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Abstract 

The research describes possible reasons why the flaking tendency during cold rolling can vary 
between different austenitic stainless steels. The flaking phenomenon was observed after a 
rolling process in Granlund Tools AB’s roll reducing mill “KOR-8”. A literature review was 
conducted with the purpose of finding a connection between rolling process, austenitic 
stainless steels and flaking. The laboratory work aimed at revealing possible differences 
between the flaked material and materials that is known to be cold rolled with high surface 
finish in the particular machine. In order to come to a conclusion regarding the flaking 
appearance, scanning electron microscopy (SEM), Vickers hardness test and light optical 
microscopy (LOM) were performed. The literature review along with the laboratory results 
made it possible to determine the two major factors affecting the flaking behavior. Two 
independent analyses revealed what came to be the most important discovery in this study. 
LOM showed the appearance of a thick oxide scale on the surface of the flaked steel which 
was further confirmed by SEM-Energy-Dispersive X-ray Spectroscopy that indicated the 
existence of oxides on the steel’s surface. These observations along with the knowledge that 
oxide scales grow only during high-temperature processing led to the conclusion that the steel 
is not appropriate for the cold rolling process due to the earlier steel manufacturing. 
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1 Introduction 

Granlund Tools AB established in 1945 is a company positioned in Eskilstuna, Sweden, that 
is specialized in tools- and machinery making. The company is known for its precision tools 
for stock removal within the engineering industry. Granlund Machinery is a division of 
Granlund Tools AB that manufactures and sells equipment necessary for production of 
heating elements. 
 
Among the equipment that Granlund Machinery manufactures is the rolling machine “KOR-
8” that is used for production of tubular heating elements from steel tubes through a cold 
rolling process. The company learned that one of their customers experienced an 
unanticipated outcome from this particular roll reducing mill. The outcome of the customer’s 
material during the usage of “KOR-8” showed as flakes falling off from the steel tube’s 
surface. The phenomenon is called “flaking” and is not desirable because it reduces the 
quality of the rolled steel tubes as well as shortens the life time of the rolls in the roll reducing 
mill. 
 
The company desires to know what was malfunctioning during this particular process. The 
aim of the research is for that reason to define the unknown composition of the customer’s 
material and compare it with reference materials. In order to investigate the flaking behavior 
further there is a need for analyses of microstructure, hardness and phase composition of 
different reference materials and the customer’s material. Besides the analyses this report 
aims to find a connection, through literature and laboratory work, between the three 
parameters; cold rolling process, properties of austenitic stainless steels and flaking. From the 
beginning, an assumption was made that the roll reducing mill “KOR-8” that was sent to the 
customer was well functioning since no opportunity was given to investigate it. Further the 
assumption was made that all the analyzed materials experienced the same rolling rate and 
degree. 
 
The purpose of the study is to be able to present valuable information to Granlund Tools AB 
regarding reasons why the specific stainless steel does not function well in their roll reducing 
mill. Further the purpose is to influence the company to give recommendations to their 
customers regarding the roll reducing mill and specify its restrictions. The aim of the research 
is to reveal the reasons for flaking appearance on a specific austenitic stainless steel after a 
cold rolling process. The dispose of the problem statement developed as follows: 
 

• Why does the customer’s material start to flake during cold rolling? 
• What is it that differ the customer’s material from the reference materials? 
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A limitation in this study is the absence of unprocessed material. It disables the opportunity to 
investigate the differences between the reference materials and customer’s material before 
rolling and compare them with the differences after rolling. 
 

2 Investigation procedures and behavior of austenitic stainless 
steel during rolling 

The theory of the chosen laboratory work is introduced and explained under the following 
subheadings. Further the necessary concepts such as cold rolling, scaling and flaking are 
explained. 
 

2.1 Sample preparation 
The preparation of a specimen to enable different laboratory work varies for different 
materials and all materials have their own individual and unique difficulties of specimen 
preparation. Therefore the preparation is a major obstacle in several cases and effects the 
results of the optical microscopy. The issue is that different material properties effect different 
stages during the preparation [1]. 

2.1.1 Mounting 
To be able to prepare a suitable surface of the sample it has to be mounted to ease the 
handling. Most common is to construct a sample holder out of polymer resin or moulding 
compound, which die-casts or hot-presses around the sample. A simplified picture is 
illustrated in Figure 1. These two methods do not destroy the sample or damage the 
microstructure. When this preparation is done, the surface section can easily be ground flat 
and polished [1]. 
 

 
 

Figure 1: Casted sample within a moulding compound [1]. 
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2.1.2 Grinding 
Rough grinding is a process that has to be done with caution otherwise too much material 
could be removed, overheat the sample or cause a sub-surface mechanical or thermal damage. 
Most common grinding media are alumina (corundum), silicon carbide and diamond. There 
are many grit sizes for this purpose [1]. 

2.1.3 Polishing 
After grinding a sample, it has to be polished to prepare the surface so it turns out flat and 
devoid of topographical features unrelated to the bulk microstructure of the sample. The 
different stages in a polishing process are designed to remove one layer of material that is 
damaged from previous sample preparation. The polishing can be done in three different 
methods; mechanical, chemical and electrochemical where the mechanical polishing is most 
important [1]. In addition to the three methods it is also possible to do the polishing manually. 
 
When using the mechanical polishing method, the mechanical damage caused by the earlier 
preparation steps are removed by polishing the surface with finer and finer grit sizes. The 
topographical roughness needs to be below the wavelength of light and sub-surface 
mechanical damage has to be eliminated. To achieve this, the number of polishing steps 
necessary can be between three and ten. The softer samples the more steps are necessary [1]. 
 
The hardness of ferrous alloys can vary by a large number of values and the polishing of these 
materials must therefore depart somewhat from the normal. Surface relief, the rounding of 
edges, scratches and plastic deformation are the most common forms of polishing defects. If 
the polishing media does not contain any contaminations, the scratches and plastic 
deformation can be prevented and a more compliant support for the polishing media has to be 
selected. This reduces the forces applied to the particles individually and at the same time 
increases the number of particle contacts per unit area of the sample surface [1]. 

2.1.4 Etching 
Often a sample has to be etched to be able to make microstructures visible in microscope 
analyses. The etching of the sample means selective removal of material from the surface so 
that features related to the microstructure of the bulk material can be seen. Etching can also be 
used to develop the surface topography. This is made through bringing out grain boundaries 
or differences in the height of neighboring grain surfaces. The method can also form thin 
surface films where the thickness of the films reflects the underlying phase and grain 
structure. Then the films either absorb light or establish interference effects [1]. 
 
The etching-technique often contains some form of chemical attack, which is more 
pronounced in areas of the surface with higher energy, amongst grain boundaries. The most 
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common methods for etching make use of chemically active solutions and further chemically 
etch the surface of a sample so that a visible topography in the microscope can be developed. 
The solvents used for this application are often alcohols or molten salt baths, the salt baths are 
used for less reactive materials like ceramics. The sample is placed in the solution during a 
given time and temperature that has to be carefully controlled, then the sample is rinsed 
thoroughly and dried [1]. 
 

2.2 Light Optical Microscopy (LOM) 
For sample investigations of microstructures in different materials a light optical microscope 
is an easy and very useful instrument. Size, shape, and disposition of visible features in 
microstructures can be observed in the microscope. 
 
Light optical microscopy (or optical microscopy) shortened LOM is a method used for micron 
and sub- micron level investigations and has a great variety in the branch of science. These 
microscopes are often used to analyze living cells in their natural environment, but with help 
of digital video it can also be used to picture very thin optical sections, for example to study 
the surface structure of a certain material [2]. Optical constants such as refractive index and 
the birefringence can also be measured. In the microscope the analyzed object is illuminated 
and a system of lenses collects all the light that the object scatters or transmits. The scattered 
and transmitted light then forms an image, which typically is recorded with a high quality 
digital camera, which in turn may be linked to a computer system for image processing and 
analysis. This enables observation of fine details in the specimen at a range of magnifications 
from 2x to 2,000x. The resolution is approximately about 0.5 pm, depending on the nature of 
the specimen, the objective lens, and the wavelength of light [3]. 
 

2.3 The Scanning Electron Microscope (SEM)  
In order to achieve a magnification that is larger than what a regular LOM can achieve a 
Scanning Electron Microscope (SEM) can be utilized. Before the sample is placed in the SEM 
it has to be mounted in conductive bakelite for the purpose of providing a good earth leakage 
from the sample [4]. Possible non-conductive parts of the specimen, for example ceramic 
material, should be covered with material with high conductivity since the SEM only 
functions on conductive materials. 
 
As shown in Figure 2 the SEM consists of an “electron gun” at the top of the device that 
shoots out an electron beam leading to the sample through a vacuumed tube. There are several 
advantages of having vacuum inside the SEM, one of them is to avoid collisions between 
beam electrons and the air molecules. Not only can these collisions lead to spreading of the 
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electron beam but also they could result in volatilization that can lead to contamination of the 
apertures and a degradation of the image [5]. 
 
 

 
 

Figure 2: Schematic drawing of a SEM [5] 

 
Before the beam reaches the sample an electric field accelerates and electromagnetic lenses 
focus the electrons. When the electron beam strikes the sample’s surface, backscattered 
electrons, secondary electrons and X-rays are emitted from the sample and collected by 
measuring equipment. The measurement can be processed into high-resolution grey-scale 
images [6, 7].  

