
(4.8) to 5.2.  

When running the EBSD with several cubic phases included, some special 
settings were needed to achieve useful results. In the “Flamenco” acquisition 
software at least 6 bands had to be included in the solution, band edges were 
detected (use band width) and Hough space resolution: 60. The number of 
reflections was set to 32. For EBSD analysis on deformed structures another 
approach was also used to increase the hit-rate in the ferrite and to increase 
speed. Then band centres were detected, the lower limit for number of bands 
was set to 5, the number of reflections increased to 48 and only the ferrite 
phase was included in the phase list. 

The colours used for matrix and carbides in the OIMs (orientation imaging 
map) in this report indicate orientations according to an inverse pole-figure 
(IPF) index (if nothing else is defined), see Figure 29. 

Figure 29: Colours in OIM indicate orientation according to an inverse pole-figure (IPF) 
index for the rolling direction of the sheet (if nothing else is defined) 

 

 

5.1.2 Characterisation of grain size and carbides in cold rolled 
and annealed microstructure 

A large number of EBSD OIMs’ have been recorded in the project. Different 
sets of parameters have been tried out and the result improved continuously.  

Recrystallised samples can be successfully characterised and hit-rates greater 
than 90% were achieved when the sample preparation and microscope 
settings were optimal.  

Carbides were successfully characterised in most cases. The area fraction 
seems to be very sensitive to step size and sample preparation however, and 
in some specimens with an overall very high hit-rate the carbide area fraction 
was suspiciously low. 
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Cold rolled samples were more difficult and performing EBSD with the same 
settings as with recrystallised samples turned out to be both slow and 
produced poor results. One approach was to work with more advanced data 
handling. It was possible to run twin EBSD scans, the first scan detected only 
the ferrite phase and the second only the carbides, and then it was possible to 
combine the results from both scans. In this way it was possible to achieve 
greater than 50% hit-rate in the deformed ferrite.  

Figures 30 a) and 30 b) show an OIM of the recrystallised microstructure of 
sample AO 2661. The image was built up from more than 400.000 individually 
analyzed points. The original data was improved by the “noise reduction”-tool 
in the Tango software, the original hit-rate was 88%. The rolling direction is 
parallel to the X-axis in the figure. Colours indicate orientations according to 
an inverse pole-figure index (Figure 29). Grain boundaries (black (>10°), 
white (<10°)), phase boundaries (red) and twin boundaries (green) are shown 
in Figure 30 a). Furthermore a component named “Band Contrast” has been 
applied. This is a signal quality component and it is this component that gives 
the shadows in Figure 30 a). In Figure 30 b) the grey-scale parts of the image 
were created from the “Band contrast” component, and then M23 carbides 
were coloured as in Figure 30 a). In this way the carbides stand out clearly. 
The step was 0.025 µm during EBSD scanning and the size of the OIM is 768* 
556 steps. The scale bar in the figures is 5 µm long. 

Figure 31 a) shows a part of the OIM in Figure 30 and it can be seen that 
some areas that are obvious carbides have not been identified. In Figure 31 b) 
an electron micrograph of the same area from Figure 30 clearly shows the 
carbides in the microstructure. This image was recorded in 70° tilt by use of 
front scattered electrons (detector mounted on the EBSD detector). It is 
difficult to say why some carbide particles were not recognized during 
scanning: they could be some other phase apart from M7 and M23 carbides 
(and thus not defined during scanning). 
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Figure 30: OIM of the microstructure of sample AO 2661, annealed  III after cold 
rolling III low reduction 

 

 
 
 
 
 
 
 
 
 
 
Figure 31: OIM of the microstructure of sample AO 2661, annealed  III after cold 
rolling III low reduction, where a) is a the zooming of the marked part of Figure 30 b) 

  
a)   

  
b)   
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and where b) is the forward scattered electrons detector image of same area as in 
Figure 30 

 

a) 

 

b) 

  
 
 

Figures 32 a) and 32 b) show an OIM of the recrystallised microstructure of 
sample AO 2592. The original data was improved by the “noise reduction”-tool 
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in the Tango software (original hit-rate was 85%). The rolling direction is 
parallel to the X-axis in the figure. Colours indicate orientations according to 
an inverse pole-figure index (Figure 15). Grain boundaries, black (>10°), 
white (<10°)), phase boundaries (red) and twin boundaries (green) are shown 
in Figure 32 a). “Band Contrast” was applied semi-coherently which gives the 
shadows in Figure 32 a). In Figure 32 b) the grey-scale parts of the image 
were created from the “Band contrast” component, and then M23 carbides 
were coloured as in Figure 30 b). In this way the carbides stand out clearly. 
The step was 0.025 µm during EBSD scanning and the size of the OIM is 487* 
627 steps. The scale bar in the figures is 5 µm long. 

Figure 32: OIM of the microstructure of sample AO 2592, annealed III after cold 
rolling III with high reduction. Magnification bar is 5 µm long 

 
a) 

 
b) 

  

 

 
Figures 33 a) and b) show an OIM of the cold rolled microstructure of sample 
AO 4681. The original data was improved by “noise reduction” in the Tango 
software (original hit-rate was 40%). The rolling direction is parallel to the X-
axis in the figure. Colours indicate orientations according to an inverse pole-
figure index (Figure 29). Grain boundaries (black (>10°), white (<10°)), 
phase boundaries (red) and twin boundaries (green) are shown in Figure 20 
a). “Band Contrast” was applied semi-coherently. In Figure 33 b) the grey-
scale parts of the image were created from the “Band contrast” component, 
and then M23 carbides were coloured as in Figure 30 b). In this way the 
carbides stand out clearly. The step was 0.02 µm during EBSD scanning and 
the size of the OIM is 500*305 steps. The scale bar in the figures is 2 µm long. 
In Figure 33 c) an electron micrograph of the same area clearly show the 
carbides in the microstructure. This image was recorded in 70° tilt in the same 
way as in Figure 31 b).  

Figure 33: OIM of the microstructure of sample AO 4681, cold rolled III low reduction, 
(a and b) and forward scattered electrons detector image of same area (c) 
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a) 

 
b) 

 
c) 

  

 
Figures 34 a) and b) show an OIM of the cold rolled microstructure of sample 
AO 4685. The original data was improved by “noise reduction” in the Tango 
software (original hit-rate was 53%). Definition of directions, boundaries and 
components as used before in Figure 32 a) and b). The step was 0.04 µm 
during EBSD scanning and the size of the OIM is 300* 500 steps. The scale 
bar in the figures is 5 µm long. 
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Figure 34: OIM of the microstructure of sample AO 4685, cold rolled III high 
reduction. Magnification bar is 5 µm long 

 
a) 

 
b) 

  

 

Figures 35 a) and b) show an OIM of the annealed microstructure of sample 
AO 5802-3 (first recrystallisation annealing). The original data was improved 
by “noise reduction” in the Tango software (the original hit-rate was 69%). 
The rolling direction is parallel to the X-axis in the figure. Colours indicate 
orientations according to an inverse pole-figure index (Figure 29). Grain 
boundaries (black (>10°), white (<10°)), phase boundaries (red) and twin 
boundaries (green) are shown in Figure 35 a). Furthermore the “Band 
Contrast” component was applied. In Figure 35 b) the grey-scale parts of the 
image were created from the “Band contrast” component, and then M23 
carbides were coloured as in Figure 30 b). In this way the carbides stand out 
clearly. The step was 0.025 µm during EBSD scanning and the size of the OIM 
is 600* 446 steps. The scale bar in the figures is 5 µm long. 

There are many low angle boundaries left in the microstructure and the 
material cannot be regarded as recrystallised. A better description of the 
material condition would be recovered. 
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Figure 35: OIM of the microstructure of sample AO 5802-3 (annealed II after cold 
rolling I). Magnification bar is 5 µm long 

 
a) 

 
b) 

  

 
Figures 36 a) and b) show an OIM of the annealed microstructure of sample 
AO 5802-5 (second recrystallisation annealing). The original hit-rate was 88%, 
only minor improvement was performed in this image. Definition of directions, 
boundaries and components as used before in Figure 32 a) and b). The step 
was 0.05 µm during EBSD scanning and the size of the OIM is 501* 350 steps. 
The scale bar in the figures is 10 µm long. 
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There are many low angle boundaries left in this microstructure as well. The 
material cannot be regarded as fully recrystallised. A better description of the 
material condition would be partly recrystallised containing areas of recovered 
substructure. The image contains scratches from sample preparation. 

