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Abstract 

This thesis work is about finding out which coating should be used for which hardened tool steel and 

this was done by testing different coated cutting tools in different kinds of tool steels. The thesis work 

is performed at Uddeholms AB together with Uddeholms AB in the department of R&D at machinability 

cooperating with eifeler-Vacotec GmbH. The thesis work is going on from the end of January to the 

start of June and is a part of the education as mechanical engineer at Karlstad University and includes a 

total of 22,5 hp. The objective after finished thesis work is to be able to leave a recommendation to 

Uddeholms AB which coating is most suitable for each tool steel. To be able to leave that 

recommendation cutting tests are performed in four different hardened steel grades from Uddeholms 

AB combined with seven different coatings from eifeler-Vacotec GmbH. Steel grades tested are 

NIMAX®, DIEVAR®, VANADIS® 10 and ORVAR® SUPREME and coatings tested are CROSAL®, EXXTRAL® 

and SISTRAL® in different compounds. ORVAR® SUPREME gave such a long cutting tool-life that it was 

left for further investigation due to time limits that the thesis work had. In the other three tool steels it 

was possible to get a recommendation out of the four coatings tested in each tool steel. The coating 

that is recommended for each tool steel is only based on the cutting tool lasting the longest in each 

tool steel. That is not how a recommendation usually is formed, however for this thesis work there is 

no time for checking all the aspects that is vital for a proper recommendation. In order to get a proper 

recommendation, further more aspects that are checked are for example: 

 Different cutting parameters (cutting speed, feed, etc.)  

 Different geometries on the cutting tool 

 Smoothness of the cutting tool and the coating 

In table 1 there is a compilation of which coating that was recommended for which tool steel.  

Table 1. This is a compilation of which coating that was recommended for which tool steel. 

NIMAX® CROSAL® V1 

DIEVAR® SISTRAL® Ultrafine 

VANADIS® 10 SISTRAL® S 
 

  



 

Sammanfattning 

Detta examensarbete handlar om att ta reda på vilken ytbeläggning som lämpar sig bäst i respektive 

härdat verktygsstål och det gjordes genom att testa olika ytbelagda fräsverktyg i olika verktygsstål. 

Examensarbetet är utfört hos Uddeholms AB tillsammans med Uddeholms AB vid avdelningen 

forskning och utveckling i ett samarbete med eifeler-Vacotec GmbH. Arbetet kommer att hålla på från 

slutet av januari till början av juni och är en del av utbildningen till maskiningenjör vid Karlstads 

universitet och kursen är på 22,5 hp. Målet efter avslutat examensarbete är att kunna lämna en 

rekommendation till Uddeholms AB om vilken ytbeläggning som lämpar sig bäst i respektive härdat 

verktygsstål. För att kunna lämna den rekommendationen så har skärtester utförts i fyra olika härdade 

verktygsstål från Uddeholms AB kombinerat med sju olika ytbeläggningar från eifeler-Vacotec GmbH.  

De verktygsstål som prövats är NIMAX®, DIEVAR®, VANADIS® 10 och ORVAR® SUPREME och de 

ytbeläggningar som har testats är CROSAL®, EXXTRAL® och SISTRAL® i olika utföranden. ORVAR® 

SUPREME gav en sådan hög verktygslivslängd att den lämnades för framtida arbeten p.g.a. de 

tidsbegränsningar som finns i ett examensarbete. I de andra tre verktygsstålen var det dock möjligt 

med en rekommendation om vilken av de fyra testade ytbeläggningarna som lämpade sig bäst i 

respektive verktygsstål. Ytbeläggningen som är rekommenderad för respektive verktygsstål är enbart 

baserat på det skärverktyg som varade längst i respektive verktygsstål. Normalt skapas inte en 

rekommendation på det viset. I detta examensarbete finns det en tidsgräns som begränsar och gör det 

inte möjligt att gå igenom alla aspekter för en ordentlig rekommendation. För att skapa en ordentlig 

rekommendation är det t.ex. även dessa aspekter som måste undersökas:  

 Olika skärparametrar (Skärhastighet, matning, etc.)  

 Olika geometrier på skärverktyget 

 Ytjämnheten på skärverktyget och ytbeläggningen 

I tabell 2 finns det en sammanställning över vilken ytbeläggning som rekommenderades för respektive 

verktygsstål.  

Tabell 2. Detta är en sammanställning av vilken ytbeläggning som rekommenderades för respektive material. 

NIMAX® CROSAL® V1 

DIEVAR® SISTRAL® Ultrafine 

VANADIS® 10 SISTRAL® S 
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1. Introduction  
 
This thesis work is about finding out which coating should be used for which hardened tool steel. The 
thesis work is performed at Uddeholms AB together with Uddeholms AB in the department of R&D at 
machinability cooperating with eifeler-Vacotec GmbH. The thesis work is going on from the end of 
January to the start of June and is a part of the education of mechanical engineer at Karlstad University 
at a total of 22,5 hp. 
 
Uddeholms AB in Hagfors (Sweden) is a global supplier and manufacturer of tool steel with sales 
companies all over the world. At Uddeholms AB there are a total of 850 employees. In Asia Uddeholms 
AB is represented by ASSAB Pacific Pte. Ltd. which is Uddeholms AB’s fully owned affiliated company 
and their exclusive sales channel.  [1] 
 
The arc-based PVD coatings used within this thesis have been provided by the eifeler-Vacotec GmbH, a 
subsidiary of the eifeler group (headquarter in Dusseldorf, Germany). The eifeler group is one of the 
leading manufacturers of PVD and CVD coatings and offers a full range service covering in-situ duplex 
treatment of tools, polishing, laser hardening and cladding as well as the manufacturing of PVD coating 
systems [2]. As part of this thesis seven different arc-based PVD coatings out of the eifeler-Vacotec 
GmbH portefolio has been tested with respect to their performance during milling of different steel 
grades (ORVAR® SUPREME, VANADIS® 10, DIEVAR® and NIMAX® ) offered by  Uddeholms AB.  
 
Both companies are part of the special steel Division of the voestalpine GmbH with approximately 
46,000 employees world-wide. [1, 2] 
 

1.1 Background 

 
Uddeholms AB offers big variety of steels which differ in machinability with a cutting tool. Nowadays, 
more and more customers want to machine their tool steel in hardened condition and that places 
higher demands on the cutting tools. To improve a cemented carbide tools life-length it is coated with 
different kinds of hard layers. It has been proven that the layers work differently depending on which 
steel the cutting tool is working in. Uddeholms AB now wants to know which coating that is 
recommended to be used for which tool steel. This is also of interest for eifeler-Vacotec GmbH who 
wants to test their coatings and make an improvement on one of them to see what factors in the 
coating that defines the life length.  
 

1.2 Purpose  
 
The aim of this work is to determine which hard coating works best with different types of tool steels 
and thus provide a recommendation for Uddeholms AB. The purpose with this thesis is to try and see 
which one of the coatings that applies best to a certain tool steel. 
 