2.3.1 Energy-Dispersive X-ray Spectroscopy (EDS)  
By utilizing an Energy Dispersive X-ray Spectroscopy (EDS)-detector the composition of a 
specimen can be known. The EDS is a highly sensitive X-ray detector that absorbs the energy 
from the emitted X-rays during the influence of an electron beam in order to characterize the 
elemental composition of the sample. When X-rays strike the detector a charge pulse that is 
proportional to the energy of the X-ray is created and later converted into specific electrical 
voltage. Certain X-ray energy is characteristic of the element from which it is emitted and 
therefore the composition can be identified [8]. 
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The results from EDS are displayed as an intensity plot with x-axis being energy in keV and 
the y-axis being X-ray counts. Each energy peak corresponds to a certain element in the 
sample. With the higher atomic number the X-ray lines increase in energy and move to the 
right on the x-axis [9].  
 
The limitations of SEM-EDS analyses are that some elements yield multiple peaks, the risk of 
overlapping of elements in the topography and that light elements in the periodic table cannot 
be detected [9]. For instance, the EDS-detector is not able to measure the carbon content in 
the sample because carbon is a light element with the low atomic number six.  Elements with 
atomic numbers less than about eleven are classified as light elements. One reason for the 
difficulty to measure light elements is that X-rays generated from them are hard to detect, 
furthermore it is because of the difficulty to ionize a single atom. X-rays generated from light 
elements have longer wavelengths that are more easily absorbed in the sample than what 
shorter wavelengths are. The absorption leads to X-rays from light elements that reach the 
detector could originate from near the surface of the sample and make it strongly affected by 
contamination or coatings applied to the sample in the purpose of preventing charging [10]. 
 
Carbon accumulates as a contaminant on the sample’s surface, which makes it difficult to 
measure in an electron microscope. The reason is because of the difficulty to confirm if the 
carbon signal arises from the sample itself and not from the contamination [11]. In 
summation, carbon data has to be eliminated from the topography because of the 
contamination in the vacuum chamber, which leads to unreasonably many carbon peaks due 
to carbon’s low energy K-line that is easily absorbed [10]. 
 

2.3.2 Backscattered Electron (BSE) Imaging and Electron Backscatter 
Diffraction (EBSD)  

Backscattered Electron (BSE) imaging is a method that provides grey-scale images with 
compositional and topographical information and is useful for investigating the dispersion of 
metal [12]. The number of backscattered electrons reaching the detector is proportional to the 
sample’s atomic number. Brighter BSE intensity corresponds to greater atomic number 
average in the sample and dark areas corresponds to lower atomic number average. BSE 
images provide high-resolution compositional maps of a sample and the ability to distinguish 
different phases nearly instantly [13]. 
 
In addition to the microstructure- and composition analyses, Electron Backscatter Diffraction 
(EBSD) introduces information about the sample’s phase composition more accurately than 
BSE imaging. An EBSD-detector measures the amount of different phases that is present in a 
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crystalline material. After achieving vacuum in the SEM a beam consisting of highly 
accelerated electrons hits the specimen and the software controls the beam location. In order 
to get the electrons to hit the right detector the sample has to be tilted 70° from horizontal. 
Instead of detecting the X-rays as in EDS-analysis the EBSD-analysis detects the 
backscattered electron diffraction patterns and provides information about the material’s 
crystallography [14]. 
 

2.4 Vickers hardness test 
Several different methods can be performed when measuring the hardness of a material, 
Vickers hardness test is one of them. The method is easy, widely used and suits measuring 
small and selected specimen regions well. 
 
When the hardness test is performed, a very small diamond indenter formed like a pyramid is 
forced into the surface of the sample with a certain applied load. The value of the applied load 
can be changed. The testing method is referred to as micro indentation on the basis of indenter 
size; therefore the technique is well suited for measuring the hardness of small selected 
specimen regions. The result is observed under a microscope and measured. The measurement 
is converted into a hardness number designated HV [15]. The Vickers number will increase as 
the sample gets harder and metals normally range from 100 HV to 1000 HV [16]. 
 
To form the square indent on the sample, a 136° pyramidal diamond indenter is used; this is 
illustrated in Figure 3. First, the indenter is pressed into the surface of the sample by an 
accurately controlled test load, specified in grams. This load is applied for a specific time, 
usually 10-15 seconds. When the indenter is removed, it leaves a square shaped indent on the 
surface of the sample [16]. For a more valid result, usually several indents are made and 
further several values for the hardness is obtained and an arithmetic average of these values 
can be calculated and represent the value. To achieve fair values it is important to position the 
indents with a few restrictions. The indent has to be at a distance of 2.5 times its own diameter 
from the edge of the material and two indents cannot be closer than 3 times their own 
diameters to each other, this is clarified in Figure 4 where the black squares illustrates two 
indents [17]. To determine the size of the indent, the two diagonals of the square indent are 
measured optically. The obtained Vickers hardness number is a function of the applied load 
divided by the surface area of the indent. The average of the two diagonals is used in Equation 
1 to calculate the Vickers hardness [16]. 
 

HV =  !"#$%&#% × !"#! !"#$
(!"#$"% !"#$%&#')!

 Equation 1 
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The constant used in the calculation is a function of the indenter geometry as well as the units 
of load and diagonal. Tables can be used to make manual calculation simple but digital test 
instruments do it automatically [16]. 
 

 
 

Figure 3: Schematic drawing of an indenter used during Vickers hardness test [16] 

 

 
 

Figure 4: Restrictions for indent positions [17] 

 

2.5 Stainless steel 
An alloy of iron, carbon, manganese and small amounts of other elements defines steel and is 
used in applications that require a high tensile strength, for example in construction. Steel is 
not persistent and in contact with water and oxygen it reverts to its more stable compound, 
which is iron oxide. The process when elements and materials revert to their original form is 
called corrosion and can be overcome by coating. In order to prevent corrosion, elements such 
as nickel and chromium are added to the steel [18]. 
 
Stainless steel is known as alloyed steel. An alloy of iron with a minimum percentage by mass 
of 10.5% chromium is called stainless steel due to the formation of a “passive layer” on the 
surface [19]. Chromium is the most apparent factor that controls the stability of the passive 
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layer. When a reaction between the metal and the surrounding oxygen occur a passive layer is 
formed on the surface of the steel that consists of Cr2O3 [18]. The oxide layer decreases the 
material’s corrosion rate and prevents further corrosion of the surface, in other words the 
material becomes “passive”. Beyond chromium, stainless steel can also be alloyed with other 
elements, such as carbon, nickel, silicon, nitrogen and manganese. In order to improve the 
material’s formability nickel and molybdenum can be added [20]. In Table 1 four different 
categories of stainless steels are presented with regard to the metallurgical phases present in 
the microstructure and the associated composition.  

 
Table 1: The four main categories of stainless steels [19] 

Composition Microstructure 
10.5 – 18.0% Cr, 0.2-1.0% C Martensitic 
12.5 – 17.0% Cr Ferritic 
16.0-26.0% Cr, 6.0-12.0% Ni Austenitic 
18.0-26.0% Cr, 4.0-7.0% Ni, 0-4.0% Mo Duplex steels 

(mixture of ferrite and austenite) 
 
The martensitic microstructure can result in high strength but a moderate corrosion resistance. 
On the contrary, the austenitic structure results in low strength but a high corrosion resistance, 
especially combined with molybdenum [18]. 
 

2.6 Roll Reducing Mills at Granlund Tools AB 
Among other products Granlund Tools AB is manufacturing roll reducing mills. These 
machines are used for reduction of round, metal sheated tubular heating elements. The many 
possible ways to change settings in the rolling mills enables many different fields of 
applications of the tubular heating elements. 
 
The roll reducing mills are of a certain type named “KOR”. The machines are fabricated in 
three different “KOR”-types, “KOR-8”, “KOR-12” and “KOR-10 HD” where the “KOR-8” is 
a standard machine and the “KOR-12” is a slightly more advanced and can handle thicker 
tubes and higher reduction rates. The “KOR-10 HD” is a heavy-duty machine that can handle 
even thicker elements and hard tube materials. The machines are specially designed to reduce 
round, metal sheated tubular heating elements [21]. The rolling performed in these types of 
machines is through a cold rolling process with a reducing purpose. First a heating filament is 
placed in the center of the tube, in purpose of working as a conductor, after this the tube is 
filled with magnesium oxide powder and plugged with contact pins in both ends. The 
preparation is followed by a cold rolling process where the tube is reduced in diameter whilst 
the powder will compress, become solid material and increase in density. The compacted 



 
10 

 

 
 
 
 
 

powder works as an electrical insulation and is further necessary to stabilize the filament 
placed in the middle of the tube [21, 22]. Fields of application for the heating elements are for 
example heating pumps, dish washers, towel dryers, fryers, liquid filled radiators, under floor 
heating and process industry where they convert the electrical energy passing through them 
into heat [23]. 
 
The construction of the rolling mills consists of a certain number of individually driven pairs 
of rolls. These rolls are mounted in a V-shaped bearing box assembly. The single-unit bearing 
box assembly is easy to remove from the driving system, and therefore a change of tube 
diameter is very easily done. The design has the same degree of reduction in each pair of rolls. 
The last two pairs have circular grooves, which give the tubes a round shape after reduction. 
The rolls are made from either hardened alloyed steel or steel with sintered carbide rings. The 
sintered carbide rolls can be used up to 10 times longer than steel rolls. After this step of the 
process the tubes also pass through a roll-straightener followed by a system of rubber rolls 
that are motor driven, placed outside the mill, that draws the tubes from the mill [21]. The 
machine of type KOR-8 consists of eight roll pairs. Six of these pairs reduce the tube and the 
two last pairs calibrate to keep the tube straight and round [22]. 
 