Figure 36: OIM of the microstructure of sample AO 5802-5 (annealed III after cold 
rolling II low reduction). Magnification bar is 10 µm long 

 
a) 

 
b) 

  

 
Figures 37 a) and b) show an OIM of the cold rolled microstructure of sample 
AO 5802-6 (third cold rolling). The original data was improved by “noise 
reduction” in the Tango software (original hit-rate 43%). Definition of 
directions, boundaries and components as used before in Figure 32 a) and b). 
The step was 0.04 µm during EBSD scanning and the size of the OIM is 
400*400 steps. The scale bar in the figures is 5 µm long. 
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Figure 37: OIM of the microstructure of sample AO 5802-6 (cold rolled III high 
reduction). Magnification bar is 5 µm long 

 
a) 

 
b) 

  

Figures 38 a) and b) shows an OIM of the annealed microstructure of sample 
AO 5887-3 (first recrystallisation annealing). The original data was improved 
by “noise reduction” (original hit-rate 89%). Definition of directions, 
boundaries and components as used before in Figure 32 a) and b). The step 
was 0.05 µm during EBSD scanning and the size of the OIM is 576*417 steps. 
The scale bar in the figures is 10 µm long. 

There are many low angle boundaries left in the microstructure and the 
material cannot be regarded as recrystallised. A better description of the 
material condition would be recovered. 
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Figures 39 a) and b) show an OIM of the cold rolled microstructure of sample 
AO 5887-6 (third cold rolling). The original data was improved by “noise 
reduction” in the Tango software. Definition of directions, boundaries and 
components as used before in Figure 32 a) and b). The step was 0.025 µm 
during EBSD scanning and the size of the OIM is 700*400 steps. The scale bar 
in the figures is 2 µm long. This OIM was run with detection on only one 
phase, ferrite, and therefore less constraint on the number of bands (at least 5 
bands). Band centres were also detected instead of edges, which improves hit-
rate and increases speed. The hit-rate was 43% in the map, which means 
about 53% hit-rate in the ferrite when the “zero solutions” for carbides are 
removed. This is higher than achieved earlier with 7 bands and detection of 
edges (around 40%), and a lot faster. It can be seen (e.g. by shape and 
abundance of subgrain boundaries) that a few carbide particles were detected 
as ferrite, this problem can however easily be handled in standard software 
tools. Since the carbides do not change very much during annealing, it can be 
assumed that the carbide particle- shapes, sizes and orientations are the same 
in the recrystallised material after annealing as in the cold rolled condition. 
The characterisation of the cold rolled structure can thus be performed with 
detection on one phase (ferrite) and therefore with fewer constraints on the 
number of identified bands which give faster scans and higher hit rates. The 
separation of erroneously detected ferrite in areas with carbides can be 
handled by post-processing of the data. 

Apart from the elongated subgrain or cell structure, which were also seen in 
the previous cold rolled samples, this material shows evidence of strong shear 
banding at about 35% to the rolling direction which has also perturbed the 
elongated structure into a wavy appearance. 
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Figure 38: OIM of the microstructure of sample AO 5887-3 (Annealed II after after 
cold rolling I) 
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Figure 39: OIM of the microstructure of sample AO 5887-6 (cold rolled III low 
reduction). Magnification bar is 2 µm long. The IPF direction was in this case the sheet 
normal direction 

 
a) 

 
b) 

  

Figures 40 a) and b) show an OIM of the annealed microstructure of sample 
AO 5887-7 (third recrystallisation annealing). The original data was improved 
by “noise reduction” (original hit-rate 83%). Definition of directions, 
boundaries and components as used before in Figure 32 a) and b). The step 
was 0.05 µm during EBSD scanning and the size of the OIM is 500*834 steps. 
The scale bar in the figures is 10 µm long. 

There are not many low angle boundaries left in the microstructure, and it is 
hence regarded as fully recrystallised with a very fine grain structure (~1µm). 
The cold rolling reduction was high prior to annealing. 
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Figure 40: OIM of the microstructure of sample AO 5887-7 (annealed IV after cold 
rolling III low reduction) 

a) b) 
  

5.1.3 Evaluation of recrystallisation degree in annealed 
microstructure 

The Tango software has many tools for advanced post-processing of EBSD 
data. One tool for analysis is the “Recrystallised fraction” component. Fully 
recrystallised grains are shown in blue, deformed regions in red and subgrains 
or substructured grains (recovered) in yellow.  Grains are defined by High 
Angle Grain Boundaries (HAGB) between adjacent analysed points that have a 
crystal misorientation greater than a pre-defined upper misorientation limit. 
Subgrains are defined by Low Angle Grain Boundaries (LAGB) between 
adjacent analysed points that have a crystal misorientation lower than a pre-
defined lower misorientation limit. Recrystallised grains are defined as grains 
without LAGB and with low misorientation inside. The following steps are 
followed during the evaluation of deformed, substructured and recrystallised 
fractions:  

The algorithm calculates the grain size according to a pre-established upper 
limit of the misorientation angle. Afterwards, the mean misorientation is 
calculated inside each grain. If the mean misorientation is higher than a pre-
established lower limit for subgrains, the grain will be classified as “deformed”. 
Some grains may consist of subgrains that, individually, have a misorientation 
below this limit, even if the misorientation between these subgrains is higher 
than the limit named above. In this case the grains are classified as 
“substructured. The remaining grains will be automatically classified as 
“recrystallised”. A short description of the method of calculating of the 
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recrystallisation degree, which is used for all investigations presented in this 
paper, can be expressed by x° <θc < y° which actually means that the fraction 
recrystallised/substructured/deformed phase was analysed by using x° as the 
lower misorientation limit for detection of subgrains (LAGB) and the 
boundaries with misorientations greater than y° were defined as HAGB. In our 
particular case, we have 2° <θc < 10°. 

Figures 41 a) and b) show the microstructures of the annealed conditions after 
second and third recrystallisation annealing in samples AO 5887-5, 
respectively AO 5887-7. The annealed material after second recrystallisation 
annealing, AO 5887-5, was not fully recrystallised. According to this analysis, 
it was evaluated to be 63.4% recrystallised and 34.6% recovered (contains 
substructure). The annealed material after third recrystallisation annealing 
was not fully recrystallised either according to this analysis, but nearly so. It 
was evaluated to be 95.6% recrystallised and 4.4% recovered (contains 
substructure).  
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Figure 41: Recrystallised fractions (2° <θc < 10°) in annealed samples: a) sample AO 
5887-5 (annealed III after cold rolling II high reduction) and b) sample AO 5887-7 
(annealed IV after cold rolling III low reduction). Blue colour indicates recrystallised, 
yellow indicates substructured (or recovered) and red deformed structure  

 
a) 

 
                                     b) 
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Table 6 shows recrystallised fractions for the annealed samples covered in the 
investigation by EBSD.  

Table 6 Recrystallised fractions (2° <θc < 10°) in annealed samples 
Sample Condition Fraction 

recrystallised  

(%) 

Fraction 

substructured 

(%) 

Fraction 

deformed  

(%) 

AO 2592 
 

Annealed III after cold rolling 
III with high reduction  

95.9 4.1 - 

AO 2661 Annealed  III after cold 
rolling III low reduction  

95.6 4.4 - 

AO 5802-3 Annealed II after cold rolling 
I 

12.7 86.1 1.2 

AO 5802-5 Annealed III after cold rolling 
II low reduction 

76.0 23.7 0.3 

AO 5887-3 Annealed II after after cold 
rolling I 

65.1 34.2 0.7 

AO 5887-5 Annealed III after cold rolling 
II high reduction 

63.4 36.6 - 

AO 5887-7 Annealed IV after cold rolling 
III low reduction 

95.6 4.4 - 

 

Some observations about EBSD measurements 
Table 7 presents the more successful EBSD OIMs that were run within the 
project. As it can be read from the table the hit-rate in the annealed samples 
(which is not equivalent to recrystallised) varies from 69% to 89%. Over 90% 
hit-rate was achieved in several small OIMs, these scans were however not 
included in the table since they do not contain enough information. In the 
deformed state the hit-rate varies between 40% and 55%. The carbide area 
fraction varies between 3% and 11% for the AO 5802 and AO 5887 samples. 
The average carbide particle diameter varied from 0.22µm to 0.25µm in the 
AO 5802 and from 0.22µm to 0.35µm in the AO 5887 sample. The largest 
diameters were found in recrystallised samples where also the largest step 
size was used (0.05µm), which may have influenced the result. It is difficult to 
obtain both grain size and particle size distributions characterised 
simultaneously when the average size is so different, a proper step for grain 
size evaluation in the recrystallised samples would be about 0.1-0.2µm, and 
for carbide particle size evaluation about 0.025µm. 
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Table 7 Analyzed parameters from EBSD OIM data, where% M23 – carbide fraction 
after noise reduction, d(BCC) – grain diameter, d(2°) – subgrain diameter, d(M23) – 
carbide diameter 
Sample  

 

Step Matrix Hit- 

rate 

Comments 

AO 4681 0.02 500*305 40 Bad surface with particles that look like polishing rests. 10.1% M23.  
d(BCC)=d(M23)=0.16µm. 