1.3 Delimitations 
 
This study is limited to four out of all Uddeholms steel grades and the stainless materials are being 
excluded due to time limits. From eifeler’s coatings there are seven different coatings in this thesis 
work, but only two coatings are going to be used for all four tool steels.  Then there is one coating 
only being used for one tool steel, another coating for two tool steels and so on. The tool steels will 
be machined in hardened condition. 
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2. Literature studies 
 
2.1 Tool Steel 
 
Uddeholms AB is providing the world with various steel grades which are used for a wide variety of 
tooling applications such as die casting, moulding and forging. Furthermore, they are also used in 
structural parts for example drive shaft in racing cars. That is because of the advantages they offer in 
terms of durability, strength, corrosion resistance and high temperature stability compared with 
conventional construction or engineering steel. [3, 4] 
At Uddeholms AB steel grades are made by melting down scrap metal in an electric furnace and, if 
necessary, treated for phosphorus and carbon. The melted steel has a temperature at around 1670°C 
and is tapped of to the ladle furnace for deslagging. To remove the oxygen in the tool steel an 
aluminum wire is planted in the melt and specified alloys for the specified steel grade are added. In 
addition, a new top slag is formed at the same time with the other materials they add like alumet, lime 
and dolomet. To secure homogeneity in the ladle it is stirred via induction. When the alloys are all 
dissolved and the right analysis of tool steel is obtained the ladle is brought to a degassing operation, 
placed in a vacuum chamber and stirred by argon gas to withdraw nitrogen and hydrogen from the 
melt. One last time the ladle is stirred by induction to encourage the growth and separation of 
inclusions from the tool steel into the slag. The formally last step is to transfer the ladle to the casting 
station for up-hill casting to make it into ingots [3]. After the up-hill casting the ingots can go directly to 
the forging press or the rolling mill, to machining and finally to the stock, see figure 1 (a). Some steel 
grades where there is a need of high cleanliness goes to the Electro Slag Refining (ESR)-plant where the 
steel grades are remelted in an electro slag remelting process. Macro segrations and impurities are 
removed by creating a new ingot with higher homogeneity via controlled solidification. The process is 
conducted in an overheated slag bath and is started by immersing a melted consumable electrode in 
the bath. To get an even higher steel cleanliness this is conducted in a protected atmosphere. After the 
ESR-plant the process continues like the process for conventional steel grades, see figure 1 (a) [22]  
 

 
  

               (a)               (b)  
Figure 1. (a) Conventional process with the ESR-plant (b) Powder Metallurgy process 
Photo: Uddeholms AB 
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High alloy steels are produced via the Powder Metallurgy (PM)–process, see figure 1 (b). The powder 

metallurgy process starts by melting steel of the proper chemical composition. The steel is then 

exposed to nitrogen gas while being poured in to ingots. Before the melt stream reaches the bottom of 

the ingots the nitrogen gas will solidify the steel melt into small droplets or grains the range of 50-100 

µm. The droplets (or grains) are poured directly into the ingots because of the chances of otherwise 

getting contaminations. Next, the ingots are filled with powder with help of a hot isostatic press (HIP) 

at high temperature and pressure pressed to 100% density. The ingots are now treated as in the 

conventional process, see figure 1 (a). This process results in very homogenous structured steel with 

small carbides randomly placed in the structure, was said harmless as sites of crack initiation. Despite 

this accuracy of process Uddeholms AB has detected the large slag inclusions to take place in the 

structure and cause crack initiation. Uddeholms AB has now developed further stages in the powder 

metallurgy to make certain of the cleanliness in the steel and their powder metallurgy-tool steels are 

seen as the cleanest on the market. [8, 22] 

All steel grades investigated within the thesis (ORVAR® SUPREME, VANADIS® 10, DIEVAR® and NIMAX®) 

are manufactured and provided by Uddeholms AB. VANADIS® 10 is made via the PM-process, NIMAX® 

is made thru the conventional process and DIEVAR® and ORVAR® SUPREME are also produced with the 

conventional process but went by the ESR-process as well. Following next are some more general 

information about the four tool steels: 

NIMAX® 

This tool steel is usually used for plastic moulds applications and has the following properties: 

 Excellent machinability 

 Very good welding properties 

 Good polishing and texturing properties 

 Good resistance against indentations 

 High impact and fracture toughness 

 Consistent properties through large sections [5] 
 
ORVAR® SUPREME  
It’s called “SUPREME” because if a certain technique is used and by close control the tool steel will 
achieve high purity and a very fine structure. It is mostly used for hot working tools, but also for plastic 
moulds and different high loaded components. Further the ORVAR® SUPREME has the properties: 
 

 High level of resistance to thermal shock and thermal fatigue 

 Good high-temperature strength 

 Excellent toughness and ductility in all directions 

 Good machinability and polish ability 

 Excellent through-hardening properties 

 Good dimensional stability during hardening [6] 
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DIEVAR® 

DIEVAR® is a hot work tool steel mostly used in die casting and forging tools, it will a handle the high 
demands that the industries require. The properties of DIEVAR® are: 
 

 Excellent toughness and ductility in all directions 

 Good temper resistance 

 Good high-temperature strength 

 Excellent hardenability 

 Good dimensional stability throughout heat treatment and coating operations [7] 

VANADIS® 10 
The VANADIS® 10 tool steel is commonly used in cold work applications, such as punching and blanking 
of plate and powder compacting. VANADIS® 10 has these properties: 
 

 Extremely high abrasive wear resistance 

 High compressive strength 

 Very good through-hardening properties 

 Good toughness 

 Very good stability in hardening 

 Good resistance to tempering back [8] 
  

Normally the tool steel is delivered in soft annealed condition and almost all of them in this case are 
that to except the NIMAX® steel which is pre-hardened. So the four other tool steels need to be 
hardened for this thesis work to satisfy the predefined requirements. [4] 
 
2.2 Machinability in steel 

Besides the mechanical and chemical properties, the machinability is one of the most important 
parameters when choosing a specific steel grade for a given application. Jan-Eric Ståhl (2012) defines 
machinability as “Machinability expresses how readily a particular workpiece material can be 
machined by a cutting tool in a manner such that certain predetermined levels of form, size, and 
degree of roughness of the surface can be achieved.” (p.391)  
 
The machinability also depends on the type of operation, batch sizes, tolerances and so on. The most 
important material properties, defining the machinability, are divided in to different categories [12]:  
 
Inclusions and impurity 
This category is sometimes a coincidence and is likely an oxide, manganese sulfide or sand in the 
surface of casting, other times it’s made by purpose to achieve higher machinability. Inclusions are 
divided in to macro and micro. Macro inclusions are bigger than 150µm in size range and they are 
mostly hard and abrasive. Macro inclusions are something that is very undesirable in steel, because if 
steel has a macro inclusion it is ranked as low quality steel. The macro inclusion can also be the cause 
sudden tool failure.  The second types of inclusions (micro) are always found in the steel but don’t 
always mean that it’s bad. The conditions of micro inclusions are divided in to undesirable, less 
undesirable and desirable. Undesirable inclusions that are hard and abrasive are aluminates and 
spinells (Al2O3 and Ca). Less undesirable are an inclusion that gives a higher deformability and that 
follows the chip flow for example manganese- and iron oxides. Finally there are also inclusions that are 
desirable, an example is at high speed and high temperature machining steel with silicate as an 
inclusion. The silicate then gets softer and creates a layer in the cutting zone which is retarding the tool 
wear. [9, 12] 
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Thermal conductivity 
Thermal conductivity is a big influence on the steels machinability, steel with good thermal 
conductivity has possibilities to lead out the energy that has been transformed in to heat via the work 
piece or the chips. If the thermal conductivity is bad the heat is transferred in to the cutting tool. Due 
to that it is of big significance that there is a balance between work piece and the cutting tool. This 
could easily be adjusted by the amount and by which kinds of alloys is put in. [12]  
But it’s not just to put in any alloy, studying figure 2 it is shown that some alloys with good thermal 
conductivity has a bad machinability. [9] 
 

 
 

 
Microstructure 
Grain size effects the mechanical properties and due to that even big effect on a materials 
machinability. Untreated grains gives a nice surface on the material but is harder to machine, while fine 
grain treated material is good to machine and gives a poorer surface. [12] 
 
Strain hardening 

Plastic deformation that occurs at machining is something that almost every material is sensitive for. 