The KOR-8 mills consist of: 
- Machine stand with motors and gear boxes 
- Transmission shafts 
- Bearing box assembly with rolls (ground steel or tungsten carbide) 
- Simpler type of straightening device [21]. 
 

2.7 Rolling 
By processing a material with rolling-technique, the material is plastically deformed in the 
purpose of changing dimension, formation, internal characteristics, strength and surface 
conditions. The rolling process can be characterized as hot rolling or cold rolling. 
 
Most materials have the ability to be deformed by an applied load before breaking. This 
deformation may be elastic or plastic. Elastic deformation means that changes in shape of the 
deformed material changes back to its original shape when the applied load is removed. The 
plastic deformation on the other hand is permanent and the material keeps its new shape 
obtained from the load [24]. In many applications it is desirable to deform steel products 
plastically; rolling is the most common way to do it. The procedure of rolling is to let the 
material pass through two rotating cylinders, called rolls and can be performed in a large 
amount of different ways and temperatures [24]. The arrangement of the rolls in the mill stand 
or arrangement of the stands in sequence can vary from different types of rolling. Figure 5 
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shows classifications of different types of rolls [25]. There are many possibilities to customize 
the outcome by changing the settings of the rolls [24]. 
 

 
 

Figure 5: Different set-ups of roles [25] 

2.7.1 Hot rolling or cold rolling 
The main way to divide rolling is to characterize if it is a hot working process or a cold 
working process, therefore the procedure is divided into hot rolling and cold rolling. The 
definition of hot working processes, amongst hot rolling, is when the plastic deformation 
processes are carried out at temperatures above the recrystallization temperature. The opposite 
defines cold working processes, amongst cold rolling, performed at temperatures below the 
recrystallization temperature. The recrystallization temperature is defined as the temperature 
at which recrystallization will be completed in one hour [15]. 
 
An effect of deformed materials is stored energy, most of the times in the form of 
dislocations. Recrystallization is a process to release this energy and normally it is defined as 
formation and migration of high-angle boundaries. These formations and migrations are 
driven by the stored energy. During the process new grains start to grow from small regions, 
for example subgrains and these are already present in the deformed microstructure. Some 
grains does already exist from the starting structure and do not have to be formed. It is the 
subgrains with high misorientation angle compared to the deformed material that has the 
required mobility to be able to evolve into new recrystallized grains. Recrystallization can 
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lead to characteristic textures as a result of prior deformation because this function is the 
driving force for any recrystallization [1]. 
 
A metal specimen that is plastically deformed at a low processing temperature relative to its 
absolute melting temperature will go through a change in microstructure and properties. The 
changes include modification in grain shape, strain hardening and increase in dislocation 
density. Possible but not necessary changes due to the plastic deformation are electrical 
conductivity and corrosion resistance [15]. 

2.7.2 Cold rolling of austenitic stainless steel 
Austenitic stainless steels require a certain stability to stay austenitic; otherwise the 
transformation to martensitic structure could be a possible risk. Austenitic stainless steels 
work-hardens during cold deformation and may form strain-induced martensite [26]. The 
outcome depends on several different influences both regarding processing parameters, 
thermodynamic stability and alloying elements. The structure has a great influence on the 
properties of stainless steels. There will especially always be some compromising between 
corrosion resistance and other properties, such as strength, formability and weldability of the 
steel. 
 
It is possible to do severe cold-forming procedures on austenitic stainless steels. A material 
that is austenitic in solution-treated condition can as a result of cold working processes at 
ambient temperature, transform to martensitic. The transformation can be either partially or 
complete and is decided by the stability of the austenitic structure, which in sequence is 
determined of the overall alloy content. The destabilizing is effected by the magnitude and 
temperature of cold deformation. Austenitic stainless steels are characterized by high rates of 
work hardening meaning that they can handle a certain amount of cold deformation before an 
annealing treatment is required. How the material behaves due to the work hardening depends 
on the chemical composition and control of the steel quality used for particular applications 
[18]. 
 
The transformation from austenite to martensite phase in materials can be discussed in terms 
of thermodynamics. Both phases have a certain amount of so called free energy. In Figure 6 
the Fγ and Fα’ illustrates these free energies and shows that they vary with temperature. The 
free energies are equal at the temperature T0, above this temperature the austenitic phase Fγ 
has lower free energy than the martensitic phase, and is therefore stable thermodynamically 
relative to martensite. Below T0, martensite occurs as the more stable phase. Alloying 
elements can decrease the transformation from austenite to martensite [18]. 
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Figure 6: Graph illustrating chemical free energy as a function of temperature [18] 

During cold working of austenitic stainless steel, the steel is exposed to stress. As a result the 
mechanical energy interacts with the thermodynamically reaction that drives the 
transformation to form martensite. In Figure 7 the Fγ and Fα’ represents an unstressed system 
and the Fγ´ and Fα’ represents a system exposed to stress. The Fγ and Fγ´ are displaced by 
mechanical energy due to the applied stress [18]. 
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Figure 7: Graph illustrating chemical free energy as a function of temperature during 
unstressed and stressed systems [18] 

 

2.7.3 Effects of alloying elements 
Alloying elements have an influence on the stacking fault energy of the system and therefore 
they affect the work-hardening characteristics of an austenitic stainless steel. The high amount 
of chromium in steel induces a high degree of hardenability and can develop a martensitic 
structure in substantial section sizes in hot as well as cool conditions. If it is desirable to 
preserve an austenitic structure in steel containing a high amount of chromium, nickel is a 
suitable element to add because of its strong ability to stabilize austenite. In normal FCC-
lattice the work hardening is increased by the stacking faults because the faults are planar 
imperfections that prevent the movement of dislocations. The formation of stacking faults can 
be eased by some alloying elements, among them manganese and cobalt. Nickel and copper 
has the opposite effect since they increase the stacking fault energy, which in turn prevents 
the formation of stacking faults [18]. 
 
There are some problems with the properties regarding strength and corrosion of austenitic 
stainless steel. There will always be some compromise between corrosion resistance and other 
properties, such as strength, formability and weldability. To achieve higher strength of an 
austenitic stainless steel the most common way is a process through solid solution 
strengthening. Precipitation-strengthening reactions can also increase the strength of the 
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material through precipitation of carbides and intermetallic compounds based on nickel, 
aluminum and titanium. These materials often have weldability problems and poor corrosion 
properties and are therefore not very useful in commercial applications [18]. 
 

2.8 Scaling and Flaking 
Cold rolled steel that has been exposed to flaking is of importance to understand both flaking 
and scaling as concepts. The scaling phenomenon is associated with the formation of an oxide 
layer on the surface of the steel from hot-forming operations that exposes the metal to hot 
oxygen gases. Above 570°C the oxide scale consists adjacent to the steel of wustite (FeO), 
followed by a layer of magnetite (Fe3O4) and finally an outer layer of hematite (Fe2O3). If the 
material will experience cooling below 570°C the wustite will decompose into magnetite and 
pure iron [27]. Flaking is when small fragments of the scale fall off the surface of the material 
as flakes. 
 
The scale consists of, in addition to iron, oxides of chromium, nickel and other alloying 
elements. A thick scale can have composition variation within the scale because of the 
exposure to oxygen that is limited to the surface of the scale. The composition can thereby be 
oxygen-rich at the surface and metal-rich near the base metal [28]. A stainless steel’s oxide 
scale is affected by alloying elements and the surrounding atmosphere. As mentioned earlier 
in the study, the chromium oxide layer on stainless steels resists corrosion and oxidation at 
ambient temperature. However, as temperature increases the chromium oxide protection 
decreases and a non-protective iron oxide scale forms, which enables the oxidation [29]. 
 
The negative outcome of scaling is the reduced steel quality due to damage to the surface of 
the steel if flaking occurs. How much the quality reduces depends on kinetic barriers such as 
the oxide thickness, oxide’s chemical composition, the available space to grow and the 
deformation process. The kinetics of the oxide scale’s advance can be expressed as parabolic 
with regard to time and exponential with regard to temperature. The scale’s hardness and 
yield strength indicate whether the oxides are abrasive and how much damage the scale flakes 
can do when they have separated from the steel [30]. Another negative aspect of oxide scale 
formation is that, during hot rolling, it separates the rolls from the substrate, reduces the 
friction coefficient and reduces heat transfer between the steel and the rolls [29]. 
 
Austenitic steel that consists of at least 18% chromium can be used up to 870°C without a 
noticeable oxidation resistance reduction but martensitic and ferritic steels are more limited 
when it comes to temperatures because of the lower resistance to oxidation [31]. 
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2.9 Pickling 
The process of removing unwanted oxide and chromium-depleted layer is called pickling. 
How easily the oxide film can be removed depends on the material’s base composition, the 
thermal treatments that it has been exposed to and possible presence of lubricants or other 
contamination. Another aspect that is important to take into consideration is to adapt the 
pickling acid to the steel’s alloy composition since there is no single acid pickling solution 
that is effective for all types of steels. Oxygen-rich scale is more soluble in pickling acids than 
metal-rich scale, the latter requires more aggressive acids. A salt bath conditioning can make 
the scale oxidize and thereby soluble or it can reduce the scale. The most common acids for 
pickling stainless steels are nitric, hydrofluoric, sulphuric and hydrochloric [28]. 
 