AO 4685 0.04 300*500 53 Contains scratches. 10.7% M23.  
d(BCC)=0.24µm, d(M23)=0.27µm 

AO 2592 0.025 487*627 85 9% M23.  
d(BCC)=0.89µm, d(M23)=0.32µm 

AO 2661 0.025 768*556 85 10% M23.  
d(BCC)=0.85µm, d(M23)=0.29µm 

AO 5802-3 0.025 600*446 69 Structure not recrystallised. 10% M23.  
d(BCC)=0.6µm, d(2°)=0.26µm, d(M23)=0.25µm 

AO 5802-4 0.025 201*301 55% 7% M23.  
d(BCC)=0.46µm, d(2°)=0.25µm, d(M23)=0.24µm 

AO 5802-5 0.05 501*350 88% Structure recrystallised (but contains subgrains). 
3% M23. Bad detection of carbides. 
d(BCC)=1.4µm, d(2°)=0.66µm, d(M23)=0.25µm 

AO 5802-6 0.04 400*400 43% 11% M23.  
d(BCC)=0.19µm, d(2°)=0.14µm, d(M23)=0.22µm 

AO 5887-2 0.025 600*400 45% 6% M23. 
d(BCC)=0.39µm, d(2°)=0.33µm, d(M23) =0.27µm 

AO 5887-3 0.05 576*417 89% Structure not really recrystallised, recovered? 
3.6% M23.  
d(BCC)=1.27µm, d(2°)=0.62µm, d(M23) =0.22µm  

AO 5827-4 0.025 500*376 46% 11% M23. 
d(BCC)=0.27µm, d(2°)=0.18µm, d(M23) =0.23µm 

AO 5887-5 0.025 400*510 82% 6% M23. 
d(BCC)=1.33µm, d(2°)=1.05µm, d(M23) =0.32µm 

AO 5887-6 0.025 400*700 43% 
(53%) 

Only detected ferrite, 5-6 bands, band centre 
d(BCC)=0.14µm, d(2°)=0.12µm 

AO 5887-7 0.05 500*834 83% 8% M23. 
d(BCC)=1.07µm, d(2°)=0.99µm, d(M23) =0.35µm 

 

The purpose of the work with EBSD was to perform “state of the art” 
measurements on cold rolled and annealed martensitic chromium steels. One 
difficulty to handle when characterising this kind of dual phase material is the 
sample preparation. Since the two phases, carbides and matrix have different 
hardness and react differently on chemical and electrolytic etching it is critical 
to find a working preparation method. EBSD is also very sensitive to 
topography since the specimen surface is tilted 70° to the electron beam 
during analysis. The challenge was to separate the phases. The matrix (ferrite) 
and carbides (Me23C6, Me7C3) are all cubic phases, which make them difficult 
to distinguish. Heavily cold rolled conditions are difficult to analyze since they 
contain large amounts of crystal defects such as dislocations, subgrain 
boundaries and grain boundaries.  
 
Finally, following conclusions could be drawn about evaluating grain geometry 
and secondary carbides distribution in razor blade steel strip with EBSD:  
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• Annealed samples can be successfully characterised and hit-rates greater 
than 90% were achieved when the sample preparation and microscope 
settings were optimal. 

• Ferrite and secondary carbides can be separated and a lot of information 
such as carbide size-distribution, ferrite grain size-distribution, 
recrystallisation state, texture and orientation relationships can easily be 
extracted. 

• The recrystallised ferrite grain size is much larger than carbide grain size, 
to characterise them both simultaneously with sufficiently high accuracy 
and in the same time get statistically valid data is not effective. It is better 
to design two EBSD scans with optimal parameters for each purpose. 

• Carbide particles are clearly identified in most cases, but sample 
preparation has to be improved and standardised to get reliable data on 
carbide particle size distribution and area fraction 

• Heavily cold rolled conditions showed themselves to be more difficult to 
treat. It is still possible to characterise the carbides since they do not 
deform during cold rolling.  

• It was possible to achieve greater than 50% hit-rate in the deformed 
ferrite. 

• The characterisation of the cold rolled structure can be run with detection 
on one phase (ferrite). Then less constraint on the number of identified 
bands is possible, which gives faster scans and higher hit rates. This 
method assumes that the carbides do not change very much during 
annealing, i.e. the carbide particle- shapes, sizes and orientations are the 
same in the recrystallised material after annealing as in the cold rolled 
condition.  

 

5.2 Martensitic chromium steel alloyed with molybdenum 
[10] 
5.2.1 Introduction 
The results of the previous investigation carried out on traditional martensitic 
chromium steel strip Sandvik 13C26 (§4.1) showed that EBSD can 
characterise the annealed microstructure of a martensitic chromium steel with 
respect to grain size and carbide dispersion. Next step was to check if the 
method can be applied to a similar martensitic chromium steel grade, Sandvik 
7C27Mo2, with lower carbon content and alloyed with ca 1% weight 
molybdenum. The target of the study was to model empirically the 
recrystallisation degree, with more accuracy regarding recrystallised, 
substructured and deformed grains, and the carbide density of the annealed 
material with respect to technological parameters as cold reduction rate, 
heating rate, annealing temperature and soaking time. The models were built 
with MODDE 8.0, a software developed by Umetrics, that use for this purpose 
mathematical methods as Multiple Linear Regression (MLR) or Partial Least 
Square (PLS), see §5 and §5.1 below, for description and evaluation of the 
empirical models.  
 
5.2.2 Experimental 
The cold rolled and annealed microstructure was mapped through a thorough 
study in EBSD of a set consisting of 21 samples with different 
thermomechanical history based on the experimental design proposed by 
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MODDE 8.0, see Table 8 below. Mechanical properties (tensile and yield 
strength and elongation) were also measured on each sample in order to 
check the obtained empirical models. 
 
Table 8: Thermomechanical history of 7C27Mo2 samples 
Sample Annealing  

temperature 

Soaking  

time  

Cold  

reduction  

rate 

Heating rate  

described by  

heating time 
N1 Highest Longest Lowest Short 
N2 Lowest Short Lowest Short 
N3 High Shortest Lowest Short 
N4 Lowest Longest Low  Short 
N5 Lowest Shortest Medium Short 
N6 Highest Long  Medium Short 
N7 Highest Shortest Highest Short 
N8 Lowest Long  Highest Short 
N9 Low Longest Highest Short 
N10 Lowest Shortest Lowest Long 
N11 Highest Shortest Lowest Long 
N12 Lowest Longest Lowest Long 
N13 Highest Longest Lowest Long 
N14 Medium Medium Low  Long 
N15 Lowest Longest High Long 
N16 High Shortest High Long 
N17 Lowest Shortest Highest Long 
N18 Highest Longest Highest Long 
N19 Medium Medium Medium Medium 
N20 Medium Medium Medium Medium 
N21 Medium Medium Medium Medium 

 
The samples, 20 x 20 mm, cold rolled in the production and heat treated in 
laboratory furnaces of Sandvik were placed in holders made of similar material 
and were then polished mechanically with grinding paper and diamond 
suspension. The plate long section was polished (rolling direction vs. normal 
direction). The final step was done with 0.25 µm diamond suspension. After 
diamond polishing the specimens were polished at least 10 minutes with oxide 
polishing suspension (a combined mechanical polishing (0.06 µm silica oxide) 
and chemical etching suspension, PH 9.8). Mastermet (Buehler) or OP-S 
(Struers) works well for these materials. All polishing was performed in a 
(semi-) automatic Struers Abramin automatic polishing device. 
 
