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Abstract 

This project explores the feasibility of the solid-state welding method direct-drive friction 

welding to be used as a joining method for the nitrogen alloyed steel Uddeholm Vanax 

SuperClean, produced via processes based on powder metallurgy. Vanax SuperClean cannot 

be welded using fusion welding methods where the base material melts, due to nitrogen 

escaping the material, resulting in inferior quality welds. The cost of the material motivates 

the use of Vanax SuperClean for critical parts in applications, combined with a less costly 

material for the remaining parts, causing alternative joining methods to be examined.   

 

Vanax SuperClean is friction welded to itself and to Uddeholm steel types Stavax ESR and 

UHB 11. Samples are prepared for a number of examinations. Microstructures of the samples 

are examined using microscopy, microhardness testing is carried out per the Vickers principle, 

retained austenite is measured using X-ray diffraction and tensile testing of the welded 

samples is performed. Defect-free welds are produced in all examined samples, showing that 

the method is suitable for Vanax SuperClean and that no preheating or slow cooling of 

workpieces are necessary.  

The possibility of using friction stir welding as a joining method for Vanax SuperClean is 

discussed. 

 

Key words: Nitrogen alloyed tool steel, Uddeholm Vanax SuperClean, solid-state welding, 

direct-drive friction welding, friction stir welding, microstructure, Vickers microhardness 

testing, retained austenite measurement by X-ray diffraction 

  



Rev 01, 2017-06-05 A Bertilsson 

Sammanfattning 

Detta projekt undersöker möjligheten att använda trycksvetsningsmetoden friktionssvetsning 

som sammanfogningsmetod för det kvävelegerade pulvermetallurgiskt framställda stålet 

Uddeholm Vanax SuperClean. Vanax SuperClean kan inte svetsas med smältsvetsmetoder där 

grundmaterialet smälter, på grund av kvävgasbildning som resulterar i undermåliga 

svetsfogar. Kostnaden för materialet motiverar användandet av Vanax SuperClean för kritiska 

delar i applikationer, kombinerat med ett mindre kostsamt material till övriga delar, vilket 

föranleder undersökning av alternativa sammanfogningsmetoder. 

Vanax SuperClean friktionssvetsas mot sig själv, såväl som mot Uddeholmsstålen Stavax ESR 

och UHB 11. Prov tas fram för ett antal undersökningar. Mikrostruktur undersöks med 

mikroskopi, mikrohårdhetsprovning utförs enligt Vickersprincipen, restaustenitnivåer mäts 

med röntgendiffraktion och dragprovning utförs. Lyckade svetsfogar fås i alla undersökta 

prover, vilket visar att svetsmetoden är lämplig för Vanax SuperClean och att varken 

förvärmning eller långsamt svalnande av arbetsstycken krävs.  

Möjligheten att använda friktionsomrörningssvetsning som sammanfogningsmetod för Vanax 

SuperClean diskuteras. 

Nyckelord: Kvävelegerat verktygsstål, Uddeholm Vanax SuperClean, trycksvetsning, 

friktionssvetsning, friktionsomrörningssvetsning, mikrostruktur, Vickers 

mikrohårdhetsmätning, restaustenitmätning med röntgendiffraktion 
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1 Introduction 

1.1 Uddeholms AB – company background 

 

Uddeholms AB is part of the Voestalpine group. Voestalpine AG currently employs roughly 

48500 people worldwide and is based in Linz, Austria. With roots that can be traced as far 

back as a 1600’s forge in Uddeholm, the steel mill is presently located in Hagfors, Värmland, 

in the same location where it opened as Hagfors järnverk in 1878. The majority of the 

production within Uddeholms AB takes place in Hagfors, with an approximate annual 

production volume of 65000 metric tons of steel, scrap metal based. Hagfors is also where the 

central warehouse is located. [1, 2] 

Tool steel for hot work, cold work and plastic applications constitutes the majority of 

Uddeholms AB’s product line. Hot work is a name for shaping processes performed at 

temperatures above a material’s recrystallization temperature, usually within a temperature 

span of 50-75% of the melting temperature of the material. Advantages of hot working 

include lesser forces being needed for shaping than cold working, and the ability of achieving 

large deformations in materials. Cold work includes shaping processes performed at or around 

room temperature, leading to advantages such as higher strength and hardness due to 

deformation hardening, higher accuracy with closer tolerances and better surface finishes than 

hot working. Plastic applications include processes such as manufacturing of details using 

methods as injection moulding and extrusion. [3] 

The company is represented worldwide, having approximately 3000 employees globally. The 