Pickling is strongly associated with annealing in the steel manufacturing. During annealing a 
0.3-0.5 µm thin chromium-enriched oxide is developed on cold rolled materials. The fact that 
the oxide is compact interferes with the transport of the pickling acid to the chromium-
depleted layer under the oxide. On hot rolled and annealed materials the oxides are thicker, 1-
10 µm and more inhomogeneous. The presence of defects in the oxide scale allows the 
pickling acid access to the chromium-depleted layer. Oxide removal is dependent on the 
oxide’s tendency to flaking when undermined. Shot-blasting can reduce the pickling time 
largely because it presents more cracks in the oxide, which enables flaking [26].  
 

3 Method 

To enable the discovery of possible reasons for the poor outcome after rolling the specific 
material several laboratory-methods were completed. Samples had to be prepared and were 
thereafter analyzed in LOM, SEM and with Vickers hardness testing. The investigations were 
practiced on six different materials. Three samples were prepared from parts of the steel tube 
from the customer’s material that was exposed to the scaling phenomenon. Additional, parts 
from three different reference steel tubes were prepared for investigation and comparison. The 
reference steel tubes were selected because of the knowledge that they function well in the 
roll reducing mill “KOR-8” at Granlund Tools AB. 
 
In the following method-part the three samples from the customer’s material will be referred 
to as “CM1”, “CM2” and “CM3” and the three samples from the different reference materials 
will be referred to as “Ref1”, “Ref2” and “Ref3”. CM1, CM2 and CM3 had a known reducing 
degree of 16.7%, an assumption was made that Ref1, Ref2 and Ref3 had experienced the 
same reducing degree. The assumption, which is within the reduction limitation of the “KOR-
8”, had to be made because of the absence of reducing degree information. 
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A part of a steel tube from the customer’s material (from the tube that established CM1) is 
shown in Figure 8. The tube is also shown in Figure 9 next to a part of a steel tube from one 
of the reference materials (from the tube that established Ref2). CM2, CM3 and Ref3 were 
obtained already prepared as mounted samples. 
 

 
 

Figure 8: Piece of the steel tube from the customer’s material, referred as CM1 

 

 
 

Figure 9: Piece of the steel tube from the reference material, referred as Ref2 (to the left) 
and piece of the steel tube from the customer’s material, referred as CM1 (to the right) 
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3.1 Sample preparation 
To enable SEM, LOM and Vickers analysis three samples needed to be prepared. The sample 
preparation started with cropping the desired length of the three tubes. The tube that 
established Ref1 did not contain Magnesium oxide (MgO) and could therefore be cut with the 
machine “Discotom-2”, which is used only to cut metals. The tubes establishing Ref2 and 
CM1 were filled with compacted MgO, which requires an especially hard cutting tool in order 
to cut through the MgO. To cut these tubes the machine “Struers Accutom-5” was used and 
equipped with a diamond cutting tool. The cropped tube was placed in the “Buehlers 
automatic mounting press Simpliment 2000” in order to embed the sample with Bakelite.  
 
The prepared sample was grinded with four different grinding papers in “Jean Wiriz Phoenix 
1000” in order to remove Bakelite from the work piece on one of the shortsides of the sample. 
Further, to get the sample’s surface free from scratches, it needed to be polished in the 
“Struers Pedemin-2” with a diamond polishing grease and a lubricant. To get the sample clean 
it was washed with water, rinsed with ethanol and dried. When no scratches could be seen in 
the microscope the sample was considered ready for analysis. 
 

3.2 LOM 
To make the most of the microstructure that is seen in the light optical microscope the 
samples needed to be newly polished and etched with an etching reagent suited for the 
sample’s composition. The sample Ref1 was etched with a special etching reagent, suited for 
the steel composition, with a temperature above 60° Celsius and the element content is 
presented in Table 2. 
 

Table 2: Element content in etching reagent for Ref1 

Element Amount 
FeCl3 65 g 
HCl 195 ml 
HNO3 5 ml 

 
 
The sample CM1 could be etched with a standard etching reagent “V2A” suiting for stainless 
steel. “V2A” had a temperature of 65° Celsius and the element content is presented in Table 3. 
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Table 3: Element content in etching reagent for CM1 

Element Amount 
H2O 100 ml 
HCl 100ml 
HNO3 10 ml 

 
The etching is evaluated in a microscope, if it is uneven or too dark it has to be redone which 
means that it has to be re-polished and re-etched. Since Ref2 and Ref3 were stainless steels 
they were etched with “V2A”.  
 
After etching, each sample was observed in a light optical microscope and pictures of the 
microstructure were taken with 10-, 20- and 50-times magnifications. Another set of LOM-
observations were made for the purpose of investigate the surface of each tube and pictures of 
representing areas were taken. 
 

3.3 SEM analyses 
The equipment employed for EDS was the “Hitachi S-3700N Scanning Electron Microscope” 
associated with “Bruker XSence”-detector and “Quantax Esprit 1.9”-software. The voltage 
used was 20 kV. To begin with, an analysis of the composition was made on the cross section 
of the tubes. Since MgO is non-conductive, samples that consisted of it needed to get that part 
covered with a thin layer of copper tape, otherwise the MgO-part would be charged with 
electrons and the result would be misleading. 
 
Analyses of the composition on the surface of the tubes were made on the CM1 and Ref2. The 
samples were cleaned in ultrasound in a bath of ethanol. After that the electron microscope 
was used to observe the surface at various locations of the samples. The first locations for 
measurement that were chosen were two different flakes on the CM1. In each flake five 
different spectrums were selected where the compositions were determined and one picture 
was taken. The five spectrums were chosen where the colors were different, since that 
indicated different compositions. The following locations for measurement were on parts 
without any flakes, chosen on the CM1. Four different spectrums were selected and the 
compositions were determined in these spectrums and one picture was taken. The Ref2-
material had almost the same color over the entire surface, therefore three different spectrums 
were considered enough for determining the composition on the surface. The compositions 
were determined and one picture was taken. 
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A BSE-detector was used to identify possible phases before going through with the more 
detailed EBSD analysis. Pictures with different magnifications were taken of the CM1 and 
Ref2 samples. Parts that contained MgO had to be covered with copper tape.  
 
The analysis was continued with EBSD and the equipment employed was the “JEOL 
JSM7800F Field Emission Scanning Electrone Microscope” associated with “Bruker e-
FlashHR”-detector and “Bruker Quantax”-software. The software calculated how much of each 
phase that existed on a particular area. 
 

3.4 Vickers hardness test 
Each sample was pressed into mud that held the sample in place and made sure that it was 
upright. Afterwards it was placed in the “Struers MXT-α1 ORIEL 1400 Microhardness tester 
Thatsuiawa”. A load was determined, the focus was adjusted, a suitable spot for the diamond 
indenter was chosen and the load was applied. This procedure, with respect to the distance-
restrictions, was repeated four times for each sample and each load. The loads used for the 
samples were 200g and 500g. The 200g load was used because it is a suitable load for 
stainless steels and the 500g load was used in order to investigate if the samples had been 
hardened on the surface from the manual preparation. To calculate the hardness on each 
indent a computer-software called “Leica QWin V3” was used. This software was connected 
to the microscope “Olympus PMG3” which made it possible to find the indents on the 
computer screen. The software that calculates the hardness from two diagonals on each corner 
on the indent was used to compile the hardness data. Another set of Vickers hardness tests 
were made after mechanical grinding with the exact same procedure as described above. 
 

3.5 Mechanical grinding with controlled load 
For mechanical grinding and polishing the machine used was “Buehler Phoenix 4000 Sample 
preparation system”. Usually grinding with rough diamonds is a first step of this procedure 
but this could be left out since the samples were already grinded from earlier sample 
preparation. All five samples were polished with four different oil- and diamond solutions and 
cloth polishing wheels. 
 
Step one: The samples were polished with the oil- and diamond solution “LIQUID 
DIAMOND Type WX XStr 9 micron” on the roughest cloth polishing wheel. No water was 
added, the load was 24 Newton, the speed was 150 rotations/minute and the polishing was in 
progress for four minutes. 
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The etching should be removed in this step but since it was etching left, the polishing had not 
been enough and therefore six more minutes of polishing with the same settings was made. 
 
Step 2: The samples were polished with the oil- and diamond solution “LIQUID DIAMOND 
Type WX XStr 3 micron” on the second roughest cloth polishing wheel. No water was added, 
the load was 18 Newton, the speed was 150 rotations/minute and the polishing was in 
progress for eight minutes. 
 
Step 3: The samples were polished with the oil- and diamond solution “LIQUID DIAMOND 
Type WX XStr 1 micron” on the second least rough cloth polishing wheel. No water was 
added, the load was 20 Newton, the speed was 150 rotations/minute and the polishing was in 
progress for six minutes. After that six more minutes of polishing with the load 9 Newton was 
made. 
 
Step 4: The samples were polished with the water-soluble solution “MasterPrep Polishing 
Suspension 0.05 Micron” on the least rough cloth polishing wheel. Some water was added, 
the load was 10 Newton, the speed was 50 rotations/minute and the polishing was in progress 
for six minutes. The sample was polished in another six minutes without any load. 
 
One last step was made to wash the samples. The samples were run in the machine with some 
water on the cloth polishing wheel but with no polishing solution. Further cleaning of the 
samples was made with ultrasound in an ethanol bath for five minutes. After that the bath was 
filled with new ethanol and the ultrasound was run for another five minutes. This was done in 
order to eliminate any possible dirt particles from the samples. 
 