Plastic deformation is when dislocations are being moved under pressure and with more dislocations 

there will also be a higher resistance against more deformation. During machining the work piece 

hardness and shape changing is consisting especially at steel with high manganese content. To make 

the strain hardening as small as possible the tool should have as small tip radius and setting angle as 

possible and as sharp edge as the operation allows. [12] 

Hardness, ductility and strength 
Hardness  
Hardness could only be a measurement of machinability when there is group of materials that has the 
same properties and composition then the machinability could be decided on hardness. Otherwise 
hardness could be seen as a as a measurement of resistance to plastic deformation. [12] 
Strength 
It takes a lot of more energy to machine a material with high strength than it takes to machine a 
material with low strength, the energy is as usual transferred in to heat. To get rid of the heat the need 
of thermal conductivity is of big importance so then obviously strength and thermal conductivity needs 
to cooperate well. [12] 
Ductility 
A low ductility usually gives good chip formation and energy efficient process. If the steel has high 
hardness it has low ductility and steel with good machinability regularly has good collaboration 
between those two. [9] 

Figure 2. Thermal conductivity in steel on the rate of machinability.  
1. Aluminum 2. Unalloyed steel 3. Alloyed steel 4. Stainless steel 5. HTRS alloys [9] 
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To handle plastic deformation without breakage there will be a need of high ductility. To see if a 
material has high ductility it’s just to check the materials strength test and look for the elongation. At 
the operation turning and drilling a material with high ductility is hard to get a good chip breaking. [12] 
 
Cutting forces 
In a machining operation there is always cutting forces between cutting tool, chip and work piece and 
they have a big effect on the process. If the cutting forces are big it will result in big strains to both 
cutting edge and clamp. It will also result in bigger power consumption than earlier. For that reason 
there is of big interest to know the cutting forces to be able to optimize tool design, tool holders and to 
be able to secure operation from vibrations. The forces are commonly divided up in tangential force 
(Fc), feed force (Ff), and radial force (Fr). The tangential force is ordinarily the major force and often 
called cutting force because it acts in the cutting direction. The radial force is the force that tends to 
push the tool away from the work piece in radial direction. This force is most of the times the smallest 
force. Feed force which is the axial force is called feed force due to it acts in the feed direction and 
helps increasing the feed rate. The feed force is a combination of the radial and tangential force. [9, 11, 
14] 
 
Alloys 
Machinability of steel is very affected by alloys, because if you have a certain hardness and carbon 

content it can be changed positive or negative by adding an alloy. An unalloyed low carbon steels 

properties is to begin with it has high ductility which makes the chips hard to handle and has a strong 

adhesion at cutting tools. By adding Nickel and Cobalt the cutting tool has a higher risk to get deposits. 

Alloys that gives a positive effect is Phosphor and Sulfur which makes it easier for the chip breaking. 

Manganese is also an improving alloy when it together with Sulfur makes Manganese sulfide which 

gives a lubricious effect. [12] 

To achieve higher machinability a common thing is to ad sulfur in the material, higher sulfur contents 
normally gives higher machinability. However if there’s a very low sulfur content the machinability will 
be worse as shown in figure 3 below. High performance tool steel has a very low sulfur content due to 
that sulfur decreases the mechanical properties of the tool steel. [9, 12] 
 

 
 

  

Figure 3. Influence of sulfur in steel on the rate of flank wear. [11] 
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2.3 Milling 

Milling is a machining method that removes material from the work piece in chips and is normally used 
to make grooves, cavities or flat surfaces. The tool is then moved in axial direction, but with today’s 
newer CNC (Computer Numeric Controlled)-machines the tool is allowed to move in almost every 
direction making for example pockets and contours. Each milling cutter removes a different amount of 
material depending how many edges the tool has. Milling gives a very high accuracy and surface finish 
with high efficiency.  [9, 10] 
If a milling process is in progress there are two different choices of how to mill, one called down milling 
and another one called up milling. The main difference between the two is that up milling has its feed 
force towards the work piece and down milling has its feed force away from the work piece. The 
differences in the processes are also shown in figure 4.  
 

 
 
 
 
The milling operation in the thesis work will be a finishing operation milled with down milling and an 
end mill tool. Before the operation starts there’s a need of calculating cutting speed, feed per tooth, 
feed per revolution and removal rate to know how to run the milling machine. 
 
 

Cutting speed: 𝑉𝑐 =  
𝜋×𝑛×𝐷

1000
 (1) 

 

Feed per tooth:  𝑓𝑧 =  
𝑣𝑓

𝑛×𝑧
 (2) 

 

Feed per rev: 𝑓𝑟 =
𝑣𝑓

𝑛
 (3) 

 

Removal rate: 𝑉 =
𝑎𝑝× 𝑎𝑒 ×𝑣𝑓

1000
      (4) 

 

 
 
  

Vf = Feed speed 
ap = Depth of cut, axial 
ae = Depth of cut, radial 
z = number of edges 
n = number of revolutions 
D = Diameter of tool 

 

 

Figure 4. Differences in Up- and down milling, Up milling being the one to 
the left. [9] 

[9] 
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2.4 Cemented carbides 
There are different kinds of materials used for making cutting tools but most suitable for this operation 
is cemented carbides. In the early 20th century cemented carbides were made with iron powder as a 
binding metal at sintering of tungsten carbide, but the scientist soon discovered that cobalt works even 
better. At first these were only used on cast iron and weren’t used with steel machining until 10 years 
later. Today there are of course different kinds of setups, but that one is still one of the most common 
to use. [13, 14] 
The cemented carbides are divided in to three types of classes: 
P-class, works best in materials with long chips.  
K-class, works best in materials with short chips. 
M-class, is a class in-between. 
These three classes have a number index for example P10-cutters are harder and more brittle then a 
P40-cutter. This can be a bit confusing when coating is used on the cutters, because a coated cutter 
could be used for all three classes. [12] 

 
2.5 Coatings effect on tool wear 
Tool wear is inevitable during machining and a cutting tool will wear up to the end of the tools tool-life. 
In the old days a cutting tool was used until it simply didn’t cut anymore and that was their tool-life. 
Now the tool-life is defined by surface structure, accuracy, tool-wear pattern, chip formation and 
predicted reliable tool-life, all depending on operation being used for example rough milling operation 
allows bad surface finish because of lack of surface texture limitations while finishing operation 
demands high surface finish. [9, 10] 
 
Wear is not a negative process if the tool has lasted its predictable life length, however if the tool 
brakes earlier than expected then it’s a negative process. Wear that normally occurs are abrasion wear, 
diffusion wear, oxidation wear, thermal fatigue wear, plastic deformation and adhesion wear. In figure 
5 the different kinds of wear is shown. [9, 10] 
 
There are many types of wear and here are some of them:  
 
Abrasion wear: 
This wear is caused by hard particles that exists in the work piece as carbides or oxides and that grinds 
the cutting edge. This wear type makes a flat on the flank face and a crater on the face of the tool, 
which also can be seen as number 1 and 2 in figure 5. [11, 12] 
 
Adhesion wear: 
Is common in soft materials and comes as a result of welding small pieces of the work piece to the 
cutting edge and makes small chips of the cutting tool to fall off. The wear can be seen in figure 5 with 
an index of number 7.  [10, 13] 
 
Diffusion wear: 
At high temperature and/or high pressure there’s a phenomena between the atoms or the molecules 
with two materials in intimate contact tend to mix with each other. The properties of the cutting tool 
were the diffusion happened then tend to deteriorate. [10, 13] 
 
Oxidation wear: 
Oxidation is a common in almost every material in presence of high temperature and oxygen but the 
oxide that occurs behave differently. In some materials it gets porous and it just continues, in another 
case it makes densely oxide layer which can be stopped by killing the oxygen flow. [10] 
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Thermal fatigue wear: 
In milling the cutters are exposed to fast changes in temperature and that leads to many expansions 
and contractions in the tool and sooner or later cracks will start to appear. Number 5 in figure 3 shows 
how the wear looks like. [10] 
 