The characterisation of the sample microstructure was carried out at KIMAB in 
EBSD and in FSD (Forward Scatter Detector) with tilted samples. The 
instrument used was LEO Gemini, Field Emission Scanning Electron Microscope 
at KIMAB and the hardware and software (Channel 5) for the EBSD analysis 
were delivered HKL Technology [12]. The target parameters for the 
investigation were recrystallisation degree, ferrite grain size, as well as 
average size and fraction of M23-carbides and Cr-nitrides.  
 
Samples N1 to N7 were analysed partially with a finer step 0.05 µm, and 
partially with a coarser step 0.25 µm and the rest of material only with the 
coarser step. The finer step permitted the characterisation of secondary 
phases (M23-carbides and Cr-nitrides) and of the ferrite fraction, grain size 
and substructure, while the coarser one was suitable for calculating the 
recrystallisation degree, in certain cases even for the ferrite grain size. 
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Figures 42 and 43 show the EBSD analyses for sample N1. In order to 
illustrate the argument above there were carried out two similar 
investigations, one with a finer step (0.05 µm) and the other one with a 
coarser one (0.5 µm). Neither the size distribution and fraction of M23-
carbides, nor the ferrite grain size can be accurately defined because of the 
coarse step length of the analysis in Figure 42.  
 
Figure 42: Sample N1, coarse step length 0.5 µm.  

 
a- OIM showing crystal directions according 
to IPF. . Thick black lines are HAGB and 
thin lines are LAGB  Red lines represent 
phase boundaries 

 
b – OIM showing recrystallised (blue), 
deformed (red) and substructured (yellow) 
grains 

 
c – Recrystallisation fraction (1.5° <θc < 
10°) 

 
 
 
 
d - inverse pole-figure (IPF) index 

 
The analysis presented in Figure 43 does not provide a reliable evaluation of 
the recrystallisation degree, as the algorithms for calculating the 
recrystallisation fraction do not work when the step length is too fine 
compared to substructure and grain size. On the contrary, the evaluation of 
the secondary phase distribution and geometry (see Figure 43 b) is more 
accurate than the previous analysis using a coarser step which does not suit 
the sizes of the carbides and nitrides. 
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Figure 43: Sample N1, fine step length 0.05 µm 

 
a - OIM showing crystal directions 
according to IPF. Thick black lines are 
HAGB and thin lines are LAGB. Red lines 
represent phase boundaries 

 
b – OIM showing recrystallised (blue), 
deformed (red) and substructured 
(yellow) grains  

 
c – Recrystallisation fraction (1.5° <θc < 
10°) 

 
 
 
 
d - inverse pole-figure (IPF) index 

 
 
5.2.3 Characterisation of ferrite grain size and secondary phase 

geometry in samples with different annealing grades 

SEM micrographs were taken with ”Front Scattered Electron Detector” (FSD), 
a second detector mounted on the EBSD screen. Imaging with the forward 
scatter detector is usually carried out with the sample tilted 70° from the 
horizontal plane in the same way as for EBSD. The electrons incoming angle is 
20° and the high-energy “back scattered” electrons therefore becomes 
“forward scattered” electron. Due to the low incoming angle every little 
topographical detail is captured and that is why the method is very 
appropriate for the evaluation of the secondary phase geometry and 
distribution. A problem that can occur is the shadowing effect from particles, 
therefore the surface preparation is very important. The micrographs in Figure 
44, taken with a high magnification (x 25K) in FSD, show very distinctively 
M23-carbides and even the grain structure by “channeling contrast”. 
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Figure 44: SEM micrographs taken with FSD in ”EBSD position” i.e. sample was tilted 
70° relatively to the horisontal plane.  

 
a – Sample 12 

 
b – Sample 13 

 
Evaluation of ferrite grain size as well as of secondary phase size and fraction 
were carried out with a finer step length on sample N1 to N7 and the results 
are presented in Table 9.  
 
Table 9: Analysis of ferrite grain size and secondary particle morphology 

Ferrite 

grain 

size 

(µµµµm) 

M23C6 Cr2N  

Sample 

Step 

(µµµµm) 
Matrix Hit  

rate 

(%) 

1.5° 10° Fraction Size 
(µµµµm) 

Amount Fraction Size 
(µµµµm) 

Amoun
t 

N1 0.05 800*800 90 0.91 1.92 3.1 0.26 591 0.32 0.22 104 
N2 0.05 800*800 85 0.74 1.77 2.8 0.25 578 0.11 0.19 42 
N3 0.05 800*800 87 0.70 1.60 3.6 0.26 997 0.12 0.23 42 
N4 0.05 800*800 75 0.43 0.99 3.9 0.23 902 0.25 0.22 100 
N5 0.05 800*800 70 0.43 0.82 3.5 0.23 1080 0.25 0.20 112 
N6 0.05 800*800 91 1.31 1.88 3.1 0.29 576 0.18 0.26 50 
N7 0.05 800*777 86 0.85 1.06 3.1 0.29 576 0.18 0.26 50 

 
5.2.4 Evaluation of recrystallisation degree in samples with 

different annealing grades 

Evaluation of recrystallisation degree and ferrite grain size were carried out by 
means of Tango software’s tool “Recrystallised fraction” (see §4.1.3) with a 
coarser step length on sample N1 to N21 and the results are presented in 
Table 10. The fraction recrystallised/substructured/deformed phase was 
analysed by using 1.5° as the lower misorientation limit for detection of 
subgrains (LAGB) and the boundaries with misorientations greater than 10° 
were defined as HAGB. A relatively high amount of LAGB was observed in 
grains defined as “recrystallised” and, in these cases, after the visual 
evaluation of the OIM’s, the lower misorientation limit for detection of 
subgrains was set to 2.5° which gave more realistic results. 
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Table 10: Analysis of recrystallisation degree (1.5° <θc < 10°) and ferrite grain size 
 

Sample 

Step 

(µm) 

 

Matrix 

Hit 

rate 

(%) 

Fraction 

Recrystallised - 

Substructured - 

Deformed 

(%) 

Average 

ferrite 

grain 

size 

(ECD, µµµµm) 
N1 0.50 230*166 80 10 – 4 – 86  2.40 
N2 0.25 200*166 83 10 – 13 – 77  2.00 
N3 0.25 200*166 85 22 – 18 – 60  2.00 
N4 0.25 300*300 80 13 - 3 – 84  1.30 
N5 0.25 300*300 80 17 - 2 – 81  1.10 
N6 0.25 300*300 92 91 - 3 – 6  1.90 
N7 0.25 300*300 88 82.5 – 3 – 14.5 1.40 
N8 0.25 500*400 80 54 – 9 – 37  1.10 
N9 0.25 400*400 81 70 – 10 – 201 1.20 
N10 0.25 400*400 89 35 – 19 – 461 1.80 
N11 0.25 400*400 88 42 – 17 – 411 1.61 
N12 0.25 300*249 92 40 – 23 – 371 1.90 
N13 0.25 400*400 88 52.5 – 22 – 25.51 1.80 
N14 0.25 300*300 80 20 – 52 – 281 1.90 
N15 0.25 300*300 80 58 – 2.5 – 39.5 1.10 
N16 0.25 300*300 89 80 - 4 – 16  1.50 
N17 0.25 330*330 84 51 – 4 – 45  1.00 
N18 0.25 300*300 89 86 - 4 – 10  1.50 
N19 0.25 400*400 86 70 - 8 – 221 1.50 
N20 0.25 400*400 92 76 - 2 – 22  1.50 
N21 0.25 400*400 88 66 - 17 – 171 1.60 

1 (2.5° <θc < 10°) 
 
The presented data are relatively simple statistical values for all the 
microstructure. The only separation was between measurements of the 
different phases, ferrite, M23-carbides and Cr-nitrides, which were analysed 
individually because of their different dimensions. Next step should be 
separate analysis of recrystallised, deformed and recovered areas of the 
microstructure. 
 