4 Results 

Results from all of the laboratory work proceeded during this study are presented below in 
text, figures and tables. 

4.1 LOM 
Figure 10 shows all the samples’ microstructures from the light optical microscope in the 
same magnification. Annealing twins, deformation twins and shear bands are revealed in the 
microstructure of CM1, CM2, CM3 and Ref2. The black dots could either be etching 
remnants or slag. The microstructure of Ref1 reveals a high amount of annealing twins and 
some black dots. 
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Figure 10: Microstructures of all the samples shown with same magnification 
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Figure 11-18 show images taken from LOM analyses and present the intersection layers 
between metal and backelite on all samples. The sample material is shown lighter than the 
backelite that surrounds the sample. 
 
Figure 11 shows an image of the surface of CM1 with a separating intersection layer with an 
average thickness of 6.5 µm. 
 

 
 

Figure 11: Surface of CM1 
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Figure 12 and 13 show images of the surfaces of CM2 and CM3 with thin separating 
intersection layers. 
 

 
 

Figure 12: Surface of CM2 
 

 
 

Figure 13:  Surface of CM3 
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Figure 14, 15 and 16 show images of the surfaces of Ref1, Ref2 and Ref3 with very thin 
separating intersection layers. Figure 14 and 16 show an average layer thickness of 0.6 µm. 
 

 
 

Figure 14:  Surface of Ref1 
 

 
 

Figure 15:  Surface of Ref2 
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Figure 16:  Surface of Ref3 
 
Figure 17 and 18 show images of cross sections on all samples. Inconsistent amount and 
shape of the black dots are present in all images. 
 

 
 

Figure 17: Cross section of CM1, CM2 and CM3 
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Figure 18: Cross section of Ref1, Ref2 and Ref3 
 

4.2 SEM 
 
Values presented in Table 4 are arithmetic averages calculated from the composition of 
elements in CM1, Ref1 and Ref2. The values represent composition of elements from the 
SEM-EDS analysis carried out on the cross section of the samples.  The values presented for 
CM1 and Ref1 are arithmetic averages calculated from six different areas on each sample and 
the values presented for Ref2 are arithmetic averages calculated from three different areas on 
the sample. The results are considered reliable since all the analyzed areas of each sample had 
fairly consistent composition. 
 

Table 4: Element composition in different samples 
 
Element CM1 [wt%] Ref1 [wt%] Ref2 [wt%] 
Silicon 0.29 0.22 0.22 
Titanium - 0.94 - 
Chromium 17.64 22.87 17.89 
Iron 73.05 32.83 72.61 
Nickel 8.02 39.77 7.75 
Molybdenum - 2.64 0.27 
Manganese 1.02 0.73 1.25 
 
SEM-EDS analyses on the surface of CM1 were made within two areas where flakes had 
fallen off and on one area without the flaking appearance. The analysis was also made on the 
surface of Ref2. All of the chosen areas are presented in Figure 19-22 and corresponding 
compositions are presented in Table 5-8. 
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Figure 19: Chosen areas on CM1, part one for element analysis 
 

Table 5: Element composition in the five different spectrums 
 
Element Spectrum 1 

[wt%] 
Spectrum 2 
[wt%] 

Spectrum 3 
[wt%] * 

Spectrum 4 
[wt%] 

Spectrum 5 
[wt%] 

Oxygen 1.49 12.32 - 1.22 14.49 
Magnesium 0.41 0.46 - 0.37 1.22 
Aluminum - 0.10 - - - 
Silicon 0.34 0.12 - 0.09 0.23 
Sulfur 0.02 0.05 - - 0.10 
Chlorine - - - - - 
Potassium - - - - - 
Calcium - 0.14 - 0.17 0.19 
Chromium 16.40 8.62 - 2.14 6.39 
Manganese 0.92 0.47 - 0.27 - 
Iron 72.57 73.60 - 95.45 74.15 
Nickel 7.76 4.12 - 0.31 2.78 
Molybdenum 0.10 - - - 0.45 
 
* Spectrum 3 was unable to measure. 
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Figure 20: Chosen areas on CM1, part two for element analysis 
 

Table 6: Element composition in the five different spectrums 
 
Element Spectrum 1 

[wt%] 
Spectrum 2 
[wt%] 

Spectrum 3 
[wt%] 

Spectrum 4 
[wt%] 

Spectrum 5 
[wt%] 

Oxygen 0.71 9.84 - 12.18 14.57 
Magnesium 0.09 0.93 0.11 2.26 2.35 
Aluminum - - - - - 
Silicon 0.26 0.24 0.06 0.19 0.31 
Sulfur 0.07 0.13 - 0.04 0.13 
Chlorine - 0.05 - 0.02 0.07 
Potassium - - - 0.08 - 
Calcium 0.09 0.28 0.06 0.30 0.28 
Chromium 14.60 3.09 1.63 7.01 2.82 
Manganese 0.76 0.26 0.24 0.57 0.31 
Iron 75.94 84.30 97.96 73.78 78.43 
Nickel 7.48 0.88 0.13 3.57 0.73 
Molybdenum - - - - - 
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Figure 21: Chosen areas on CM1 for element analysis 
 

Table 7: Element composition in the four different spectrums 
 

Element Spectrum 6 
[wt%] 

Spectrum 7 
[wt%] 

Spectrum 8 
[wt%] 

Spectrum 9 
[wt%] 

Oxygen - 10.88 - 6.98 
Magnesium - 0.67 - 2.59 
Aluminum - - - - 
Silicon 0.26 0.29 0.30 0.19 
Sulfur - 0.11 0.08 0.04 
Chlorine - 0.06 - - 
Potassium - - - - 
Calcium - 0.15 - - 
Chromium 16.99 10.55 17.31 15.49 
Manganese 0.88 0.55 0.99 0.79 
Iron 73.72 72.01 73.02 66.78 
Nickel 8.16 4.72 8.31 7.15 
Molybdenum - - - - 
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Figure 22: Chosen areas on Ref2 for element analysis 
 

Table 8: Element composition presented as an arithmetic average based on three 
different spectrums 

 
Element Arithmetic 

average [wt%] 
Silicon 0.29 
Titanium - 
Chromium 18.01 
Iron 72.37 
Nickel 8.01 
Molybdenum 0.32 
Manganese 1.01 
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Figure 23 and 24 show images taken with SEM-BSE detector. Apparent shear bands are 
shown and CM1 have, based on the figures, a higher amount of shear bands than Ref2. Some 
parts in the picture indicate martensite, shown as shade differences, especially apparent in the 
middle image in Figure 23. 
 

 
 

Figure 23: SEM-BSE images of CM1 
 

 
 

Figure 24: SEM-BSE images of Ref2 
 
 
Table 9 presents the amount of martensite- and austenite phasees in CM1 and Ref2 
determined by the SEM-EBSD analyses. 
 

Table 9: Amount of martensite and austenite phases in CM1 and Ref2 
 
Sample Martensite (norm) Austenite (norm) 
CM1 22.1% 77.9% 
Ref2 13.1% 86.9% 
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4.3 Vickers hardness test 
 
Table 10 presents results from hardness tests of each sample after manual and mechanical 
grinding and polishing with 200g and 500g loads applied, all values are calculated as 
arithmetic averages from four different indents on each sample. 
 

Table 10: Hardness of the samples presented as arithmetic averages 
 
Sample Manual 

grinding and 
polishing 
200g load 
applied [HV] 

Manual 
grinding and 
polishing 
500g load 
applied [HV] 

Mechanical 
grinding and 
polishing 
200g load 
applied [HV] 

Mechanical 
grinding and 
polishing 
500g load 
applied [HV] 

CM1 379.7 348.1 376.6 380.5 
CM2 371.8 369.6 362.0 334.0 
CM3 359.2 353.0 384.7 351.5 
Ref1 235.2 230.2 243.2 241.7 
Ref2 348.3 330.2 346.9 319.6 
Ref3 371.0 357.6 380.0 384.5 
 

5 Discussion 

The results from SEM-EDS analyses on CM1 and Ref2 showed that the materials were 
austenitic stainless steels since their arithmetic averages of Cr-Ni ratio corresponded to the 
definition of an austenitic stainless steel. It showed further that Ref1 was not a standard 
stainless steel due to the high amount of Ni and Cr and was the only sample that differed 
significantly from the others. Ni is an austenite-stabilizing element and materials consisting of 
austenite phase are known to have lower hardness than materials consisting of martensite 
phase. The Vickers hardness tests confirmed that the sample with a high amount of Ni had a 
significantly lower hardness than the rest of the samples. A possible explanation for this 
decreased hardness is a lower degree of transformation from austenite to martensite. The 
hardness of materials going through a rolling process influences the result. It is thereby of 
higher relevance to investigate the differences between CM1, CM2, CM3, Ref2 and Ref3 
further because of their similarity both in composition and hardness to be able to find the 
reason for the flaking on the customer’s material as a consequence of the cold rolling process. 
 