Hagfors division, as seen in figure 1, employs about 850 people, which makes them one of the 

largest private employers in Värmland County. [2] 

 
Figure 1. Aerial view of Uddeholms AB’s production site, Hagfors järnverk. [4] 
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Uddeholms AB holds certifications according to the following standards (at the time of 

writing) [5] 

ISO 9001:2008 – Quality Management Systems – Requirements  

ISO 14001:2004 – Environmental Management Systems – Requirements 

ISO 50001:2011 – Energy Management Systems – Requirements 

OHSAS 18001:2007 – Occupational Health and Safety Management Systems – Requirements 

Certifications are issued by Det Norske Veritas (DNV), which also acts as accredited auditor.  

1.2 The project 

The purpose of this project is to examine the feasibility of the use of other welding methods 

than conventional fusion welding such as MIG/TIG welding for newly developed highly 

nitrogen alloyed steel Vanax SuperClean. Vanax SuperClean is a powder metallurgically 

produced steel containing carbonitrides, improving wear resistance in its hardened state.  

Using fusion welding methods involves melting of the base material. Welding trials with 

fusion welding have been made by Uddeholms AB, where it was concluded that fusion 

welding is not applicable for Vanax SuperClean. 

Two methods of solid-state welding are intended to be tested, rotary friction welding (RFW) 

and friction stir welding (FSW). Vanax SuperClean will be joined with alloy steel Stavax ESR 

and carbon steel UHB 11. Metallographic analysis and hardness profiling is to be carried out 

on the test-welded samples, using Uddeholms AB’s methods for metallurgical testing. No new 

methods of testing are developed solely for this project. 

The project aims to first and foremost answer if solid-state welding of Vanax SuperClean is 

possible at all, but also answer questions as to whether the materials can be friction welded at 

room temperature or if preheating and/or slow cooling is necessary, and if it is possible to 

achieve a weld that is free from defects such as cracks and oxides. 

Due to unfortunate circumstances, FSW trials are canceled. Examinations are concentrated to 

RFW, and the possibility of using FSW is discussed, based on earlier work by others.    

1.2.1 Vanax® SuperClean 

Uddeholms AB has developed and launched Vanax SuperClean, a martensitic Cr-Mo-V-N 

alloyed steel that combines the properties of corrosion resistance, ductility, hardenability and 

wear resistance. It is produced via processes based on powder metallurgy and is characterized 

by its low carbon/high nitrogen content, where nitrogen substitutes most of the carbon. The 

hard phase particles, carbonitrides, that form allow a higher amount of chromium in solid 

solution, thus having a less detrimental effect on corrosion resistance than the otherwise 

expected to form chromium carbides. This gives the material several advantages, however it 

also rules out satisfactory results using methods based on fusion welding. Nitrogen is not a 

poisonous alloying element when compared to heavy metals, also considered as an advantage. 
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The carbonitrides dissolve when Vanax SuperClean reaches melting temperature, resulting in 

nitrogen gas escaping the material which in turn leads to a porous weld. Table 1 lists the 

typical analysis for Vanax SuperClean. 

Table 1. Vanax SuperClean [6].   

Typical 
analysis % 

C           
0.36 

N          
1.55 

Si          
0.30 

Mn       
0.30 

Cr         
18.2 

Mo       
1.10 

V          
3.50 

Fe      
Rest 

Delivery 
condition  Soft annealed to approx. 260 HB 

 

1.2.2 Stavax® ESR 

 Stavax ESR is a tool steel mainly intended for use in plastic applications, for example 

injection moulds, extrusion dies and blow moulds where demands are high for corrosion 

resistance, wear resistance and high surface finishes. Table 2 lists the typical analysis for 

Stavax ESR. 

Table 2. Stavax ESR [7]. 

Typical 
analysis % 

C           
0.38 

Si            
0.9 

Mn         
0.5 

Cr         
13.6 

V             
0.3 

Fe      
Rest 

Standard 
specification AISI 420 modified 

Delivery 
condition Soft annealed to approx. 190 HB 

 

1.2.3 UHB® 11 

UHB 11 is among the most basic steel types offered by Uddeholms AB, a carbon steel that the 

company recommends for applications such as punch/die holders, jigs, fixtures etc. Table 3 

lists the typical analysis for UHB 11. 

Table 3. UHB 11 [8]. 