 
5.3 Common martensitic chromium steel (2nd trial) 
[11] 
5.3.1 Introduction 
After the investigations with EBSD of the microstructure of two different 
martensitic chromium steel grades, Sandvik 13C26 and Sandvik 7C27Mo2, a 
new strip sample set, manufactured out of the traditional martensitic 
chromium steel grade Sandvik 13C26, was studied with the purpose to get 
more exact information about recrystallisation status and carbide distribution 
and hence be able to model empirically recrystallisation degree and carbide 
density as functions of annealing parameters and cold reduction, see §5 
below. A special focus was also to identify and quantify M23-, M7-carbides and 
chromium nitrides.  
 
5.3.2 Experimental 
The strip material was delivered by Sandvik Materials Technology in form of 
20*20 mm annealed samples. The annealing treatment was performed in 
Sandvik’s laboratory furnaces. Table 11 below describes the thermo-
mechanical history of the samples, according to the design of experiments 
proposed by MODDE 8.0, the software used to build empirical models for 
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recrystallisation degree and carbide density, see §5.2 below. Mechanical 
(tensile and yield strength, elongation and microhardness) and physical 
properties (electrical resistivity) were also measured on each sample in order 
to check the obtained empirical models.  
 
Table 11: Description of the samples and their thermomechanical history 
Sample Cold Reduction Annealing temperature Soaking time 
1 Lowest Low Short 
2 Lowest High Short 
3 Lowest High Short 
4 Lowest Low Long 
5 Lowest High Long 
6 Lowest Low Medium 
7 Lowest Medium Long 
8 Low Low Short 
9 Low High Long 
10 Low High Medium 
11 Low Medium Short 
12 Medium Low Long 
13 Medium High Medium 
14 Medium Medium Medium 
15 High Low Short 
16 High High Short 
17 High High Long 
18 High Medium Long 
19 Highest  Low Short 
20 Highest  High Short 
21 Highest  Low Long 
22 Highest  High Long 
23 Highest  Low Medium 
24 Highest  Medium Medium 
25 Highest  Medium Medium 
26 Highest  Medium Medium 
27 Highest  Medium Medium 

 
At KIMAB the specimens were prepared in the same way as described above, 
under §4.2.2. The characterisation of the microstructure in annealed strip was 
performed using EBSD and FSD. Hardware and software for the EBSD analysis 
was delivered from “HKL Technology” [12]. The electron source was a Field 
Emission Scanning Electron Microscope (FEG-SEM), model LEO Gemini.  
Experience from previous investigation on Sandvik 7C27Mo2 (see §4.2) was 
used when establishing the resolution of the OIM’s in EBSD, which is a 
function of the step size used during scanning. Depending on the purpose of 
the analysis, different step size is normally chosen. If the texture is of primal 
interest, then a step size about 1.5 times the expected grain size is chosen, 
but if the goal is to describe grain size of the matrix and secondary phase 
geometry, a step size smaller than 20% of the anticipated grain size must be 
used. In this case the parameters of interest were degree of recrystallisation, 
grain size of the ferrite and carbide size, fraction and distribution, hence a step 
size of 0.1 µm was chosen. In order to achieve trustworthy statistical results 
with a step length of 0.1 µm it is important to cover a large part of the 
section, defined by the rolling direction and the normal direction of the 
sample, and a sufficient number of grains.  
 
The “basic” EBSD scanning of the 27 samples included detection of ferrite and 
secondary phases as M23-carbides and Cr-nitrides. Extra scanning was carried 
out in order to get an answer to the question whether M7-carbides were 
present in the material, therefore new EBSD scans were performed on four 
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samples. The four samples, 14, 15, 20 and 22, were chosen so that a wide 
spread in soaking time and annealing temperature be achieved. The step size 
for these scans was chosen to 0.05 µm in order to allow detection of smaller 
particles than before.    
 
5.3.3 Characterisation of ferrite grain size and secondary phase 

geometry in samples with different annealing grades 

EBSD OIM’s were taken from the 27 samples but due to the large size and 
high resolution of the OIM’s, only parts of all OIM’s are presented in this work. 
Furthermore, the complete OIM’s are best to be studied on a PC. For each of 
the EBSD scanned microstructures three images are presented showing 
different types of information, see Figure 45, showing OIM’s for sample 1. In 
the first image (a) the microstructure is presented with a colour code defined 
by the inverse pole figure. In these images high angle grain boundaries 
(HAGB) and phase boundaries (PB) are included to make the ferrite grain 
structure and texture more visible. In the second image (b) HAGB with 
misorientations greater than 10° are indicated with black lines. Boundaries 
with misorientations between 1.5° and 7.5° are indicated with light blue lines, 
and the ferrite grains crystal orientation is presented in a colour code based on 
the three “Euler angles” that describes the crystal orientation in Euler space. 
The secondary phase is separated from the ferrite matrix with red lines, and 
the secondary phase crystal orientation is presented by the same colour code 
as the ferrite. The third image (c) presents the band contrast (BC) in a 
greyscale OIM. Light grey areas were diffracting patterns with high contrast 
during scanning and darker areas patterns with lower contrast. This quality 
parameter produces micrographs similar to SEM images. It is possible to 
detect grain boundaries and particles from this information as well as 
differentiate between recrystallised and not recrystallised areas. On top of this 
also secondary phase particles are highlighted in blue (M23-carbide) and 
yellow (Cr-nitrides). Figure 45 also presents the colour indexes for Euler Space 
(d) and IPF (e). 
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Figure 45: Sample 1 analysed with 0.1 µm step size. a) Crystallographic orientation 
(IPF), phase boundaries (red) and HAGB (black). b) Crystallographic orientation (Euler 
space), LAGB and HAGB. c) Band contrast, M23-carbides (blue), Cr-nitrides (yellow) 
and phase boundaries (red). d) Colour index for Euler Space. e) Colour index for 
Inverse Pole Figure (IPF) 

 
a 

 
b 

 
d 

 
 
 
 

c 
 

e 
 
a. Basic EBSD scanning 
In this work the fraction of recrystallised phase and the grain size in the ferrite 
were the most important parameters for EBSD mapping, as pointed out 
earlier. The carbide fraction and size distribution were of interest but were also 
characterised from SEM micrographs. On the other hand, the main benefit 
with EBSD was that it was possible to differentiate between phases, and also 
that the position of the particles in the microstructure was easy to see. The 
“basic” EBSD scanning of the 27 samples included detection of ferrite and 
secondary phases (M23-carbides and Cr-nitrides). Statistical information about 
secondary phase particles as evaluated from the “basic” EBSD scanning is 
presented in Table 12. The fraction M23-carbides was between 2.9%and 
6.2%, and the fraction of Cr-nitrides usually below 0.1% in these 
measurements. 
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Table 12: Secondary phase particles as evaluated from “basic” EBSD scanning. 
Volume fraction 

(%) 

 

Mean particle 

diameter 

(µm) 

Sample 

M23C6 Cr2N M23C6 Cr2N 
1 3.7  0.04  0.31 0.26 
2 4.0  0.06  0.31 0.25 
3 4.7  0.07  0.32 0.25 
4 5.5  0.09  0.33 0.24 
5 6.2  0.10  0.37 0.27 
6 5.8  0.07  0.33 0.24 
7 6.1  0.11  0.33 0.24 
8 5.8  0.07  0.34 0.24 
9 5.0  0.11  0.35 0.26 
10 3.7 0.06 0.34 0.26 
11 3.2 0.07 0.32 0.29 
12 5.1 0.12 0.34 0.26 
13 5.5 0.18 0.34 0.26 
14 5.4 0.16 0.35 0.26 
15 5.5 0.08 0.34 0.25 
16 5.8 0.09 0.35 0.25 
17 5.3 0.05 0.33 0.24 
18 4.3 0.05 0.32 0.23 
19 4.8 0.04 0.33 0.23 
20 2.9 0.01 0.30 0.26 
21 4.2 0.02 0.31 0.22 
22 4.7 0.04 0.33 0.25 
23 5.4 0.03 0.27 0.20 
24 3.3 0.03 0.31 0.23 
25 3.9 0.02 0.32 0.22 
26 4.4 0.02 0.32 0.22 
27 4.3 0.02 0.32 0.24 

 
b. FSD micrographs 
The characterisation of secondary phase from FSD micrographs was performed 
using the Metreo software from Kappa [13]. This software provides tools for 
measuring particles semi-automatically and stores the information in text files. 
The particles were measured manually (computer assisted) by defining circles 
of equivalent area around each particle. The particle sizes were then evaluated 
and plotted in Excel, both as linear and log-scales distributions. The results 
from sample 10 are given as an example in Figure 46. Similar histograms of 
the particle size distributions were done for all 27 samples.   
 