Plastic deformation: 
When there’s a combination of high temperature and high cutting force it’s possible for the cemented 
carbide edge to deform. In figure 5 the wear is shown as number 3. [10] 

 
 

 
To prevent tool wear a normal used method is to coat the tool. The coating normally contains ceramics 
but even coatings of diamond or diamond-like substance are used sometimes. The ceramics in the 
coating contains oxides, nitrides and carbides. Properties of the ceramics are usually that they’re 
chemically inert, stable at high temperatures, extremely hard and brittle. By applying a thin coating on 
the cemented carbides the positive properties from the ceramics can be taken advantage of without 
having to bother of the ceramics brittleness. Depending on which procedure being used a coating is 
around 1-20 µm thick. There is two general ways of applying a coating, CVD (Chemical Vapour 
Deposition)-technique that is used for a coating 4-20 µm thick, it doesn’t allow a big variety in the 
materials being used and it is applied at a high temperature. The other coating technique is called PVD 
(Physical Vapour Deposition)-technique and is the one that is used on the cutting tools in this thesis 
work. [13] 

 

Figure 5. An illustration of different kinds of wear 
types. (BUE – Built up edge formation) [9] 
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PVD (Physical Vapor deposition) – technique  
 
Physical vapor deposition includes all vacuum deposition techniques where the thin film forming 
material is vaporized from a solid (or liquid) source by either evaporation of the source (target) 
material (seen in figure 6) or by sputtering of atoms of the target by ion bombardment of gaseous 
species from a plasma. The ejected atoms are then transported to the substrate, where they condense 
to form a thin film. Among the various PVD techniques the arc evaporation and magnetron sputtering 
processes are the major deposition techniques used in industrial scale. The PVD coatings deposited in 
the framework of this thesis has been synthesized by using the eifeler-Vacotec cathodic arc deposition 
technique based on the alpha400P coating system. The cathodic arc evaporation exhibits a high 
current, low-voltage plasma discharge which moves, after ignition by a short cut created due to 
mechanical contact of a trigger, as an arc spot on the source. These arc spots cause local melting and 
evaporation of material. Due to the physical nature of the arc discharge the produced plasma exhibits a 
high density and a high degree of ionization of the evaporated target material. Therefore control of 
direction and ion energy of the film forming species and, thus, of the thin film properties is possible by 
using electric and magnetic fields. IN addition to the beneficial high deposition rate another 
characteristic parameter of the cathodic arc deposition process is the emission of so called 
macroparticles, which exhibit molten metallic target material are ejected from the arc spot and 
incorporated into the growing film. The incorporation of this debris particles may result in a reduced 
coating performance and thus, in earlier tool failure. Therefore the incorporation of this macroparticles 
into the growing thin film has been avoided by application of a magnetic filter which separates the ion 
flux from the macroparticle flux. However, as this filter leads to a drastic loss of the plasma flux and, 
thus, to a reduction of the deposition rate it is less attractive for the industrial application. There, the 
eifeler-Vacotec GmbH developed the so-called ultrafine coating series which allows for the deposition 
of macroparticles reduced cathodic arc coatings. [23, 25]  
 

 
 
 
The thin films used within the framework of this thesis have been deposited by using the eifeler-
Vacotec cathodic arc coatings system alpha400P, shown in Figure 7. 
 

Figure 6. A basic cathodic arc system [21] 
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The thin films were deposited thereby in a reactive arc deposition process which refers to chemical 
bonding of metals from the cathode spot plasma to atoms of a reactive gas (e.g. N2, CH4) which is 
usually introduced as background gas into the vacuum chamber. [24] 
Within this thesis, cutters were deposited with even different compound thin films offered by the 
eifeler group: 
EXXTRAL®, EXXTRAL®-ultrafine, SISTRAL®-ultrafine, SISTRAL®-Gold, SISTRAL®-S and CROSAL® in one 
standard version (V1) and one modified version (V2). The following section lists some general 
information about these coatings:  
 
CROSAL® 

CROSAL® is an AlCrN based hard coating specifically designed to withstand the demanding 
requirements faced in many applications such as cutting, punching and forming or aluminum pressure 
die casting. The excellent oxidation resistance in combination with high hardness and wear resistance 
allow machining of a wide variety of materials in wet and dry conditions. [19] 
Within this thesis, two different modifications of CROSAL® were tested. In table 3 there is a compilation 
of the coatings properties. 
 
Table 3. Thin films properties of CROSAL® [19] 

Hardness 3200 ± 300 HV 
Max. temperature of operation 1100°C  (2012° F) 

Coef. of friction against steel 0.45 

Coating thickness 2 – 5 µm 
Color Slate-grey 

 
 

Figure 7. Alpha400P arc based coating system offered by the eifeler-Vacotec GmbH. 



16 
 

SISTRAL® S/Gold 
SISTRAL® is an AlTiN-based high performance coating which is commonly used in the field of dry high 
speed processing of hardened materials (>54 HRC). It is furthermore characterized by a very high 
hardness and an exceptional oxidation stability [18]. Table 4 shows the coatings properties  
 
Table 4. Thin films properties of SISTRAL®  

Hardness 3500 ± 500 HV 
Max. temperature of operation 900°C (1650° F) 
Coef. of friction against steel 0.7 

Coating thickness 1 – 4 µm 
Color Anthracite 

 
 
SISTRAL®-ultrafine 
SISTRAL® ultrafine is an AlTiN-based high performance coating which is commonly used in the field of 
dry high speed processing of hardened materials (>54 HRC). It is furthermore characterized by a very 
high hardness and an exceptional oxidation stability. [18] In comparison to the SISTRAL® S/Gold coating 
mentioned before the ultrafine coating exhibits a reduced amount of incorporated macroparticles and, 
thus, a smoother surface. This beneficial aspect is based on the application of the so called SPCS 
(Strongly Poisoned Cathode Surface) technology offered by the eifeler-Vacotec GmbH [17, 18].  
 
EXXTRAL® 
The AlTiN based EXXTRAL® coating is characterized by a very high hardness, high thermal stability and 
a low heat conduction coefficient. Its major field of application is cutting of hardened steel, in case of 
high-performance cutting with or without cooling lubricant [20]. Properties of this coating are shown in 
table 5.  
 
Table 5: Thin films properties of EXXTRAL® [20] 

Hardness 3300 ± 300 HV 
Max. temperature of operation 800°C (1470° F) 
Coef. of friction against steel 0.7 

Coating thickness 2 – 5 µm 
Color Anthracite 

 

EXXTRAL®-ultrafine 
EXXTRAL® ultrafine is an AlTiN-based high performance coating which characterized by a very high 
hardness, high thermal stability and a low heat conduction coefficient. [20] Its major field of 
application is cutting of hardened steel, in case of high-performance cutting with or without cooling 
lubricant. In comparison to the EXXTRAL® coating mentioned before the ultrafine coating exhibits a 
reduced amount of incorporated macroparticles and, thus, a smoother surface. This beneficial aspect is 
based on the application of the so called SPCS (Strongly Poisoned Cathode Surface) technology offered 
by the eifeler-Vacotec GmbH [17, 20].  
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3. Method 
 
3.1 Material 
The work pieces are ordered in different sizes, NIMAX® is ordered in 200x200x76 mm, ORVAR® 

SUPREME in 200x81x81 mm and DIEVAR® in 203x101x81 mm. It differs that much in sizes due to that 

NIMAX® is pre-hardened in production to a hardness of 40 HRC, while the other material needs to be 

hardened. The handling of such big pieces at the hardening department was limited so the material in 

need of hardening needed to be a bit smaller. VANADIS® 10 was available in the department’s storage, 

hardened and ready in a size of 151x160x54 mm and a hardness of 62 HRC.  