Typical 
analysis % 

C           
0.46 

Si            
0.2 

Mn         
0.7 

Fe      
Rest 

Standard 
specification (SS 1650/1672) W.-Nr.1.1730 (AISI 1148) 

Delivery 
condition As rolled. Hardness approx. 200 HB 
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2 Background 

2.1 The problem – inability to join Vanax SuperClean by fusion welding 

Vanax SuperClean is suited for use in environments considered hostile due to corrosive 

properties and high levels of wear. Exemplified applications include knives, plastic extrusion 

tooling, marine pumps and bearings. Cost of the material makes it desirable to only use Vanax 

SuperClean for critical parts of an application, where the noncritical parts would be a different 

material. Using the example of knives, it could be advantageous with a knife edge of Vanax 

SuperClean and a less costly stainless steel for the rest of the blade. The problem lies in 

joining Vanax SuperClean with other materials via conventional fusion welding methods. [6] 

2.2 Previous attempts by Uddeholms AB 

Trials with TIG/MIG welding as well as laser beam welding have been made by Uddeholms 

AB, resulting in inferior quality welds. This is discussed further in 3.1, 4.1 and 5.1.1.  

The company has been successful in joining Vanax SuperClean to Mirrax ESR using high 

temperature brazing in vacuum, with Fontargen AP 22 CL brazing paste, whose product 

specification is presented in appendix A. Since Fontargen AP 22 CL is a 99,9% copper based 

brazing paste with a melting temperature of 1083˚C, heat treatment possibilities are limited. 

Limitations in mechanical properties also follow with the brazing method, when compared to 

welding.  Mirrax ESR is a steel mainly intended for plastic applications and was chosen for its 

high corrosion resistance, hardenability to over 50 HRC, and high toughness/ductility. The 

test was performed on a knife for use in the food processing industry, where the cutting edge 

is Vanax SuperClean and the bulk of the knife being Mirrax ESR. This knife and an image of 

the brazed joint microstructure is shown in figure 2.  

 
Figure 2. Food processing knife and microstructure of brazed joint in 1000x magnification. 

  

2.3 Previous attempts by others 

Rotary friction welding (RFW) is commonly used for welding steels of various grades and is 

capable of joining both similar as well as dissimilar metals over a broad spectrum. 

Considering that this project is the first time that solid-state welding is tried as a joining 
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method for this type of nitrogen alloyed steel, no research material for direct comparison has 

been found in any published literature. There is however several articles published on 

different aspects of rotary friction welding that can be of use in this project. In summary, it 

can be concluded that the mechanisms involved in attaining a sound joint are of complex 

nature, e.g. friction, material flow behavior and heat transfer. [9, 10, 11] 

The areas of application for friction stir welding (FSW) are mainly concentrated to aluminium 

alloys, but its feasibility for use on steels has been discussed and experiments carried out and 

reported in a number of published articles. A common denominator for trials with FSW in 

steel is that the tool is subject to high stress, thus, tool life is reported to be short. [12, 13, 14] 

Sato et al. reported on successful FSW trials with an ultrahigh carbon steel, using a PCBN 

tool, resulting in a defect-free weld. A significant increase in hardness in the weld zone was 

observed, with a martensitic structure obtained from the FSW process. [15] 

2.4 Description of the area of technology 

This project will demand knowledge mainly in the fields of metallurgy and mechanics of 

materials, with an understanding of the workings of solid state welding and the resulting weld 

joint. Metallurgy as a field encompasses much of the knowledge required, such as the 

crystalline structures of metals, phases present in steel, laboratory work, and X-ray 

diffraction. Several of these subjects have been introduced during the education, however they 

require more in-depth studies, with X-ray diffraction probably being the area with the highest 

demands on theoretical knowledge in this project.   
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3 Theory 

3.1 Solid-state welding 

3.1.1 Welding without melting the base material 

Solid-state welding encompasses a number of different methods where material coalesces 

without melting the base material or adding a filler metal. Materials join by equilibrium 

spacing of atoms. Mechanisms involved on an atomic level are complex, it is recommended 

that further studies are undertaken if a deeper understanding of the matter is desired. Robert 

W. Messler states “The key to all welding is atomic-level interdiffusion between the materials 

being joined, whether that diffusion occurs in the liquid, solid, or mixed state. Nothing 

contributes to joining better than actual interchange of atoms, ions, or molecules.” [16], 

which is principally achieved by the removal of surface impurities through establishing 

contact and plasticizing the materials, thus encouraging mechanical and thermal atomic 

motion through a form of mechanical kneading, allowing metals (including dissimilar metals) 

to be joined. Welds accomplished using solid-state welding methods typically exhibit 

narrower heat-affected zones, with less negative impact on the microstructure, than fusion 

welds. [17] 

Solid-state welding methods have been proven to possess desirable properties over fusion 

welding from environmental as well as health perspectives. Murray W. Mahoney reported that 

Rockwell Scientific compared TIG-welding to FSW by placing and operating the systems in 

sealed containments, drawing all emissions through filters. It was then noted that “emissions 

from potentially harmful elements were below the detectability limit when using FSW”[18]. 