After observing pictures of microstructures of all samples; CM1, CM2, CM3, Ref2 and Ref3 
are considered to have similar microstructures. Images of these samples show deformation 
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twins, annealing twins and shear bands. Deformation twins indicate that the atomic 
displacements originate from applied mechanical shear forces and annealing twins originate 
from annealing treatments. The only difference in the microstructures worth noting was the 
microstructure of Ref1, which showed distinct annealing twins. These twins are expected 
since they are often found in FCC-metals and as already mentioned this material consists of a 
high amount of Ni that stabilizes the FCC-structure. The appearance of deformation twins 
often occur in BCC and HCP metals at low temperatures and high rates of loading [15]. 
Pictures taken with the SEM-SRBE also show shear bands, which indicate that the materials 
have been deformed. Shear bands form when severe plastic deformation occurs, they grow 
through cutting deformed grains and make up the weakest parts of the material [32]. Figure 23 
of CM1 could show oxide inclusions, shear bands, martensite, severe deformed austenite and 
scratches not removed by the polishing. However, because of the similarity in the 
microstructures, no progress in finding possible reasons for the poor rolling-outcome is made. 
 
When it comes to investigate materials it is important, particularly for hardness tests and 
phase identifications, to know some limitations regarding manual sample preparation. If the 
sample is badly prepared it could result in misleading data and results, which disables the 
comparability of different samples. With manual grinding and polishing there is a risk of the 
applied load being inconsistent or carelessly proceeded and could lead to deformation being 
induced accidently. Mechanical preparation excludes the risk of induced deformation and if 
the analyses indicate deformation it can be confirmed, with increased reliability, that the 
deformation originates from a process other than the sample preparation. The mechanical 
preparation of the samples was therefore conducted before some of the laboratories. 
 
The idea that different phase compositions in the samples could affect the rolling outcome 
was investigated through a SEM-EBSD analysis. Results showed that CM1 and Ref2 were 
mainly composed of austenite but also martensite. If the assumption that the materials have 
been reduced to the same reduction level and at the same rate is valid, they should have the 
approximately same amount of the two phases, which the results indicated. Yet no 
conclusions could be drawn since no significant difference in phase fractions were discovered 
between the different samples. 
 
The element composition analyses on the surface of CM1 showed a high composition 
variation within both of the flaked areas respectively. The composition investigation within 
the first flaked area showed a high amount of oxygen in two out of four spectrums and a low 
amount of oxygen in the other two. This indicated that oxides were present in the flaked area. 
The same result was shown within the second flaked area where three out of five spectrums 
indicated oxides. The composition analysis outside the flaked areas on the CM1 sample also 
indicated oxides in two out of four spectrums. No oxygen was present on the surface of Ref2 
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even though a low amount of oxygen was expected since stainless steels are covered with a 
thin passive oxide layer. A reason for the oxygen absence could be that the oxide thickness 
was too thin, in nanometer order, to be detected with the measuring equipment that measures 
in micrometer order. All three spectrums on Ref2 revealed a typical stainless steel 
composition and the shade and composition were even through the sample’s surface. 
 
Images in Figure 17 and 18 were taken in the purpose of identifying the magnification of 
inclusions and compare those between the samples. The black dots shown in the pictures 
could either be inclusions, remnants from etching reagent or impurities on the samples’ 
surfaces. Defining this is impossible without further SEM-EDS analyses but it was considered 
redundant since the black dots did not vary significantly between the samples. Since SEM-
SRBE images were taken after mechanical grinding and polishing, there is a reduced risk for 
dirt and impurities to appear and if black dots are apparent they are more likely to show 
inclusions. Figure 23 of CM1 therefore probably shows oxide inclusions and the perfectly 
round shape indicates that they have been formed in a fluid state and thus not during the 
rolling process. The shape of rolled inclusions are expected to be elongated rather than 
perfectly round but since the reduction rate of the samples was not that high no elongated 
grains, oxides or a clear rolling direction could be observed in images of the microstructures. 
Probably the oxide inclusions originated from the steel production because of poor inclusion 
removal during the manufacturing. Any differences in the amount of inclusions could not be 
observed since these seemed to be present in Ref2 as well. 
 
When the surface of each sample was studied in LOM a discovery of an oxide layer on the 
surfaces of the specimens was made and turned out to be an important detect in this study. It 
was observed that CM1 in particular was concealed with a considerably thicker oxidation 
layer than the samples Ref1, Ref2 and Ref3. The thickness of the oxide layer is in the 
micrometer order and appears as dark in light optical microscope analyses [26]. Figure 11 of 
CM1 shows an oxide layer that is rough and approximately 6.5 µm thick while Figure 14 and 
16 show that Ref1 and Ref3 have 0.6 µm thick oxide layers. A typical chromium-enriched 
oxide has a thickness of 0.3-0.5 µm that grows on cold rolled materials during annealing [26].  
 
It is very likely that the thick surrounding oxide scale is the reason for the poor outcome on 
the customer’s material. This is because the main problem originated from stainless steel’s 
oxidation is the formation of cracks in oxide layers surrounding the steel, the spalling of the 
surrounding oxide scale, oxide flake formation, exposure of the “bare” metal surface and 
locally accelerated oxidation. The chromium oxide layer that surrounds the steel’s surface in 
protective purpose is reconstructed when damaged but if the mentioned problems occur 
repeatedly the chromium content in the surface of the alloy will decrease. Eventually the 
consequence will be rigorous spalling (meaning that parts of the scale fall off) because of the 
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rapid growth of iron and nickel oxides, which seems to agree with the outcome detected after 
the rolling process of the customer’s material. This decrease of chromium will also result in 
reduced high temperature resistance. A reduced high temperature resistance is not directly 
connected to the risk of flaking during cold rolling but the behavior is yet of significance for 
the applications of the customer’s material. This is because the tubes require a certain high 
temperature resistance in their fields of applications. Therefore, several aspects denote that 
this damage of the chromium oxide scale is not wanted [30]. 
 
The spalling phenomenon becomes problematic for stainless steels with a thick and brittle 
oxide scale especially during cold deformation because of the risk of crack formation in the 
scale which provides ways for diffusion of iron ions. The passive Cr2O3-layer, next to the 
steel’s surface, enriches with iron when diffusion takes place. Further, iron and oxygen start to 
react and form layers on the surface of the scale and the diffusion of chromium cations 
outward makes the chromium oxide to grow. The cationic defects, on the other hand, move 
inward and gather at the interphase between oxide scale and metal. It is in this interphase that 
pores and holes start to form and reduce the adherence of the scale and can therefore lead to 
flaking. In addition, the SEM-EDS analysis showed that the surface of CM1 was 
impoverished in chromium compared to the original chromium content in the steel. Rolled-in 
oxidized hot cracks during hot rolling enable this kind of chromium impoverishment. Further 
the analyses showed impoverishment with chromium in the areas where the flakes had fallen 
off, a lowered amount of chromium disables the formation of the protective compact layer 
necessary for stainless steels. During oxidation, when the base metal impoverishes with 
chromium it is important that the chromium concentration from the beginning is higher than 
what is necessary. The formation of the passive Cr2O3 will not occur if too much chromium 
diffuses from the base metal during oxidation [30]. On the surface of CM1 the amount of Fe 
increased and Ni varied to a great extent depending on the analyzed spectrum. The varying Ni 
content is somewhat surprising since nickel is expected to concentrate below the scale due to 
the bad soluble in oxides [30].  
 
Ref1 is a material known to be rolled in Granlund Tools AB’s machine faultlessly and it is 
trustworthy that the high amount of Ni plays an important role in this matter. Although 
nickel’s affinity to oxygen is low it may affect the chemical composition, adhesion and 
mechanical properties of the scale. In addition to that, Ni is beneficial for the oxidation 
resistance. A low amount of Ni in the chromium oxide reduces the diffusion of cations and the 
oxidation resistance of the stainless steel. Nickel delays the transformation of the chromium 
scale into iron oxide. The presence of Ni also reduces tensions between metal and oxide 
during cooling as well as the difference in the thermal expansion coefficients of oxide and 
steel [30]. 
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Source of errors that can be mentioned are the use of different etching reagents, etching 
durations and etching temperatures. These differences make the different microstructures not 
completely comparable in the LOM analyses. MgO influences the results in SEM since it is a 
ceramic material and not conductive, if the copper tape was not used the ceramic would be 
conductive. Further the SEM-EDS is unable to measure all the elements completely correct 
since the analyzed areas are small and it requires a lot more tests to achieve more reliable 
results.  
 

6 Conclusions and Further recommendations 

It has, throughout the laboratory work, been established that two differences between the 
customer’s material and reference materials were observed. Firstly, discovered from LOM, a 
substantially thicker oxide scale covered the surface of the customer’s material compared to 
the reference materials. Secondly, there were indications of oxides existence on the surface of 
the customer’s material, discovered through SEM-EDS analysis. Based on this framework the 
magnitude of the oxide scale is the reason for the flaking phenomenon after the cold rolling 
process in Granlund’s machine. The conclusion followed by the discovery was that the steel is 
not appropriate for the cold rolling process probably because of the earlier treatments in the 
steel manufacturing. Austenitic stainless steels should not form thick oxide scales during cold 
rolling, which indicates that the scale has been formed during an earlier process step. This is 
based on the understanding that the growth of this type of oxide scale takes place in steel 
processing carried out at elevated temperatures and therefore only possible in an earlier 
process step before the cold rolling of the tubular heating elements. 
 