ORVAR® SUPREME and DIEVAR® are austenitized to turn the ferrite to austenite and to make sure all 

the carbides dissolves, this is done at a temperature of 1020°C. The tool steels are after that tempered 

two times at 580°C in 60 minutes each to make both reach a hardness of 48 HRC. Table 6 shows a 

clearer view of how they’ve been handled.  

Table 6. This is a compilation of how the tool steel has been handled to be hardened and the actual hardness of 
the material. 

 

 

 

 

Before the process starts a piece is cut out from each material and send for an analysis. This is done to 

see the actual value of hardness and chemical composition in the tool steel, table 7 will show the 

percentage of alloying elements in the material not including the base iron (Fe) and the created 

impurities. 

Table 7. The matrix shows percentage of alloying elements in the material in not including the base iron (Fe) 

and the created impurities. 

 

 

 

 

 

There are four different hardened structures for the four different tool steels in this thesis work 

and on next page there are micro structure pictures of each tool steel. NIMAX® with its hardened 

structure in figure 8, ORVAR® SUPREME in figure 9, VANADIS® 10 in figure 10 and DIEVAR® in figure 11.  

 

Tool steel Austenitizing Tempering Hardness (HRC) 

NIMAX® - - 39 

ORVAR® SUPREME 1020°C 2x60min at 580°C 45 

DIEVAR® 1020°C 2x60min at 580°C 45.5 

VANADIS® 10 1060°C 2x60min at 525°C 62 

Tool steel C Si Mn S Cr Ni Mo V 

NIMAX® 0.11 0.28 2.49 0.0028 3.00 1.02 0.34 - 

ORVAR® SUPREME 0.40 1.03 0.42 0.0003 5.21 0.12 1.45 0.92 

DIEVAR® 0.36 0.19 0.42 0.0003 5.03 0.071 2.35 0.54 

VANADIS® 10 2.97 0.68 0.47 0.007 7.87 0.10 1.51 9.94 
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3.2 Machining tests 
To start with every work piece will be milled with a face mill to remove the top layer. This is done 
to remove the oxide surface and decarburized layer to not get unnecessary marks in the end mill 
that will affect the tool life.  

A testing matrix is made in table 8 to show which coating that is on the cutting tool that is machined in 
one of the four different kinds of tool steels. 

Table 8. This is a testing matrix showing which coating that is on the cutting tool that is tested in which tool 
steel. 

 

 

 

 

 

 

 

Tool steel/coating NIMAX® DIEVAR® ORVAR® SUPREME VANADIS® 10 

CROSAL® V1 x x x x 

CROSAL® V2 x x x x 

EXXTRAL®  x  x  

EXXTRAL®-ULTRAFINE x  x  

SISTRAL® GOLD  x   

SISTRAL®-ULTRAFINE  x  x 

SISTRAL® S    x 

Figure 9. Hardened microstructure of ORVAR® SUPREME Figure 8. Hardened microstructure of NIMAX® 

Figure 10. Hardened microstructure of DIEVAR® Figure 11. Hardened microstructure of VANADIS® 10 
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The end mills (FRANKEN Hard-Cut shown in figure 12 (c)) with the different coatings are 

delivered from eifeler-Vacotec GmbH in batches and are also delivered with one or two extra end 

mills to use for testing. Feed per tooth (fz), Depth of cut, radial (ae), Depth of cut, axial (ap), Number 

of tooth’s (z) are determined out of experience from previous tests at Uddeholms AB. The cutting 

speed needs to be tested to get a “reasonable” cutting tool-life. Reasonable cutting tool-life means 

that the cutting tool has a cutting speed that doesn´t make it last forever but it still lasts long 

enough to give data for a wear curve. After a cutting speed has been determined to test, the other 

cutting parameters were calculated with help of modifying equations (1) and (2). The new 

equations (3) and (4) are used to calculate RPM (n) and table speed (Vf). 

RPM:  𝑛 =  
1000×𝑉𝑐

𝐷 × 𝜋
  (3) 

 
Table speed:   𝑉𝑓 =  𝑧 × 𝑓𝑧 × 𝑛 (4) 

 
The CNC-machine used at Uddeholms AB is a MODIG MD7200, figure 7 (a). After every cutting 

parameter is determined for the test the CNC-machine is programmed to run a side milling 

operation with those parameters. The milling chuck with the end mill is mounted in the spindle 

and the program runs in a different number of overlaps, depending on what is decided earlier. 

Testing cutting speed in individually tool steel:  

Testing NIMAX® 

The first material to be tested was NIMAX® and this needed a bit more test of cutting speed due to that 

the process was new for the operator and the knowledge of the coating with this material was not yet 

that experienced either. The initial cutting speed was set to 300 m/min, but it took some time before 

the tool showed any signs of wearing behavior. The cutting speed was therefore increased to 400 

m/min with expectation that it would go a bit faster till it was worn. It didn´t quite meet the 

expectations, it worn a bit faster but could still be improved. Which meant that the cutting speed 

needed to be increased even more, a new cutting speed of 450 m/min was set. 450 m/min was actually 

seen as a top speed on what the CNC-machine could handle and the tool was worn a bit too quickly. 

Finally a cutting speed was decided at 425 m/min with the reason of giving a “reasonable” life-length 

and without destroying the machine.  

Testing ORVAR® SUPREME 

ORVAR® SUPREME is overall a tool steel that has a good machinability in hardened condition which 

makes it easy to machine. Tested cutting speed was therefore 425 m/min and also because it was just 

recently used with good results in NIMAX®. It was going as expected so the cutting speed was kept to 

425 m/min. 

Testing DIEVAR® 

Vc = 425 m/min was used to begin with due to that it was already programmed in to the machine and 

an idea was to have the same cutting speed in all materials. But the cutting speed was to brutal for the 

tool which lasted for 40600 mm, shooting sparks and didn’t perform as it should. It was determined 

that the cutting speed was too high and the cutting speed was there for decreased to 200 m/min. The 

new cutting speed didn´t make the cutting tool last any longer (in fact shorter), it didn´t shot sparks but 

made a terrible noise during milling and gave a high wear average. A cutting speed of 100 m/min with 
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coolant was tested instead to give the “reasonable” cutting tool-life, which it also did. Then just to be 

sure the same cutting speed was tested but without coolant and it didn´t differ that much in cutting 

tool-life. Therefore the final decision for DIEVAR® was 100 m/min and without coolant. 

Testing VANADIS® 10 

VANADIS® 10 is a tool steel that is hard to machine in hardened condition but the cutting speed was 

not changed since the test in the DIEVAR® tool steel which had a cutting speed of 100 m/min. That 

cutting speed gave the “reasonable” cutting tool-life for machining VANADIS® 10.    

All the selected data for machining in the different tool steels are shown in table 9. 

Table 9. This table shows all the data used in the machining operations. 

 

Air coolant is used in all operations since when first running in the NIMAX® tool steel that had a 

tendency to become magnetic during machining, the magnetism attracted the chips to the milling area. 

Adding air coolant to the process will get rid of the chips and at the same time keeping the tool from 

getting overheated.   