Mishra et al. also commented on the benefits of the elimination of welding fumes, specifically 

those containing hexavalent chromium [14].  

3.1.2 Direct-Drive Friction Welding (DFW) 

Rotary friction welding (RFW) is predominantly made up of two methods, direct-drive 

(DFW) and inertia-drive (IFW). Both methods involve essentially similar working principles, 

where the main difference is that IFW relies on kinetic energy stored in the flywheel to 

provide the heating and braking via friction after being accelerated to the desired speed, 

whereas DFW is continually driven throughout the welding and manually stopped. DFW will 

be the method used in this project, therefore the description that follows applies to DFW use. 

[17] 

The workpieces are mounted in a machine that visually somewhat resembles a lathe. One 

workpiece is statically fixed in a pair of jaws (V-blocks) which are part of an assembly that is 

under axial pressure from hydraulic pistons, pressure being set by the operator. The other 

workpiece is mounted in a rotating chuck directly connected to the motor that rotates at a 

constant speed throughout the entire welding process. The machine used in this project, 

shown in figure 3, is fitted with a conical rotor braking system, but it is also common with 

disc braking systems for quickly stopping rotation. [17] 
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Figure 3. The direct-drive friction welding machine used in this project. 

Welding with DFW can be divided into three stages, if the start-up stage where the motor 

accelerates and workpieces are brought together is clamped is discounted, however the startup 

stage is also included in the illustration of the process shown in figure 4, 

1. Heat-up stage 

2. Burn-off stage 

3. Forging stage 

In the heat-up stage, an axial pressure is applied to the static workpiece, heating up the 

contacting surfaces, thus decreasing flow stress (the material starts flowing with raised 

temperature, lessening friction at the faying surfaces), leading to the material plasticizing 

when the axial pressure exceeds the flow stress. If this stage is not performed correctly, 

applying a greater axial pressure risks the workpieces slipping in the V-blocks, effectively 

welding the workpieces to the machine instead of each other. The burn-off stage occurs when 

the material experiences plastic deformation and is transported radially outward, taking oxides 

and surface contaminants with it in the process. The workpieces are displaced axially due to 

the material flow, therefore shortening the overall length. This is where the weld flash starts 

forming. Lastly, the forging stage entails stopping of the rotation while simultaneously 

applying a greater axial pressure, further displacing the workpieces until final length, resulting 

in an increased weld flash. [9] 
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Figure 4. Illustration of the DFW process, dividing it into stages in which the welding 

parameters interact throughout the welding process [19]. 

Parameters of interest for DFW include rotational speed, axial pressure, welding time and 

displacement (or upset length) [17]. The connection between these parameters is seen in 

figure 5. 

 
Figure 5. Further illustrating how the direct-drive friction welding parameters interact 

throughout the welding process [20]. 

1. Heat-up stage 

 

 

 

 

 

2. Burn-off stage 

 

 

 

 

 

3. Forging stage 
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3.1.3 Friction Stir Welding (FSW) 

Friction stir welding (FSW) is a relatively new welding procedure which The Welding 

Institute (TWI) in England began developing in 1991, for which they also filed a patent the 

same year (which has since ceased to be in force) [13, 21]. The method has continually 

developed since its inception, but it is primarily used for aluminium alloys, with a limited, yet 

feasible, use in steels. 

FSW is similar to DFW in that it also is a solid-state welding method, but with a major 

difference, namely the introduction of a third element directly involved in the welding 

process, a rotating tool. The beginnings of FSW saw two plates being clamped in a butt joint 

configuration to a worktable, introducing the rotating tool to the joint line, traversing along it, 

achieving the weld joint. Later years have seen the introduction of 5-axis FSW systems, those 

will not be of interest in this project. [13] 

The rotating tool is introduced to the workpieces in the plunging phase, where it heats up and 

plasticizes the material during the dwelling phase. When sufficient plastic flow is achieved, 

linear movement of the tool is started in the welding phase. This way, the material is forced to 

flow around the tool, ending up behind the tool as a mixture of the workpiece material, 

forming the weld joint. When completed, the tool exits the workpieces in the retract phase, 

leaving a pin hole from the tool. The welding procedure is illustrated in figure 6. [22] 

 
Figure 6. Illustration of the FSW process, achieving a butt joint in two plates [23]. 