Figure 46: The particle sizes were evaluated and plotted in Excel, both as linear (a) 
and log-scales (b) distributions, the results above were extracted from sample 10. 
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For the evaluation of secondary phase particles high resolution (25 K) 
micrographs (frames) were recorded. The micrographs were separated by at 
least 4 frames in rolling direction (RD) and were recorded from two different 
depths below the surface. An example of the micrographs is presented in 
Figure 47 (sample 10). 
 
Figure 47: Examples of images used for evaluation of particle sizes and distributions 
(sample 10). a- micrograph with magnification bar, b - circles defining the particles 
are included in the image. 

 
A 

 
b 

 
Statistical information about particles as evaluated from the FSD micrographs 
is presented in Table 13. The fraction secondary phase was found to be 
between 8.3% and 12.0% in this case. 
 
Table 13: Distribution and geometry of M7-carbides as evaluated from forward 
scattered electron images 
Sample Volume  

fraction 

(%) 
 

Mean  

particle 

diameter 

(µm) 

Sample Volume  

fraction 

(%) 
 

Mean  

particle 

diameter 

(µm) 
1 11.7 0.36 15 8.3 0.33 
2 10.3 0.36 16 9.1 0.34 
3 11.7 0.37 17 8.6 0.33 
4 10.0 0.36 18 10.1 0.32 
5 9.2 0.39 19 10.7 0.32 
6 9.3 0.36 20 11.9 0.33 
7 10.6 0.32 21 10.7 0.32 
8 12.0 0.35 22 10.4 0.34 
9 11.9 0.36 23 9.9 0.30 
10 10.0 0.33 24 9.5 0.30 
11 10.6 0.35 25 10.4 0.31 
12 9.2 0.34 26 11.2 0.32 
13 9.8 0.33 27 10.7 0.32 
14 9.6 0.31 

 
c. “Detailed” EBSD scanning for characterization of M7-carbides 
New EBSD scans with a finer step size (0.05 µm) were performed on samples 
14, 15, 20 and 22 in order to evaluate the M7-carbides (fraction, geometry 
and distribution). The samples were electro-polished before these 
measurements. Due to this treatment, any trace of plastic deformation from 
the polishing should be removed. Some topography was induced during 
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electro-polishing which is the reason for the increased shadowing in these four 
EBSD scannings. 
 
Figures 48 a) and b) present the OIM from sample 15. The OIM was 576*417 
steps large and the step size was 0.05 µm during analysis. The magnification 
bar in the figures is 10 µm. In Figure 48 a) the microstructure is presented by 
the band contrast component, this band quality measure gives a detailed map 
of the microstructure, and secondary phases and grain boundaries can be 
studied. In Figure 48 b) the identified secondary phases were coloured blue 
(M23C6), yellow (Cr2N) and red (M7C3). The fraction M23 carbide was between 
8% and 10% in these four EBSD scans, the fraction nitride between 0.1% and 
0.2%. M7 carbide was detected on a very low level (below 0.01%) in all 
samples.  
 
Figure 48: Sample 15 analysed with 0.05 µm step size. a - Band contrast. b - Band 
contrast where M23-carbide (blue), Cr-nitrides (yellow) and M7-carbides (red). 
Furthermore phase boundaries (red), grain boundaries in M23-carbides (black) and 
twin boundaries in M23-carbides (green). 

 
A 

 
b 

 
Statistical information about particles as evaluated from the “detailed” EBSD 
scanning is presented in Table 14. The fraction M23 carbides was between 
2.9% and 6.2%, and the fraction of Cr2N usually below 0.1% in these 
measurements.  
  
Table 14: Secondary phase particles as evaluated from “detailed” EBSD scanning 
(fraction M7C3 below 0.01%) 

Volume fraction 

(%) 

Sample 

M23C6 Cr2N 

14 8.0 0.1 
15 8.2 0.2 
20 9.8 0.2 
22 9.2 0.2 

 
 
5.3.4 Evaluation of recrystallisation degree in samples with 

different annealing grades 

Measurements were made in the same manner as for Sandvik 13C26, 1st trial, 
(see §4.1.3) and Sandvik 7C27Mo2 (see §4.2.4) with Tango’s tool for 
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“Recrystallisation fraction” and with a step length of 0.1 µm. Table 12 gives 
the extracted information on the ferrite matrix from the measurements. The 
microstructures were largely recrystallised for most samples except for 
samples 1-8 that had the lowest cold rolling reduction rate before annealing. 
Samples 5, 9, 13, 17 and 22 showed lower recrystallised fractions than 
expected. They were all exposed to the highest annealing temperatures for 
long times, still they were less recrystallised than other samples exposed to 
lower annealing temperatures. Fraction recrystallised/substructured/deformed 
phase was analysed with the “Tango” software using 1.5° as the lower 
misorientation limit for detection of subgrains (LAGB).  Boundaries with 
misorientations greater than 7.5° were defined as HAGB.  
 
Table 15: Analysis of recrystallisation degree (1.5° <θc < 7.5°) and ferrite grain size 

 

Sample 

Step 

(µm) 

 

Matrix 

Hit 

rate 

(%) 

Fraction 

Recrystallised - 

Substructured - 

Deformed 

(%) 

Fraction Re-

crystallised1 

(%) 

Average 

ferrite 

grain 

size (all/recr) 

(ECD, µµµµm) 
1 0.1 800*650 73 30 – 64 – 6 62 1.24/1.26 
2 “ 800*556 82 68 – 30 – 2 83 1.11/1.12 
3 “ 800*600 83 49 – 47 – 4 83 1.10/1.11 
4 “ 800*600 86 39 – 53 – 8 66 1.03/1.05 
5 “ 800*600 81 37– 43 –20 58 0.86/0.88 
6 “ 800*600 85 38– 50 –12 63 0.98/1.00 
7 “ 800*600 88 55 – 40 – 5 75 1.03/1.02 
8 “ 900*540 90 89  – 8 –  3 95 1.31/1.43 
9 “ 800*695 88 74 – 23 – 3 91 1.50/1.72 
10 “ 800*650 90 89 – 11 – 0 97 1.93/2.05 
11 “ 800*800 88 85 – 15 – 0 96 1.88/1.99 
12 “ 800*650 89 94  – 6 –  0 98 1.22/1.27 
13 “ 1000*680 89 90 – 9 –  2 96 1.33/1.42 
14 “ 800*648 90 96  – 4 –  0 99 1.33/1.38 
15 “ 800*424 88 96  – 3 –  1 99 1.03/1.05 
16 “ 900*650 88 96  – 3 –  1 99 1.14/1.17 
17 “ 800*600 83 64– 25 –11 83 0.96/0.98 
18 “ 900*540 87 97  – 3 –  0 99 1.09/1.11 
19 “ 800*695 80 94  – 5 –  1 98 0.86/0.89 
20 “ 800*650 82 94  – 6 –  0 98 1.11/1.14 
21 “ 800*800 84 94  – 5 –  1 98 0.94/0.96 
22 “ 800*650 75 51– 39 –10 80 0.92/0.98 
23 “ 1000*680 85 95  – 4 –  1 98 0.89/0.92 
24 “ 800*648 84 95  – 4 –  1 98 0.97/0.99 
25 “ 800*424 84 95  – 4 –  1 98 1.00/1.03 
26 “ 900*650 85 95  – 4 –  1 98 0.99/1.02 
27  700*800 85 96  – 4 –  0 99 0.98/1.02 
1 Calculated from the fifth column. For samples 1-7 half of the “substructured” 
microstructure was counted as recrystallised. For samples 8-27 three quarters 
of the “substructured” microstructure was counted as recrystallised. The 
different calculation for the first set of materials was based upon visual 
judgement. The low cold reduction of these materials was the reason for 
different output from the “Tango” software  
 
5.4 Discussion of results  
EBSD has proven to be very successful in characterising the microstructure of 
the ferrite matrix (grain size, substructure, recrystallised fraction). When the 
analysis is adjusted to measure secondary phases (carbides and nitrides) it 
works well also in this case. The method does not work perfectly well for the 
detection of secondary particles though, mostly because of surface preparation 
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difficulties. The induced topography and probably also retained plastic 
deformation from the polishing result in low hit-rates for small particles. EBSD 
also soon becomes very time demanding as a tool for characterising secondary 
phases if it is done properly, i.e. it covers sufficiently large areas to be 
statistically correct. The characterisation of secondary particles can instead be 
executed by semi-automatic or automatic image analysis methods based on 
micrographs from the FSD in a SEM. By choosing relatively high magnification 
(about 25 K) these micrographs become very detailed and particles smaller 
than 0.1 µm can be characterised with high precision.  
 