  

Tool steel NIMAX® ORVAR® 
SUPREME 

DIEVAR® VANADIS® 10 

Cutting speed (Vc) 425 m/min 425 m/min 100 m/min 100 m/min 
RPM (n) 13535 rpm 13535 rpm 3185 rpm 3185 rpm 
Table feed (Vf) 5684 mm/min 5684 mm/min 1337 mm/min 1337 mm/min 
Feed per tooth (fz) 0.07 mm/tooth 0.07 mm/tooth 0.07 mm/tooth 0.07 mm/tooth 
Depth of cut, radial (ae) 0.2 mm 0.2 mm 0.2 mm 0.2 mm 
Depth of cut, axial (ap) 10 mm 10 mm 10 mm 10 mm 
Number of teeth (z) 6 6 6 6 
Tool diameter (D) 10 mm 10 mm 10 mm  10 mm  



21 
 

From time to time the program is stopped to take out the milling chuck and place it underneath a 

NIKON SMZ-10 microscope (figure 12 (b)) to measure the wear. These stops are predetermined and 

mostly in an interval to get a graph. Every edge’s wear are measured in millimeter and then an average 

of the six edges are calculated. If the wear average value of the 6 edges is 0.15 mm or more or if the 

chips are very adhesive to the end mill the operation is stopped and a wear curve is created with the 

measured values. But if it looks like it would last longer the milling chuck is just put back in the milling 

machine and the process repeats until the end mill reaches one of those objectives.  

(a)             (b)               (c) 

Figure 12. (a) Modig MD7200 Milling machine (b) NIKON SMZ-10 Microscope (c) FRANKEN Hard-Cut end mill 

coated with CROSAL® V1 coating.  

When the work piece is machined to the limit when it no longer can be used in the operation it is 

brought out of the milling machine and the process is temporarily stopped. A new piece must be face 

milled and prepared to continue the process in the next piece. When an end mill is worn out it is placed 

underneath an Olympus SZ-11 microscope seen in figure 13 with a camera attached to it to document 

the wear on all the edges. 

  Figure 13. Olympus SZ-11 
Microscope 
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4. Results 

4.1 NIMAX®  

There were four different coatings that were tested in NIMAX®, the coatings were CROSAL® V1, 

CROSAL® V2, EXXTRAL® and EXXTRAL®-ultrafine. 

CROSAL® V1 

The first end mill lasted for 430,000 mm (76 min), after 430,000 mm sparks and a much higher noise 

from the milling machine was indicated which is an indication of that the tool is worn. The milling 

machine was stopped and the cutting tool was examined. The work material had become very 

adhesive which galled the flute of the milling cutter and made it impossible to measure the wear width, 

see appendix 1. This also made it impossible to reach the wear criteria of 0.15 mm that was 

predetermined. The test in NIMAX® was there for stopped when the flutes tended to or was filled up 

with work material. Next up was another end mill with the same conditions as previous and this one 

lasted for 322,600 mm (57 min) and it had the same wear behavior as the previous. But with this one it 

was possible to peel of the work material that had galled the flute and the wear was measured to an 

average of 0.153 mm. In figure 14 the two wear curves are put in one graph for comparison.  
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Figure 14. Wear curves for the double test of the coating CROSAL® V1 in NIMAX®, Vc = 425 m/min. 
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CROSAL® V2  

In CROSAL® V2 the first end mill lasted 390,000 mm (69 min) before it showed the same tendencies as 

the CROSAL® V1, which was adhesive wear behavior, see appendix 2. This end mill could have lasted 

for a bit longer but if it would have been used for another 40,000 mm it would have been impossible to 

measure the wear as with the CROSAL® V1 coating. The double test of this coating went almost the 

same, only that this end mill reached a high wear value faster than the first and the operation was 

stopped at 350,000 mm (62 min) for the very same reasons. Figure 15 shows how the end mill was 

worn.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Wear curves for the double test of the coating CROSAL® V2 in NIMAX®, Vc = 425 m/min.  
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EXXTRAL®  

With this coating the end mill did not last long, it lasted for 230,000 mm (40 min) at the first run. The 

second end mill lasted a bit longer, 242,000 mm (43 min) but still the same wear pattern as the 

previous test as shown in figure 16. There was an initial wear, then it stabilized but not long after it 

stabilized the wear started to grow and didn’t stop. The adhesiveness got bigger the further the 

operation went, so both tests may have been stopped a bit early but it wouldn’t have lasted that much 

longer before the adhesiveness would have cladded the flute as with the CROSAL® coating. That is also 

why these tests were stopped earlier than 0.15 mm in average wear width. In appendix 2 there is a 

clear view of the adhesiveness in these tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Wear curves for the double test of the coating EXXTRAL® in NIMAX®, Vc = 425 m/min. 
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EXXTRAL®-ultrafine 

The EXXTRAL® coating did not last long in NIMAX®, this EXXTRAL® Ultrafine coating lasted even shorter 

than the standard version. The first test lasted 190,000 mm (33 min) and it never stabilized, the wear 

width just grew and this test was stopped for the same reason as before, adhesion. If figure 17 is 

analyzed, the double test lasted almost as long as the first test, 188,000 mm (33 min). But in the double 

test the work material got so adhesive that one cutting edge’s almost was impossible to measure the 

wear width on, see appendix 4. That was once again the reason of why the tests were stopped earlier 

than 0.15 mm in average wear width.  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 17. Wear curves for the double test of the coating EXXTRAL® Ultrafine in NIMAX®, Vc = 425 m/min. 
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The coating that lasted the longest in NIMAX® is seen in figure 18 and it was the CROSAL® V1 coating 

that lasted the longest but it did not last that much longer than the CROSAL® V2 coating. If the 

CROSAL® V1 coating is compared with the EXXTRAL® coating, it lasted 38% longer. The bar chart in 

figure 18 is not a value from just one test run but from two test runs, so the value of 383000 mm that 

was achieved by the CROSAL® V1 coating is average value out of the two tests. The average wear width 

is around 0.12 mm due to the flutes that was galled before the predetermined 0.15 mm limit.  

 

 

4.2 ORVAR® SUPREME  

There were four different coatings that should have been tested in ORVAR® SUPREME, the coatings 

were CROSAL® V1, CROSAL® V2, EXXTRAL® and EXXTRAL® -ultrafine. 

CROSAL® V1 

ORVAR® SUPREME in hardened condition is known for being easy to machine and this was no 

exception. During the first test off the first CROSAL® V1 coated end mill it lasted 660,000 mm (116 min) 

and had an average wear width of 0.058 mm which is less than half of the predetermined limit 0.15 

mm. Due to time restrictions in this master thesis work the ORVAR® SUPREME is put on a hold and left 

for further investigation with a bit more time available for making an end mill wear in this tool steel.   

  

Figure 18. The bar chart shows which of the coatings that lasted the longest NIMAX® 
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4.3 DIEVAR®  

There were four different coatings that were tested in DIEVAR®, the coatings were CROSAL® V1, 

CROSAL® V2, SISTRAL® Gold and SISTRAL®-ultrafine. 

CROSAL® V1 

Compared with the NIMAX® tool steel that is adhesive, the DIEVAR® tool steel is both adhesive and 

abrasive and it showed that in these test runs. First up was the CROSAL® V1 coating and it lasted for 

roughly 182,700 mm (137 min). A note is that just by the end of the cutter the edge had a big failure 

which occurred a bit earlier then the test was stopped, see appendix 5. The next end mill with the 

CROSAL® V1 coating lasted 121,800 mm (91 min) with the same wear type and this end mill also had a 

big failure next to the cutting head. These two tests were stopped at average wear width 0.12 mm due 

to the edge failure that occurred. In figure 19 there are wear curves for the two tests with CROSAL® V1 

coating tested in DIEVAR®. 

 

 

 

  

Figure 19. Wear curves for the double test of the coating CROSAL® V1 in DIEVAR®, Vc = 425 m/min. 
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CROSAL® V2 

The CROSAL® V2 coating lasted 203,000 mm (151 min), it may have lasted a little longer but you could 

clearly see in figure 20 that the wear curve went exponentially upwards. Another thing stopping the 

test was the notch value (notch value is the value almost 10 mm up on the end mill) on the end mill 

which was increasing fast. Once again it’s the abrasiveness that deformed the end mill, see appendix 6. 