FSW tools are manufactured from several different materials, depending on the application. If 

aluminium alloys are welded, temperatures and forces are substantially less than during the 

welding of steel, thus allowing for less hard, less temperature resistant materials such as tool 

steels of various grades. If FSW is to be used as a joining method for steel, poly-crystalline 

boron nitride (PCBN) is commonly used due to its high hardness and good high-temperature 

properties. There have been trials with tools made from a nickel base superalloy containing 

iridium, exhibiting small deformation and low wear when welding AISI 304 stainless steel 

and high carbon steel. [24] 
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3.2 Metallographic examinations and hardness profiles 

3.2.1 Preparation of samples for metallographic examinations 

Samples subject to metallographic examinations must be properly prepared in order to 

produce satisfactory results. This is normally done by grinding, polishing and etching each 

sample to reveal its microstructure. Common equipment for this purpose in laboratory work 

include grinding and polishing machines. They operate through a rotating disc which different 

abrasives are fastened to, lubricated by a jet of water.  

3.2.2 Microscopy 

Examination of the microstructure using light optical microscopy (LOM) is done after sample 

preparation. With LOM it is possible to examine the welded samples after etching with an 

acid, revealing grain structure. A cutaway diagram of the type of microscope used in this 

project is presented in figure 7. 

 
Figure 7. Cutaway diagram of an Olympus BH-2 microscope [25]. 

3.2.3 Microhardness profiling 

The hardness of a material is defined as its ability to resist permanent indentation. There 

exists a number of methods and scales for testing and measuring hardness. The methods have 

in common that a load is applied on an indenting object, e.g. a spherical or pyramid shaped 
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object, forcing it into the material, leaving an indentation. The depth of the indentation is then 

measured, from which a hardness value is calculated according to the methods respective 

formulas. Examples of hardness methods and scales include Rockwell, Brinell, Knoop and 

Vickers. Rockwell and Brinell and Vickers are macrohardness methods, where loads applied 

are ≥ 2 N and measurements can be performed without the aid of a microscope. Vickers tests 

can also be used for microhardness measuring, together with Knoop. [26] 

The method used in this project is Vickers microhardness profiling. Hardness testers working 

by the Vickers principle indents using a square base diamond pyramid. A profile view of the 

indenter with its 136º angle between opposite faces is shown in figure 8, along with a top-side 

view of the indentation made in the material. The parameters F, d1, d2 and the 136º angle are 

the key parameters needed in manually measuring and calculating hardness via the Vickers 

method, which is more commonly automated and done by the hardness testing equipment 

itself. [26, 27] 

 
Figure 8. Vickers square base diamond pyramid indenter and indentation for measurement. 

[28] 

The Vickers hardness number 𝐻𝑉 is calculated as a ratio between the applied force 𝐹 and the 

resulting area 𝐴 of the indentation. The area is calculated by (1)  

𝐴 =
𝑑2

2 sin(
136°

2
)
 (1) 

where 𝑑 is an arithmetic mean of diagonals 𝑑1 and 𝑑2. 

The HV number is given by (2) 
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𝐻𝑉 =
2𝐹 sin(

136°

2
)

𝑑2
 (2) 

The units for this HV number are [
𝑘𝑔𝑓

𝑚𝑚2], since the force 𝐹 is applied in kilogram-force, which 

is not an SI unit, but rather an obsolete unit defined as the magnitude of the force exerted by 

one kilogram of mass in a 9,80665 
m

s2 gravitational field [29].  The HV number should be 

stated so that both the measured value and applied load are visible, e.g. 800 𝐻𝑉0,2 for an HV 

number of 800, measured with 0,2 [𝑘𝑔𝑓]. 

3.3 Tensile testing 

Tensile testing is a method to collect information on certain material properties, listed below, 

through destructive testing. The data collected by tensile testing also produces the stress-strain 

diagram, seen in figure 9. [26] 

 Modulus of elasticity  

 𝐴5: Elongation 

 𝑅𝑝0,2: Offset yield strength 

 𝑅𝑚: Ultimate tensile strength 

 𝑍: Reduction in area 

 
Figure 9. Illustration of the stress-strain diagram and the data that can be read from it. [30] 

A basic definition of stress is “force per unit area”, calculated as (3) 

𝜎 =
𝐹

𝐴
  (3) 

where 𝜎 is stress, 𝐹 is force and 𝐴 is area, with units [
𝑁

𝑚𝑚2
]. 