The reason for choosing oxide polishing as surface preparation method was 
that a smooth surface without a lot of topography can be achieved. The 
method has proven to be superior to other chemical and electrochemical 
methods when it comes to overall hit-rate. If EBSD analysis primarily was 
used to characterise the microstructure of the ferrite matrix (grain size, 
substructure, recrystallised fraction), a combination of oxide polishing and a 
very short electro-polishing could be used. The electro-polishing (a few 
seconds) then minimise the risk for traces of deformation caused by the 
surface preparation. 
 
 
5.5 Further work 
[11] 
If it is important to characterise small particle behaviour during annealing 
when transformations occur at a very fine scale. Particles smaller than 0.1 µm 
(5 nm - 100 nm) can probably be characterized by Transmission Electron 
Microscopy (TEM). Thermo-Calc could be used to identify the phases that can 
be found and to calculate the amount of the fractions of these secondary 
phases after hot rolling and after different heat treatments. The Thermo-Calc 
and Dictra software can also be used to predict the behaviour of the secondary 
phases during annealing. A new database was developed recently at KIMAB 
(TOOL05) that can be used for this kind of steels with high accuracy. 

 
 
6 Statistical modelling of recrystallisation temperature  

6.1 Martensitic chromium steel alloyed with molybdenum 
[6] [10] 
An empirical model for recrystallisation degree as function of annealing 
temperature, soaking time, previous cold reduction and heating time was 
created with Umetrics’ software for experimental design, MODDE 8.0. Firstly, 
an experimental matrix of different heat treatment experiments on samples of 
martensitic chromium steel alloyed with molybdenum, presented in §4.2, was 
taken out. Recrystallisation degree or fraction recrystallised was measured 
with EBSD, the evaluation of the “fraction recrystallised” followed the 
procedure described in paragraph §4.2 (limits for LAGB and HAGB were set to 
2.5° and 10° respectively).  
 
The input parameters (annealing temperature, heating rate, soaking time, 
previous cold reduction and heating time) and the responses (fraction 
recrystallised, grain size, carbide size, mechanical properties as Rm, Rp0,2 
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and elongation) were modelled and the different mathematical expressions 
proposed by MODDE 8.0 were evaluated with regard to the variation and 
reproducibility of the calculated response, the significance of the model 
coefficients and Analysis of Variance (ANOVA) among others. A D-Optimal 
design with 21 runs for a quadratic model with Response Surface Modeling 
(RSM) as an objective was chosen. The optimal model described the fraction 
recrystallised as function of annealing temperature, soaking time and previous 
cold reduction. The model showed a high R2 and Q2 (measure of fit and 
predictability), see Figure 49. The summary of fit of the model in the 
mentioned figure does not show any values for the model validity and 
reproducibility as the matrix design did not include any replicates. 
 
Figure 49: Recrystallisation model - measure of fit and predictability 

 
 
Models containing other responses were unsatisfactory and the factor heating 
rate had to be removed as non-significant. The model was fit with MLR and it 
had one component, 15 degrees of freedom and a condition number of 3.595. 
The model was quadratic of the type: 
f(x,y,z) = C0+C1x+C2y+C3z+C12xy+C23yz+C31zx+C11x2+C22y2+C33z2+… 
and it was refined by only using the first degree term of the factor heating 
time. 
 

6.1.1 Results and model interpretation 
The first observation was that the model does not depend on the heating time 
or on the heating rate. With regard to the narrow range heating rates, specific 
for recrystallisation annealing of martensitic chromium steel strip this was 
expected. It is consistent with studies on aluminium alloys that show that in 
order to obtain a visible variation of the recrystallisation temperature, the 
heating rate must be increased by a factor 50 [14, page 312]. The model for 
the recrystallisation degree, described by the function: 
  
RecrDegree = C0 + C1�Tanneal + C2�ColdRed + C3�tsoak + C12�Tanneal�ColdRed + 
C33�tsoak2 

 
makes it possible to choose optimal values of the annealing temperature and 
of the cold reduction and the soaking time for a certain recrystallisation degree 
(see Figure 50). Figure 50 b) shows, for example, that in order to obtain a 
recrystallisation degree of 80%, the annealing temperature has to be chosen 
between 745 °C and 790 °C for a cold reduction between 76% and 55%. The 
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longer the soaking time, the larger the red zone with recrystallisation degree 
over 90% will be.  
 
Figure 50: 4-D Contour af recrystallisation degree, by (a) short, (b) average (b) and 
(c) long soaking time 

 
a 

 
b 

 
c 

 
 
The model, based on lab scale annealing tests, is valid between certain values 
of soaking time, as recovery and grain growth are predominant at shorter, 
respectively longer soaking times.  
 
6.1.2 Model control 
In order to control the consistency of the model, mechanical testing was 
carried out on all 21 samples and mechanical resistance parameters (tensile 
strength, yield strength and elongation) were plotted against annealing 
temperature for different values of the cold reduction. The recrystallisation 
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temperature should be located at the point were the slope of the curves 
approaches zero (see example in Figure 51).  
 
Figure 51: Microhardness vs. annealing temperature for different cold reductions in 
“hard” gold alloy [7] 

 
 
These results show that the model is quite reliable, see Figure 52, where the 
recrystallisation temperature for a material with 10% cold reduction is located 
at 780 °C and for a material with cold reduction of 76% at 740 °C.  
 
Figure 52: Yield strength vs. annealing temperature for various cold reductions 
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6.2 Common martensitic chromium steel (2nd trial) 
The same strategy as for the steel alloyed with molybdenum, together with 
MODDE 8.0, was used for the design of experiments in this case, see also 
§4.3. The software proposed 27 different experiments where annealing 
temperature, soaking time and cold reduction were varied. The design of 
experiments was a D-Optimal with maximized volume or determinant of the 
X'X matrix and the purpose was a quadratic response surface model.  
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6.2.1 Results and model interpretation 
The optimal quadratic model, fit by PLS, defines the recrystallisation degree, 
(limits for LAGB and HAGB were set to 1.5° and 7.5 and the secondary 
carbides density as function of annealing temperature, soaking time and cold 
reduction. Based on the experience gained with the model for the chromium 
steel alloyed with molybdenum, the factor heating rate was removed already 
from the beginning. The model fits much better the recrystallisation degree 
than the secondary carbides density with respect to R2, Q2, validity and 
reproducibility, see Figure 53 below. 
 
Figure 53: MODDE 8.0’s summary of fit for model describing recrystallisation degree 
and carbide density of annealed material 

 
The model had 3 components, 19 degrees of freedom and a condition number 
5.592. The quadratic model of the type:  
 
f(x,y,z) = C0+C1x+C2y+C3z+C12xy+C23yz+C31zx+C11x2+C22y2+C33z2+… 
 
was refined by removing the quadratic term of the soaking time among 
others. The model for the recrystallisation degree is described by the function: 
  
RecrDegree = C0 + C1�Tanneal + C2�ColdRed + C3�tsoak + C12�Tanneal�ColdRed + 
C13�Tanneal�tsoak +  C11�Tanneal2 + C22�ColdRed2. 
 