Next test with the same conditions had the same behavior, but lasted 131,950 mm (99 min). It could 

also have lasted a couple of thousand millimeters more but once again analyzing the wear curve in 

figure 20 it would have been unnecessary work and it had reach the 0.12 mm as in the testing of 

CROSAL® V1.   

  

Figure 20. Wear curves for the double test of the coating CROSAL® V2 in DIEVAR®, Vc = 425 m/min. 
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SISTRAL® GOLD 

This Si coating lasted 274,050 mm (205 min) in the first run and it doesn´t collapse neither next to the 

head nor at the notch. It is still abrasion wear but not concentrated on one point, its spread over the 

whole cutting edge, see appendix 7. The second test with this coating in the DIEVAR® tool steel lasted 

for 320,740 mm (240 min) and it had the same wear tendencies as test 1.  In figure 21 the wear curves 

are shown for the two tests and this was stopped after reaching an average wear width of 0.12 mm 

just as the previous two coatings.    

  

Figure 21. Wear curves for the double test of the coating SISTRAL® Gold in DIEVAR®, Vc = 425 m/min. 
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SISTRAL® -ultrafine 

The last coating tested in DIEVAR® was the SISTRAL®-ultrafine coating, the first end mill lasted for 

361,340 mm (270 min). This coating behaves just as the SISTRAL® Gold coating, abrasive wear with no 

tendencies of collapse next to the cutting tip or the notch. Studying figure 22 the wear width increased 

exponentially and it was not necessary to run it any longer and it had reached the average wear width 

of 0.12 mm. The last SISTRAL® Ultrafine coated end mill in tested in DIEVAR® seemed like lasting longer 

than the first end mill but after 343,070 mm (257 min) the end mill was worn and had collapsed right 

above the cutting tip, see appendix 8. It was there for stopped earlier than the 0.12 mm predetermined 

wear limit.   
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Figure 22. Wear curves for the double test of the coating SISTRAL® Ultrafine in DIEVAR®, Vc = 425 m/min.  
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The coating that lasted the longest in DIEVAR® is seen in figure 23 and it was the SISTRAL®-ultrafine 

coating that lasted the longest. If the SISTRAL®-ultrafine coating is compared with the SISTRAL® Gold 

coating, it lasted 16% longer. But compared with the CROSAL® V2 coating the SISTRAL®-ultrafine 

coating lasted 52% longer and comparing the milling distance it has lasted a bit more than twice as 

long. Just as in figure 16 the figure 23 shows an average value out of the two tests with each coating in 

the tool steel. In DIEVAR® the average wear width limit was set to 0.12 mm due to edge failure that 

was achieved around that wear width.   
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Figure 23. The bar chart shows which coating that survived the longest in DIEVAR® 
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4.4 VANADIS® 10  

There were four different coatings that were tested in VANADIS® 10, the coatings were CROSAL® V1, 

CROSAL® V2, SISTRAL® S and SISTRAL®-ultrafine. 

CROSAL® V1 

VANADIS® 10 was the last tool steel tested in this thesis work and the first coating tested in the tool 

steel is CROSAL® V1. The first test with the coating lasted for 11,174 mm (8 min), with a combination of 

adhesive and abrasive wear on all the edges, no big failure, see appendix 9. The process was stopped at 

an average value on the wear of 0.15 mm which was a predetermined limit. The second test with this 

coating in VANADIS® 10 lasted 1359 mm (1 min) longer than the previous one, with the very same 

wear behavior. In figure 24 the wear curves are shown for the two tests.  
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Figure 24. Wear curves for the double test of the coating CROSAL® V1 in VANADIS® 10, Vc = 425 m/min. 
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CROSAL® V2 

CROSAL® V2 which is a modified version of CROSAL® V1 lasted for 14,345 mm (11 min) in the first test 

run, with the combination of adhesive and abrasive wear on all the edges. One of the edges had a high 

wear width compared with the others which can be seen in appendix 10 on the edge furthest to the 

right. The process was due to the high notch and average wear value stopped. Exactly the same wear 

pattern occurred in the second test with the CROSAL® V2 coating in VANADIS® 10, a combination of 

adhesive and abrasive wear on all the edges and a high notch value on one of the edges. But the 

second test lasted for 9,060 mm (7 min), which is shorter than the first test. Figure 25 shows the wear 

curves for the two tests. 
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Figure 25. Wear curves for the double test of the coating CROSAL® V2 in VANADIS® 10, Vc = 425 m/min.  
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SISTRAL® S 

The first SISTRAL® S coated cutting tool lasted for 14,469 mm (11 min) and had the combination of 

adhesive and abrasive wear. Two of the edges next to each other had a higher wear value than the 

other and gave a high average wear value which stopped the process, see appendix 11. The next test 

resulted in that the end mill lasted for 14,345 mm (11 min) and had the same wear behavior. It was 

adhesive in combination of abrasive wear and two edges that had a bit higher wear width than the 

other four. If analyzing the wear curves in figure 26 it shows that the two tests also almost had the very 

same wear curves.  
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Figure 26. Wear curves for the double test of the coating SISTRAL® S in VANADIS® 10, Vc = 425 m/min.  
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SISTRAL®-ultrafine 

In the first run the SISTRAL®-ultrafine coating lasted for 12,080 mm (9 min). It had the possibilities of 

lasting longer but one of the edges got a high wear width and made the wear average 0.14 mm, see 

appendix 12. The wear that created the deformation was adhesive in combination of abrasive wear 

behavior. Test number two with the SISTRAL®-ultrafine coating had pretty much everything the same 

as the first test. It lasted for 12,080 mm (9 min), had adhesive in combination of abrasive wear, it 

looked at first as it would last longer but had higher wear width. The difference was that it had a higher 

wear width on two edges not on just one as in the first test, see appendix 12. Another thing the tests 

had in common was the wear curve that is shown in figure 27. The high wear width on the edges made 

the test stop earlier than the predetermined 0.15 mm.  
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Figure 27. Wear curves for the double test of the coating SISTRAL® Ultrafine in VANADIS® 10,  
Vc = 425 m/min. 
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VANADIS® 10 is a difficult tool steel to machine in hardened condition but there was one coating that 

lasted longer than the other three that lasted about equally long. The coating that lasted the longest in 

VANADIS® 10 is seen in figure 28 and it was the SISTRAL® S coating. If the SISTRAL® S coating is 

compared with the other three coatings that lasted about equally long, it lasted a little bit more than 

16% longer. Once again the figure 28 shows an average value out of the two tests with each coating in 

the tool steel. These tests were tested until a wear width of 0.15 mm was achieved except in one of the 

coating were there was a higher wear width on two of the edges which stopped the process at 0.13 

and 0.14 mm.  
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5. Discussion 

First of all a clear view of the time spent in this thesis work is going to be presented. According to the 

results it states that the longest test continued was in DIEVAR® and it lasted for 270 minutes, which is 

around four and a half hours. This is only the time that the end mill is actually milling the work piece, 

not including the time it takes for the end mill travel around the work piece. It also takes a lot of time 

measuring al the wear widths after each “pit stop” (after for example 100 overlaps on a work piece), 

which is done to get the wear curves. These measurements can take everything from 2-20 minutes 

depending on if there is a lot of wear or not, or if the flute is cladded with work material then it needs 

to be pealed of gently to not tear of any pieces from the cutting tool. The measurements sometimes 

also took longer time when there was more than one wear indication on an edge due to the need of 

comparing these and note the larger one of the two. If a work piece is milled to limit when it no longer 

can be used in the operation a new work piece need to be face milled and prepared and this also takes 

some time to do. The photo that is taken after each end mill is worn out takes time due to that every 

edge needs to be photographed in the right angle for documentation. Finally there is things that needs 

to be done that doesn’t show in the thesis work, things like maintaining the milling machine, cleaning 

the machine from all the chips that are created in the process and when the machine was running at 

425 m/min the machine needed to run at rising cutting speed to not break down. The real time for the 

test lasting 270 minutes can in fact be more than twice as much, which is at the best 600 minutes and 

that is roughly one and half work day. That is when everything goes smoothly and nothing goes wrong, 

which it sooner or later does and then it takes even longer. 