Strain is a dimensionless value which indicates the “change in dimension per unit length”. It 
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can be practical to express it as 
𝑚𝑚

𝑚𝑚
.   

3.3.1 Testing equipment 

Equipment used for tensile testing usually includes a universal testing machine (the term 

universal stems from its ability to carry out both compressive as well as tensile tests) in which 

a test sample is mounted and to which an axial force is applied until fracture occurs. Attached 

to the sample is an extensometer, which registers the sample’s length displacement. [3] 

3.3.2 Modulus of elasticity  

The modulus of elasticity, or Young’s modulus, is an indication of a material’s stiffness, 

represented by the slope of the line in the elastic region of the stress-strain diagram. It is 

related to stress and strain through Hooke’s Law (4) 

𝐸 =
𝜎

  (4) 

where 𝐸 is the modulus of elasticity, 𝜎 is stress and 휀 is strain. 

The modulus of elasticity can be described as material dependent. The higher it is, the larger 

are the forces required to separate the atomic bonds when the atoms experience equilibrium 

spacing, thus deforming the material plastically. Elastic moduli are given in the unit [𝑀𝑃𝑎] 

([
𝑁

𝑚𝑚2]), but are often rounded and given in [𝐺𝑃𝑎] for simplicity and practicality reasons. 

[26]   

3.3.3 Elongation 

By measuring the length displacement over a length equal to five times the initial diameter of 

the sample, a percentage value of the elongation is calculated (5) 

𝐴5 =
𝛿

5𝑑0
  (5) 

where 𝐴5 is the elongation, 𝛿 is the length displacement of the sample after fracture and 𝑑0 is 

the initial diameter. [26] 

3.3.4 Offset yield strength 

It is not possible to give an exact value for the limit of the elastic line in the stress-strain 

diagram. Therefore, an offset value at 0,2% strain is used for stating the yield strength, 

designated as 𝑅𝑝0,2, unit used being [𝑀𝑃𝑎]. [26] 

3.3.5 Ultimate tensile strength 

The ultimate tensile strength is indicated in the stress-strain diagram as the highest stress 

value. At this level of applied stress, ductile samples experience a phenomenon known as 

necking, shown in figure 10, while hardened samples commonly fracture without the 

development of a neck. [26] 
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Figure 10.  The development of a neck in a tensile test sample. [31] 

3.3.6 Reduction in area 

The reduction in area is calculated by measuring the initial and final area of the sample at the 

location of fracture. The calculated value is, just as elongation, reported as a percentage value 

by (6). [26] 

𝑍 =
𝐴0−𝐴𝑓

𝐴0
  (6) 

where 𝑍 is reduction in area, 𝐴0 is the initial area and 𝐴𝑓 is the final area.  

3.4 Retained austenite measurement by X-ray diffraction 

Explaining retained austenite measurements by X-ray diffraction (XRD) requires a more in-

depth knowledge of the crystalline structures of metals and its transformations. It is not 

considered meaningful to attempt to describe this in great depth here, thus, the reader is 

referred to further studies if needed.  

3.4.1 Crystalline structures of metals 

Metals are made up of crystal structures. Each crystal contains a specific arrangement of 

atoms, based upon lattices, existing in different shapes. When atoms are positioned on every 

lattice point, the crystal structures are reproduced. Three common crystal structures in steel 

are the body-centered cubic (BCC), face-centered cubic (FCC) and body-centered tetragonal 

(BCT) crystal structures, whose lattices are shown in figure 11. [26] 

 
Figure 11. Illustration of BCC, FCC and BCT lattices [32, 33, 34].  

The smallest possible representation of the crystal is called the unit cell. When the unit cell is 

repeated, it produces the entire crystal structure. To illustrate this, figure 12 shows the BCC 
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lattice, BCC unit cell and the repetition of it, producing the BCC crystal structure. [26] 

 
Figure 12. Illustration of the body-centered cubic lattice, unit cell and crystal structure [35].  

The cubic and tetragonal crystal structures are described as three-dimensional structures based 

on a Cartesian coordinate system. If three points in the unit cell are specified, they span a 

plane when the unit cell is repeated to produce the crystal structure. Directions in the unit cell 

that specify planes of certain interest are described by Miller indices, some of which are seen 

in figure 13. Directions for the Miller indices are named h, k and l, all being orthogonal. [26] 

 
Figure 13. Miller indices for different planes in cubic structures. [36] 

Planes in the crystal structures are of interest when measuring retained austenite with XRD. 