In order to eliminate the risk that external factors could have affected this process a further 
recommendation is to examine the rolls and the roll reducing mill as a whole. It would also be 
beneficial to do similar laboratory work as carried out in this work, on materials before and 
after the cold rolling process. This could strengthen the theory that an earlier process step 
before the cold rolling process could be the reason for the poor outcome. For further studies it 
would be beneficial to identify the exact composition of the oxide scale in order to determine 
which kind of oxide that is representing on the surface of the steel. Thereby it might be 
possible to determine in which heating process the oxide scale has formed and grown. If the 
complete steel manufacturing process was known then it would be easier to detect what 
process that would need to be improved in order to reduce the flaking phenomenon. It would 
further be beneficial to find a connection between the critical reduction degree and a critical 
oxide thickness in the purpose of minimizing unwanted outcomes in the cold rolling machine. 
At last, it would be interesting to investigate a possible inclusion variation in the customer’s 
material compared to the reference materials.  
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8 Appendices 

Appendix A: 
 
The following data shows compositions of elements measured with SEM-EDS on the cross 
section of CM1, Ref1 and Ref2. The data also shows compositions of elements measured on 
the surface of the tubes (CM1 and Ref2). 
 
The cross section of the tubes 
 
CM1: 
Spectrum:  1 
 
Element    Series  unn. C norm. C Atom. C Error (3 Sigma) 
[wt.%]  [wt.%]  [at.%]          [wt.%] 
--------------------------------------------------------- 
Silicon   K-series   0.28    0.29    0.57            0.12 
Chromium  K-series  17.08   17.52   18.60            1.46 
Iron      K-series  71.17   73.03   72.15            5.74 
Nickel    K-series   7.93    8.14    7.65            0.73 
Manganese K-series   1.00    1.02    1.03            0.17 
--------------------------------------------------------- 
Total:  97.46  100.00  100.00 
 
 
Spectrum:  2 
 
Element    Series  unn. C norm. C Atom. C Error (3 Sigma) 
[wt.%]  [wt.%]  [at.%]          [wt.%] 
--------------------------------------------------------- 
Silicon   K-series   0.27    0.28    0.54            0.12 
Chromium  K-series  16.95   17.36   18.42            1.45 
Iron      K-series  71.45   73.18   72.33            5.76 
Nickel    K-series   7.99    8.18    7.69            0.74 
Manganese K-series   0.98    1.01    1.01            0.17 
--------------------------------------------------------- 
Total:  97.64  100.00  100.00 
 
 
Spectrum:  3 
 
Element    Series  unn. C norm. C Atom. C Error (3 Sigma) 
[wt.%]  [wt.%]  [at.%]          [wt.%] 
--------------------------------------------------------- 
Silicon   K-series   0.30    0.32    0.63            0.12 
Chromium  K-series  16.47   17.42   18.48            1.41 
Iron      K-series  69.21   73.19   72.30            5.58 
Nickel    K-series   7.64    8.08    7.59            0.71 
Manganese K-series   0.94    1.00    1.00            0.16 
--------------------------------------------------------- 
Total:  94.56  100.00  100.00 



 
 

 

 
 
 
 
 

 
 
Spectrum:  1 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Silicon   K-series    0.30    0.59 
Chromium  K-series   17.85   18.93 
Manganese K-series    1.02    1.03 
Iron      K-series   72.87   71.97 
Nickel    K-series    7.96    7.48 
---------------------------------- 
            Total:  100.00  100.00 

 
 
Spectrum:  2 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Silicon   K-series    0.29    0.57 
Chromium  K-series   17.90   18.98 
Manganese K-series    1.02    1.02 
Iron      K-series   72.95   72.05 
Nickel    K-series    7.84    7.37 
---------------------------------- 
            Total:  100.00  100.00 
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Spectrum:  3 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Silicon   K-series    0.23    0.45 
Chromium  K-series   17.76   18.85 
Iron      K-series   73.08   72.23 
Nickel    K-series    7.91    7.44 
Manganese K-series    1.02    1.02 
---------------------------------- 
            Total:  100.00  100.00 
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Ref1: 
 
Spectrum:  1 
 
Element     Series  unn. C norm. C Atom. C Error (3 Sigma) 
                    [wt.%]  [wt.%]  [at.%]          [wt.%] 
---------------------------------------------------------- 
Silicon    K-series   0.21    0.22    0.44            0.11 
Titanium   K-series   0.92    0.98    1.15            0.16 
Chromium   K-series  21.44   22.72   24.64            1.81 
Iron       K-series  30.96   32.81   33.12            2.55 
Nickel     K-series  37.66   39.91   38.34            3.10 
Molybdenum L-series   2.46    2.61    1.53            0.35 
Manganese  K-series   0.72    0.76    0.78            0.14 
---------------------------------------------------------- 
             Total:  94.38  100.00  100.00 
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Spectrum:  2 
 
Element     Series  unn. C norm. C Atom. C Error (3 Sigma) 
                    [wt.%]  [wt.%]  [at.%]          [wt.%] 
---------------------------------------------------------- 
Silicon    K-series   0.26    0.29    0.59            0.12 
Titanium   K-series   0.92    1.03    1.21            0.16 
Chromium   K-series  20.77   23.36   25.30            1.75 
Iron       K-series  29.13   32.76   33.04            2.40 
Nickel     K-series  34.69   39.02   37.44            2.86 
Molybdenum L-series   2.46    2.77    1.63            0.35 
Manganese  K-series   0.68    0.77    0.79            0.14 
---------------------------------------------------------- 
             Total:  88.92  100.00  100.00 
 
 
 
Spectrum:  3 
 
Element     Series  unn. C norm. C Atom. C Error (3 Sigma) 
                    [wt.%]  [wt.%]  [at.%]          [wt.%] 
---------------------------------------------------------- 
Silicon    K-series   0.21    0.23    0.46            0.11 
Titanium   K-series   0.93    1.01    1.19            0.16 
Chromium   K-series  21.06   23.00   24.93            1.78 
Iron       K-series  30.04   32.80   33.11            2.47 
Nickel     K-series  36.18   39.51   37.95            2.98 
Molybdenum L-series   2.45    2.67    1.57            0.35 
Manganese  K-series   0.71    0.77    0.79            0.14 
---------------------------------------------------------- 
             Total:  91.56  100.00  100.00 
 
 
Spectrum:  1 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Silicon    K-series    0.17    0.34 
Titanium   K-series    0.84    0.99 
Chromium   K-series   22.74   24.68 
Manganese  K-series    0.67    0.69 
Iron       K-series   32.93   33.27 
Nickel     K-series   40.07   38.51 
Molybdenum L-series    2.57    1.51 
----------------------------------- 
             Total:  100.00  100.00 
 



 
 

 

 
 
 
 
 

 
 
Spectrum:  2 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Silicon    K-series    0.17    0.34 
Titanium   K-series    0.79    0.93 
Chromium   K-series   22.28   24.18 
Manganese  K-series    0.69    0.71 
Iron       K-series   32.76   33.11 
Nickel     K-series   40.87   39.30 
Molybdenum L-series    2.45    1.44 
----------------------------------- 
             Total:  100.00  100.00 
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Spectrum:  3 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Silicon    K-series    0.22    0.43 
Titanium   K-series    1.01    1.18 
Chromium   K-series   23.14   25.09 
Manganese  K-series    0.71    0.72 
Iron       K-series   32.94   33.26 
Nickel     K-series   39.25   37.70 
Molybdenum L-series    2.74    1.61 
----------------------------------- 
             Total:  100.00  100.00 
 
 

1 2 3 4 5 6 7 8
keV

0

5

10

15

20

25

	cps/eV

		C	 		Si	 		Ti	
		Ti	

		Cr			Cr	 		Mn	
		Mn	

		Fe	

		Fe	

		Ni			Ni	 		Mo			Mo	

		Mo	



 
 

 

 
 
 
 
 

 
 
 
 
 

Ref2 
 
Spectrum:  1 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Silicon    K-series    0.17    0.33 
Chromium   K-series   17.95   19.08 
Iron       K-series   72.75   71.99 
Nickel     K-series    7.74    7.29 
Molybdenum L-series    0.20    0.12 
Manganese  K-series    1.18    1.19 
----------------------------------- 
             Total:  100.00  100.00 
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Spectrum:  2 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Silicon    K-series    0.32    0.63 
Chromium   K-series   17.77   18.88 
Iron       K-series   72.50   71.71 
Nickel     K-series    7.75    7.30 
Manganese  K-series    1.24    1.24 
Molybdenum L-series    0.42    0.24 
----------------------------------- 
             Total:  100.00  100.00 
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Spectrum:  3 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Silicon    K-series    0.18    0.36 
Chromium   K-series   17.95   19.08 
Manganese  K-series    1.32    1.33 
Iron       K-series   72.58   71.81 
Nickel     K-series    7.77    7.31 
Molybdenum L-series    0.19    0.11 
----------------------------------- 
             Total:  100.00  100.00 
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The surface of the tubes 
 
CM1, flake area 1: 
 
Spectrum:  1 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Oxygen     K-series    1.49    4.93 
Magnesium  K-series    0.41    0.88 
Silicon    K-series    0.34    0.64 
Sulfur     K-series    0.02    0.04 
Chromium   K-series   16.40   16.71 
Manganese  K-series    0.92    0.89 
Iron       K-series   72.57   68.85 
Nickel     K-series    7.76    7.01 
Molybdenum L-series    0.10    0.05 
----------------------------------- 
             Total:  100.00  100.00 
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Spectrum:  2 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Oxygen    K-series   12.32   32.58 
Magnesium K-series    0.46    0.80 
Aluminium K-series    0.10    0.16 
Silicon   K-series    0.12    0.18 
Sulfur    K-series    0.05    0.07 
Calcium   K-series    0.14    0.14 
Chromium  K-series    8.62    7.01 
Iron      K-series   73.60   55.73 
Nickel    K-series    4.12    2.97 
Manganese K-series    0.47    0.36 
---------------------------------- 
            Total:  100.00  100.00 