Figure 54 shows graphically how the recrystallisation degree model can be 
used by choosing, in the diagram, the optimal annealing temperature, soaking 
time and cold reduction, for a maximal recrystallisation degree  
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Figure 54: 4-D Contour af recrystallisation degree, by (a) short, (b) average (b) and 
(c) long soaking time 

 
a 

 
b 

 
c 

 
 
6.2.2 Model control 
In parallell, a measurement of material properties was also carried out in order 
to check the model proposed by MODDE 8.0, see Figure 55. The pictures 
show that at a temperature between 675 and 700°C, the strength of the 
material and its deformability decrease, respectively increase, abruptly, which 
may be explained by the fact that the material starts to recrystallise. The 
curves flatten above 700°C, which proves that the MODDE 8.0 model is not 
incorrect. 
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Figure 55: Mechanical properties as function of annealing temperature for different 
cold rolling reductions  
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Microhardness and electrical resistivity were also measured and plotted versus 
the annealing temperature for different cold reduction rates, see Figure 56. 
These properties do not confirm in the same degree the correctness of the 
model, probably because of the fact that microproperties may be affected by 
local irregularities (e.g. M23-carbides). The interesting aspect is that 
microhardness and electrical resistivity seem to be related one to another. 
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Figure 56: Microhardness and electrical resistance vs annealing temperatures for 
different cold rolling reductions 
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7 Conclusions 

7.1 Analysing annealing quality with EBSD instead of traditional 
microscopy 

There are two typical situations that may happen by recrystallisation 
annealing: firstly, the annealing is incomplete and the material is difficult to be 
rolled in the subsequent operation because of its higher mechanical resistance, 
secondly the material is over-annealed and this implies lower mechanical 
properties and, most of all, capacity losses in the annealing line. The efficiency 
of the recrystallisation annealing of martensitic chromium steel strip in bell 
furnaces is usually controlled by measuring the mechanical properties as 
annealed, but nothing is more relevant than measuring the recrystallisation 
degree. Unfortunately, it is not possible to reveal the grains of annealed 
specimens with the traditional microscopy (light optical microscope LOM or 
scanning electron microscope SEM), no matter which etching technique is used 
(see Figure 57).  
 
Figure 57: Reference LOM (a) and SEM-BSE (b) micrographs after electrolytic etching 
with chlorhydric acid. Initial magnification in SEM x8000 [9] [10] [11] 

a) 
 

b) 
 
The later years’ development of investigation techniques have made that 
scanning electron microscopy with field emission gun (FEG-SEM) and electron 
back scatter diffraction (EBSD) can successfully characterise microstructures in 
annealed martensitic chromium steels. Ferrite and secondary phases can be 
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separated and a lot of information such as ferrite grain- and carbide size 
distribution, recrystallisation state, texture and orientation relationships can be 
extracted. Recrystallisation degree, which, unlike mechanical properties, is a 
far more appropriate parameter to measure the quality of annealing, can also 
be measured by EBSD. See Figure 58 in order to compare recrystallisation 
degree on the same razor blade steel material after two different 
recrystallisation annealing cycles that resulted in more or less same 
mechanical properties (tensile, yield strength and elongation). 
 
Figure 58: Microstructure of razor blade steel in EBSD after a-incomplete annealing 
(recrystallisation degree 65%) and b-complete annealing (recrystallisation degree 
95%) [9] [10] [11] 

 
a)  
Rm = 821 MPa 
Rp0,2 = 639 MPa  
A = 21,6% 

 
b)  
Rm = 791 MPa  
Rp0,2 = 679 MPa  
A = 23,5% 

 
 
7.2 EBSD as microstructure investigation method 
Unlike conventional microscopy with LOM and SEM, EBSD is able to reveal the 
grain geometry of annealed martensitic chromium steel in such a way that 
important parameters as grain size and recrystallisation degree can be 
measured with a safe margin of accuracy. This information can be used to 
understand, evaluate, control and even predict the recrystallisation annealing 
of martensitic chromium steel. The results can be the determination of the 
recrystallisation temperature of the steel grade related to the deformation 
history, the increase of the knowledge of the recrystallisation kinetics, the 
optimisation of the annealing cycle and the availability of experimental and 
calculated data necessary to build a recrystallisation annealing model where 
the mechanical and metallurgical properties of the material can be calculated 
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as functions of the annealing parameters, material dimensions, deformation 
history, chemical composition etc. Evaluation of the secondary carbides 
distribution in annealed martensitic chromium steels with EBSD is at least as 
reliable as conventional techniques and, in addition, the method could even 
replace the complicated and time-consuming manual measurement of the 
secondary carbides density with LOM. There are hopes that further 
development and refinement of the method will permit even more accurate 
study of cold rolled steel strip. 
 
7.3 EBSD as support to modelling 
EBSD has proven to be able to characterise the microstructure in annealed 
martensitic chromium steel strip in a very detailed way that was not possible 
by traditional metallography. Unlike conventional microscopy with LOM and 
SEM, EBSD is able to reveal the grain geometry, as well as separate and 
identify the different phases in this kind of steels (ferrite, M23-, M7-carbides, 
Cr-nitrides). Important parameters such as grain size, particle size and 
recrystallised fraction can be measured with high accuracy. This information 
can be used to understand, evaluate, control and even predict the 
recrystallisation annealing of martensitic chromium steel. The results can also 
be directly used in relatively simple statistical models for determination of 
recrystallisation temperatures related to the deformation history.  
The most valuable outcome is, however, the increased information and 
knowledge of the deformed and annealed microstructures, and the 
recrystallisation kinetics, that is necessary for creating physically based 
models. Physically based models are in turn necessary to build models that are 
truly predictive.  
 
EBSD gives the possibility of measuring the recrystallisation degree of 
annealed chromium steel grades. It can be an important tool to render the 
annealing processes more efficient through its contribution to the modelling 
and optimising of the annealing parameters. There are hopes that further 
development and refinement of the method (including surface preparation 
methods) will increase the detection accuracy of carbides and nitrides, and 
permit accurate study also of steel strip in the as-cold rolled condition. 
 
7.4 General 
Manufacturing of martensitic chromium steel strip has been traditionally a 
monopoly of the European steel industry because its access to low-cost 
energy, to natural resources (ore, chromium) and, most of all, to material 
engineering specific know-how within metallurgy, rolling and heat treatment. 
As the welfare of the populations in China and India have increased 
dramatically the last years and as these countries have become the world’s 
largest end-users of the final products of these steel grades, mostly household 
related as razor blades, kitchen knives, flapper valves for refrigerators and 
automobiles etc., the East Asian steel companies have made a serious turn by 
starting to manufacture these steel grades by their own. The huge economical 
growth of the East Asian industry makes possible enormous investments in 
modern metallurgy, hot working and cold rolling facilities that, together with 
the low wage costs in these countries, decrease the production costs for the 
otherwise “expensive” steel grades named above, which threatens the leading 
market position of the traditional European manufacturers (KTN, Outukumpu, 
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Böhler-Uddeholm, Sandvik et al). The only chance for these actors to survive 
the pressure from East is to reduce the production costs by increasing the 
capacity and productivity of their machines and to increase the quality of their 
products. 
 
Modernization measures should be taken in order to ensure the quality and the 
reproducibility of the manufacturing processes (melting, hot rolling, cold 
rolling or heat treatment) so that yield is increased while material losses, re-
processing and fluctuations of the strip properties are reduced. 
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1. Manufacturing of cold rolled strip in hardenable martensitic chromium steel, 
by Sorin Ionescu-Gabor (Sandvik Materials Technology), Mats Karlberg 
(Mefos) and Lars Karlsson (Sandvik Materials Technology), published in 
4H5915 Steel Production Technology, Project reports from the participants in 
the course, presented during a seminar at KTH, February 2006 
 
2. EBSD versus conventional microscopy and empirical modelling of 
recrystallised fraction by means of EBSD in annealed martensitic chromium 
steel strip, by Sorin Ionescu-Gabor (Sandvik Materials Technology), Joacim 
Hagström (KIMAB) and Lars Nylöf (Sandvik Materials Technology R&D Centre), 
submitted to Journal of Materials Processing Technology, 2009  
 
3. An experimental study of recrystallisation annealing in martensitic stainless 
steel strip by means of EBSD and empirical modeling, by Sorin Ionescu-Gabor 
(Sandvik Materials Technology, Sandvik Bioline), Joacim Hagström (KIMAB) 
and Lars Nylöf (Sandvik Materials Technology,R&D Centre), in proceedings of 
6th European Stainless Steel Conference, Helsinki, Finland, June 10-13, 2008 
 
My contributions to the appended papers were as follows: 
 
1. I did the experimental work (cold rolling and heat treatment of the 
samples), the empirical modeling of the results from EBSD and wrote the 
major part of the papers 
 
2. Sample preparation to LOM and SEM as well as the LOM/SEM investigations 
were carried out together with Sandvik Material Technology’s R&D in 
Sandviken.  
 
2. Sample preparation to EBSD and EBSD investigations were carried out at 
the Corrosion and Metals Research Institute (KIMAB) in Stockholm. 
 
3. Analysis of EBSD investigations were done together with the Corrosion and 
Metals Research Institute (KIMAB) in Stokholm. 
 