[26] 

3.4.2 Retained austenite and martensite 

Austenite and martensite are two of the phases present in steel. Martensite is a non-

equilibrium phase (BCT), normally not present at room temperature. It forms when heating a 

steel above its austenitization temperature, followed by rapid quenching, which allows 

martensite to be present at room temperature. It is characterized by its high hardness and 
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lower ductility when compared to austenite. Both Vanax SuperClean and Stavax ESR are 

classified as martensitic stainless steels, containing martensite when hardened. [26] 

Austenite is a relatively soft and ductile phase (FCC), often not desired, depending on what 

demands exist for mechanical properties. In stainless steels, austenite contributes to good 

corrosion resistance properties. When hardening a steel, there is a possibility that not all 

austenite transforms to martensite, thus resulting in a portion of austenite content in the 

finished product, which is known as retained austenite. It is of interest to examine retained 

austenite content in the test welded samples to see how the material is affected by the DFW 

process. [26] 

3.4.3 X-ray diffraction and retained austenite 

Using an X-ray diffractometer, the X-ray generator emits radiation which hits the object to be 

measured. The object either absorbs the radiation or scatters it. When scattered, radiation is 

received by the detector assembly. If an object scatters the radiation elastically, the radiation 

wavelength is unaltered. Provided that the wavelength is short enough, an elastic behavior is 

seen when atoms in the lattice are radiated. Short enough means that the wavelength should 

be smaller than the interatomic spacing in the lattice, or comparable to it. This allows a 

spectrum of diffraction to be plotted, responding to the diffraction angle, denoted by θ. [26, 

37] 

When radiation is diffracted, the conditions of Bragg’s law are satisfied. Bragg’s law (7): 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃 (7) 

where n is an integer, 𝜆 is the wavelength of the radiation, 𝑑ℎ𝑘𝑙 is the interplanar spacing in 

the crystal lattice (h, k and l specifying directions) and 𝜃 is the angle that the beam makes 

with lattice planes. 

The distance between the atomic planes make for a difference in path of the diffracted beams, 

as seen in figure 14. The beams that satisfy Bragg’s law are then amplified due to a 

constructive interference, caused by a phase shift from the path difference being equal to 𝑛𝜆. 

This constructive interference is what appears as peaks in the diagrams plotting the diffraction 

spectrum. [26, 37] 
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Figure 14. A visualization of Bragg’s law, illustrating the difference in beam length from 

diffractions from the different lattice planes. [38]  

The diffraction spectrum peaks correspond to certain phases in steels, i.e. martensite, 

austenite, etc. In using the direct comparison method, phase content can be determined by 

referencing it against a peak from another phase present in the material. The relation between 

the diffracted intensities and concentrations are described by using a complex intensity 

equation (8) as the basis for further calculations (which are done by the computer software 

used for controlling the XRD equipment). The equations will be listed here to give an 

understanding of the parameters involved. [39, 40] 

𝐼ℎ𝑘𝑙 = (
𝐼0𝐴𝜆3

32𝜋𝑟
) [(

𝜇0

4𝜋
)

2 𝑒4

𝑚2] (
1

𝑣2) [|𝐹(ℎ𝑘𝑙)|2𝑝 (
1+cos2 2𝜃

sin2 𝜃 cos 𝜃
)] (

𝑒−2𝑀

2𝜇
) (8) 

𝐼ℎ𝑘𝑙 = integrated intensity per unit length of diffraction line  

𝐼0 = intensity of incident beam 

𝐴 = cross-sectional area of incident beam 

𝜆 = wavelength of incident beam 

𝑟 = radius of diffractometer circle 

𝜇0 = 4𝜋 ∗ 10−7m kg 𝐶−2 

𝑒 = charge on electron 

𝑚 = mass of electron  

𝑣 = volume of unit cell 

𝐹(ℎ𝑘𝑙) = structure factor for reflection  

𝑝 = multiplicity factor 

𝜃 = Bragg angle 

𝑒−2𝑀 = temperature factor 

𝜇 = linear absorption coefficient 
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Let (9) 

𝐾2 = (
𝐼0𝐴𝜆3

32𝜋𝑟
) [(

𝜇0

4𝜋
)

2 𝑒4

𝑚2] (9) 

and (10) 

𝑅 = (
1

𝑣2) [|𝐹(ℎ𝑘𝑙)|2𝑝 (
1+cos2 2𝜃

sin2 𝜃 cos 𝜃
)] (

𝑒−2𝑀

2𝜇
)  (10) 

The diffracted intensity is (11) 

𝐼 =
𝐾2𝑅

2𝜇
  (11) 

where 𝐾2 is a constant independent of type and amount of diffracting substance, and 𝑅 

depends on 𝜃, hkl, and type of substance. 