 
Spectrum 3 was unable to measure.   
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Spectrum:  4 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Oxygen    K-series    1.22    4.10 
Magnesium K-series    0.37    0.81 
Silicon   K-series    0.09    0.16 
Calcium   K-series    0.17    0.22 
Chromium  K-series    2.14    2.21 
Iron      K-series   95.45   91.95 
Manganese K-series    0.27    0.26 
Nickel    K-series    0.31    0.28 
---------------------------------- 
            Total:  100.00  100.00 
 
Spectrum:  5 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Oxygen    K-series   14.49   36.56 
Magnesium K-series    1.22    2.02 
Silicon   K-series    0.23    0.33 
Sulfur    K-series    0.10    0.12 
Calcium   K-series    0.19    0.19 
Chromium  K-series    6.39    4.96 
Iron      K-series   74.15   53.58 
Nickel    K-series    2.78    1.91 
Manganese K-series    0.45    0.33 
---------------------------------- 
            Total:  100.00  100.00 
 
 
 
 
CM1, flake area 2: 
 
Spectrum:  1 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Oxygen    K-series    0.71    2.41 
Magnesium K-series    0.09    0.21 
Silicon   K-series    0.26    0.51 
Sulfur    K-series    0.07    0.11 
Calcium   K-series    0.09    0.13 
Chromium  K-series   14.60   15.23 
Iron      K-series   75.94   73.75 
Nickel    K-series    7.48    6.91 
Manganese K-series    0.76    0.76 
---------------------------------- 
            Total:  100.00  100.00 



 
 

 

 
 
 
 
 

 
Spectrum:  2 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Oxygen    K-series    9.84   27.18 
Magnesium K-series    0.93    1.69 
Silicon   K-series    0.24    0.37 
Sulfur    K-series    0.13    0.18 
Chlorine  K-series    0.05    0.06 
Calcium   K-series    0.28    0.31 
Chromium  K-series    3.09    2.63 
Iron      K-series   84.30   66.70 
Manganese K-series    0.26    0.21 
Nickel    K-series    0.88    0.66 
---------------------------------- 
            Total:  100.00  100.00 
 
Spectrum:  3 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Magnesium K-series    0.11    0.26 
Silicon   K-series    0.06    0.11 
Calcium   K-series    0.06    0.09 
Chromium  K-series    1.63    1.75 
Manganese K-series    0.24    0.25 
Iron      K-series   97.76   97.43 
Nickel    K-series    0.13    0.12 
---------------------------------- 
            Total:  100.00  100.00 
 
Spectrum:  4 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Oxygen    K-series   12.18   31.73 
Magnesium K-series    2.26    3.88 
Silicon   K-series    0.19    0.28 
Sulfur    K-series    0.04    0.05 
Chlorine  K-series    0.02    0.03 
Potassium K-series    0.08    0.08 
Calcium   K-series    0.30    0.31 
Chromium  K-series    7.01    5.62 
Iron      K-series   73.78   55.06 
Nickel    K-series    3.57    2.53 
Manganese K-series    0.57    0.43 
---------------------------------- 
            Total:  100.00  100.00 
 
 
 



 
 

 

 
 
 
 
 

Spectrum:  5 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Oxygen    K-series   14.57   36.32 
Magnesium K-series    2.35    3.85 
Silicon   K-series    0.31    0.44 
Sulfur    K-series    0.13    0.16 
Chlorine  K-series    0.07    0.08 
Calcium   K-series    0.28    0.28 
Chromium  K-series    2.82    2.16 
Iron      K-series   78.43   55.99 
Manganese K-series    0.31    0.22 
Nickel    K-series    0.73    0.49 
---------------------------------- 
            Total:  100.00  100.00 

 
 
 
CM1, area without flakes 1: 
 
Spectrum:  6 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Silicon   K-series    0.26    0.51 
Chromium  K-series   16.99   18.04 
Manganese K-series    0.88    0.88 
Iron      K-series   73.72   72.89 
Nickel    K-series    8.16    7.67 
---------------------------------- 
            Total:  100.00  100.00 
 
 
Spectrum:  7 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Oxygen    K-series   10.88   29.45 
Magnesium K-series    0.67    1.19 
Silicon   K-series    0.29    0.45 
Sulfur    K-series    0.11    0.15 
Chlorine  K-series    0.06    0.08 
Calcium   K-series    0.15    0.16 
Chromium  K-series   10.55    8.78 
Iron      K-series   72.01   55.82 
Nickel    K-series    4.72    3.48 
Manganese K-series    0.55    0.43 
---------------------------------- 
            Total:  100.00  100.00 
 



 
 

 

 
 
 
 
 

Spectrum:  8 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Silicon   K-series    0.30    0.59 
Sulfur    K-series    0.08    0.13 
Chromium  K-series   17.31   18.36 
Manganese K-series    0.99    1.00 
Iron      K-series   73.02   72.12 
Nickel    K-series    8.31    7.81 
---------------------------------- 
            Total:  100.00  100.00 
 
Spectrum:  9 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Oxygen    K-series    6.98   20.01 
Magnesium K-series    2.59    4.88 
Silicon   K-series    0.19    0.31 
Sulfur    K-series    0.04    0.06 
Chromium  K-series   15.49   13.66 
Iron      K-series   66.78   54.84 
Nickel    K-series    7.15    5.58 
Manganese K-series    0.79    0.66 
---------------------------------- 
            Total:  100.00  100.00 
 
 
 
 
 
 
 
 
Ref2 
 
Spectrum:  1 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Silicon    K-series    0.29    0.57 
Chromium   K-series   18.10   19.22 
Manganese  K-series    1.02    1.02 
Iron       K-series   72.23   71.41 
Nickel     K-series    8.11    7.63 
Molybdenum L-series    0.25    0.15 
----------------------------------- 
             Total:  100.00  100.00 

 



 
 

 

 
 
 
 
 

Spectrum:  2 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Silicon    K-series    0.27    0.53 
Chromium   K-series   17.94   19.06 
Manganese  K-series    1.04    1.05 
Iron       K-series   72.44   71.67 
Nickel     K-series    7.93    7.47 
Molybdenum L-series    0.39    0.22 
----------------------------------- 
             Total:  100.00  100.00 
 
Spectrum:  3 
 
Element     Series  norm. C Atom. C 
                     [wt.%]  [at.%] 
----------------------------------- 
Silicon    K-series    0.31    0.61 
Chromium   K-series   17.99   19.10 
Manganese  K-series    0.97    0.97 
Iron       K-series   72.43   71.61 
Nickel     K-series    7.99    7.52 
Molybdenum L-series    0.31    0.18 
----------------------------------- 
             Total:  100.00  100.00 
 
 
  



 
 

 

 
 
 
 
 

Appendix B: 
 
Presented results of hardness tests of each sample after manual and mechanical grinding and 
polishing with the applied loads 200g and 500g. 
 
 

Sample hardness on manual preparation measured after 200g load applied 
 
Sample Indent 1 

[HV] 
Indent 2 
[HV] 

Indent 3 
[HV] 

Indent 4 
[HV] 

Arithmetic 
average 
[HV] 

CM1 384.0 379.9 381.9 372.9 379.7 
CM2 362.3 385.0 372.9 367.1 371.8 
CM3 349.4 378.9 372.9 335.6 359.2 
Ref1 229.5 240.3 232.8 238.3 235.2 
Ref2 354.0 340.7 330.6 368.0 348.3 
Ref3 372.9 363.2 358.6 389.2 371.0 
 
 

Sample hardness on manual preparation measured after 500g load applied 
 
Sample Indent 1 

[HV] 
Indent 2 
[HV] 

Indent 3 
[HV] 

Indent 4 
[HV] 

Arithmetic 
average 
[HV] 

CM1 344.7 363.1 347.4 337.0 348.1 
CM2 378.5 369.8 363.1 366.7 369.6 
CM3 350.8 357.7 354.3 353.1 353.0 
Ref1 232.1 236.5 227.0 225.3 230.2 
Ref2 303.4 340.3 333.3 343.6 330.2 
Ref3 352.5 376.0 345.8 356.0 357.6 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 
 
 
 
 

Sample hardness on mechanical preparation measured after 200g load applied 
 
Sample Indent 1 

[HV] 
Indent 2 
[HV] 

Indent 3 
[HV] 

Indent 4 
[HV] 

Arithmetic 
average 
[HV] 

CM1 360.4 345.0 403.2 397.7 376.6 
CM2 348.5 375.9 363.2 360.4 362.0 
CM3 372.9 378.9 395.6 391.3 384.7 
Ref1 231.4 238.3 243.9 259.2 243.2 
Ref2 339.0 345.0 356.7 346.8 346.9 
Ref3 403.2 389.2 357.6 370.0 380.0 
 
 

Sample hardness on mechanical preparation measured after 500g load applied 
 
Sample Indent 1 

[HV] 
Indent 2 
[HV] 

Indent 3 
[HV] 

Indent 4 
[HV] 

Arithmetic 
average 
[HV] 

CM1 390.9 386.3 366.1 378.5 380.5 
CM2 345.8 330.7 340.3 319.0 334.0 
CM3 348.0 337.6 346.9 373.5 351.5 
Ref1 245.6 241.9 243.6 235.5 241.7 
Ref2 332.3 303.4 321.5 321.0 319.6 
Ref3 391.6 376.0 374.7 395.7 384.5 
 
 