Cutting tests in NIMAX® 

A combination of the abrasive and adhesive wear was expected but it was mostly adhesive wear that 

was achieved during the machining operation. This material made it difficult with the wear 

measurements due to a heavy built up edge and during machining the work material (NIMAX® tool 

steel) galled the flute of the cutter. 

There were four coatings tested in NIMAX®, two CROSAL® coatings and two EXXTRAL® coatings. One of 

the EXXTRAL® coatings were standard and the other was labeled “Ultrafine” which was a label on a 

coating with beneficial benefits in smoothness, hardness and adhesion. That gives the impression of 

that it were supposed to last longer than the EXXTRAL® standard coating. The only thing was that the 

EXXTRAL®-ultrafine didn’t last longer it in fact lasted 47,000 mm shorter in average value (seen in 

figure 18) than the standard version. The smoothness of the ultrafine coating would be of interest to 

analyze in an optical microscope to see if the coating really is smoother than the standard coating and 

compare the wear between the standard and ultrafine coatings and compare them to see why this 

happened. This is left for future research as well due to time limits.  

Cutting tests in DIEVAR®  

Both adhesive and abrasive wear were expected in this steel grade and both of the wear behaviors 

were achieved.  

The SISTRAL® Gold coating was not the coating that lasted the longest in DIEVAR® it lasted in average 

around 55,000 mm shorter than SISTRAL®-ultrafine but lasted 130,000 mm longer than CROSAL® V2, 

seen in figure 23. There was still a thing that made this coating a bit better than the SISTRAL®-ultrafine 
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(which lasted the longest) and that was that the wear was more easily detected with this color of the 

coating. The same analysis as was brought up when milling in the NIMAX® tool steel would even be of 

interest here to compare these two and see what is different between them.  

Cutting tests in VANADIS® 10 

A combination of abrasive and adhesive wear was expected, both of them achieved, however a bit 

harder abrasive wear in this steel grade than in DIEVAR®, due to the carbides that is seen as bright 

“spots” in figure 12.  

The same thing happened here as in the NIMAX® tool steel, the ultrafine coating lasted shorter than 

another coating. In this case it was the SISTRAL® S coating that lasted longer than the SISTRAL®-

ultrafine coating. There for it will be of high interest to even do the analysis in the optical microscope 

here.  

Overall it appears like the SI coatings are most suitable for the harder tool steels and in NIMAX® it was 

the CROSAL® coating that was the most suitable coating.  

The coating that is recommended for each tool steel is only based on the cutting tool lasting the 

longest in each tool steel. That is not how a recommendation usually is formed, however for this thesis 

work there is no time for checking all the aspects that is vital for a recommendation. In order to get a 

proper recommendation, further more aspects that are checked are for example: 

 Different cutting parameters (cutting speed, feed, etc.)  

 Different geometries on the cutting tool 

 Smoothness of the cutting tool and coating 

With that sad it would take a long time to check all these aspects, but with the complements from this 

work it will at least help and exclude some coatings making it easier to continue.  

Differences between the two CROSAL® versions 

In this thesis work it was two kinds of CROSAL® coatings, one that was the standard version (V1) and 

one that is a modified version (V2). This V2 coating was made to be an improvement of V1, however if 

the average cutting tool-life value is examined from figure 18, 23 and 28 it is clear that it was not that 

much of a difference between the coatings. In NIMAX® the V1 lasted the longest looking in figure 18, 

though looking in figure 14 and 15 it shows that V1 shortest cutting tool-life was 322,900 mm and V2 

shortest test lasted for 350,000 mm. That for me would see them as equally good in the NIMAX® tool 

steel. When these two was tested in VANADIS® 10 it was about the same situation as in NIMAX®, which 

means that it still was no bigger difference in the two coatings. The two coatings were also tested in 

DIEVAR® and here there was a difference in between the two coatings. If a comparison is made 

between the two test runs for the two coatings it stands clear that the longest test of V2 beats the 

longest test of V1 and the shortest test of V2 beats the shortest test of V1. This would then mean that 

V2 is a little bit better than V1 in DIEVAR®, but about equal in the other two tool steels.   
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6. Conclusions and future research 

Conclusions  

ORVAR® SUPREME gave such a long cutting tool-life that it was left for further investigation due to time 

limits that the thesis work had. In the other three steel grades it was possible to form a 

recommendation out of the four coatings tested in each tool steel.  

However in this thesis work it is not possible to form a correct recommendation due to time limits, 

these recommendations are set after how long each coating lasted in each material and the coating 

lasted the longest is there for the recommended coating. In table 10 there are a compilation of which 

coating that was recommended for which tool steel.  

Table 10. This is a compilation of which coating that was recommended for which tool steel. 

NIMAX® CROSAL® V1 

DIEVAR® SISTRAL® Ultrafine 

VANADIS® 10 SISTRAL® S 

 

Future research  
 

Suggestions on future research would be to do these machining tests on more tool steels such as 

stainless tool steels for example STAVAX® ESR and other tool steels for example CALDIE® to get a bigger 

variety of tool steels that has recommendations on suitable coatings used for the tool steels. Another 

material for continued work would be the ORVAR® SUPREME tool steel that was excluded due to time 

limits. If Eifeler-Vacotec GmbH has more coatings that are suitable for the tested tool steels (NIMAX®, 

DIEVAR® and VANADIS® 10) a suggestion would be to try those and see if there are any more coating 

that is even more suitable than the coatings tested in this thesis work. One last thing on suggested 

future research would be to try to change the end mills fabrication to get an end mill with a different 

kind of geometry to see if that changes the cutting tool-life. There was a question mark when the 

standard version of a coating lasted longer than the ultrafine coating in all three steel grades. There for 

an analysis in the optical microscope on those two coatings in each in material and compare the wear 

results and the smoothness of the surface to see what are causing this.  
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Appendix 1. Worn end mills, coated with CROSAL® V1 tested in 

NIMAX®, test 1 and 2. 
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Appendix 2. Worn end mills, coated with CROSAL® V2 tested in 

NIMAX®, test 1 and 2. 
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Appendix 3. Worn end mills, coated with EXXTRAL® tested in 

NIMAX®, test 1 and 2. 
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Appendix 4. Worn end mills, coated with EXXTRAL®-ultrafine tested 

in NIMAX®, test 1 and 2. 
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Appendix 5. Worn end mills, coated with CROSAL® V1 tested in 

DIEVAR®, test 1 and 2. 
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Appendix 6. Worn end mills, coated with CROSAL® V2 tested in 

DIEVAR®, test 1 and 2. 
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Appendix 7. Worn end mills, coated with SISTRAL® Gold tested in 

DIEVAR®, test 1 and 2. 
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Appendix 8. Worn end mills, coated with SISTRAL®-ultrafine tested 

in DIEVAR®, test 1 and 2. 

 

 



51 
 

Appendix 9. Worn end mills, coated with CROSAL® V1 tested in 

VANADIS® 10, test 1 and 2. 
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Appendix 10. Worn end mills, coated with CROSAL® V2 tested in 

VANADIS® 10, test 1 and 2. 
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Appendix 11. Worn end mills, coated with SISTRAL® S tested in 

VANADIS® 10, test 1 and 2. 
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Appendix 12. Worn end mills, coated with SISTRAL®-ultrafine tested 

in VANADIS® 10, test 1 and 2. 

 

  