Austenite is designated by γ and austenite by α, where 𝑐 is the content of each phase, which 

gives (12) 

𝐼𝛾 =
𝐾2𝑅𝛾𝑐𝛾

2𝜇𝑚
  (12) 

and (13) 

𝐼𝛼 =
𝐾2𝑅𝛼𝑐𝛼

2𝜇𝑚
 (13) 

which are then divided with each other (14) 

𝐼𝛾

𝐼𝛼
=

𝑅𝛾𝑐𝛾

𝑅𝛼𝑐𝛼
  (14) 

By measuring 
𝐼𝛾

𝐼𝛼
 and calculating 𝑅𝛾 and 𝑅𝛼, 

𝑐𝛾

𝑐𝛼
 can be obtained. 𝑐𝛾 can then be found from 

(15) 

𝑐𝛾 + 𝑐𝛼 = 1 (15) 

or as (16) 

𝑐𝛾 =  [
𝑅𝛾𝐼𝛼

𝑅𝛼𝐼𝛾
+ 1]

−1

 (16) 

These specific calculations assume that only two phases are present in a hardened steel, γ and 

α, hence their relevance in this project, where retained austenite (γ) content will be referenced 

against martensite (α). [39] 
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3.4.4 The X-ray diffractometer 

The equipment used for measuring retained austenite consists of an X-ray diffractometer for 

measurements, computer software for specification of parameters and data analysis. A 

schematic diagram of the working principles of a diffractometer is shown in figure 15. [26] 

 
Figure 15. Schematic diagram showing the workings of an X-ray diffractometer, describing 

the beam, diffracted beam, the 2𝜃 angle, beam trap, detector, and rotational movement of the 

sample. [41] 
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4 The Process 

4.1 Fusion welding of Vanax SuperClean 

Uddeholms AB states that fusion welding of Vanax SuperClean is not possible. In order to 

confirm this, a test is conducted on two pieces of steel of different types for comparison, 

Vanax SuperClean sheet, and Stavax ESR plate. Stavax ESR is chosen since it is one of the 

materials selected for joining with Vanax SuperClean via friction welding in this project. 

Welding is performed with an ESAB 2200i TIG-system and identical parameters and filler 

metal are used for all welds. One pass making a bead weld and one pass remelting the base 

material (without filler metal) is made in each material. Figure 16 shows the spectacular 

visuals produced by TIG-welding Vanax SuperClean, during remelting of the base material. 

 
Figure 16. TIG-welding Vanax SuperClean, remelting the base material. Note sparks. 

The test welds are then cut, mounted in a Bakelite puck, grinded, polished and etched to 

produce cross-sections, as seen in figure 17, for examination using LOM to further see the 

effects of melting the base materials. 

 
Figure 17. TIG-welded Vanax SuperClean and Stavax ESR samples mounted in a Bakelite 

puck and prepared for LOM examinations. 
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4.2 Friction welding trials 

4.2.1 Direct-Drive Friction Welding (DFW) 

To concentrate heating of the surfaces in the center of the workpiece during the start of the 

welding procedure, gradually heating outward, the workpieces, in the shape of cylindrical 

rods, are prepared by turning them slightly conical on the ends, with a 2º angle. See drawing 

in appendix B. Eighteen rods were prepared this way, each with a diameter of 35 mm and 

length of 150 mm. Ten Vanax SuperClean, four Stavax ESR and four UHB 11 rods were test 

welded, making a total of nine welded samples when finished. It is not certain that all samples 

will be examined during the project. 

In order to examine whether preheating is necessary to perform successful welds, an oven is 

brought to the test site. The oven is heated to 300ºC, and four pieces of Vanax SuperClean 

along with two pieces of Stavax ESR are preheated. The same oven is also used for slow 

cooling of selected samples, allowing the remainder to cool at room temperature. Suspicions 

that lack of preheating and/or lack of slow cooling may encourage crack initiation and 

propagation in the weld zone formed the basis for the decision to bring the oven. The material 

combinations and temperatures are seen in table 4. 

Table 4. Material combinations and temperature conditions during DFW trials. 

Sample Material 1 Preheated to 

300ºC? 

Material 2 Preheated to 

300ºC? 

Slow 

cooled? 

1 Vanax 

SuperClean 

No Stavax ESR No No 

2 ʺ No Stavax ESR No No 

3 ʺ No Stavax ESR No Yes 

4 ʺ No UHB 11 No No 

5 ʺ No UHB11 No Yes 

6 ʺ Yes Stavax ESR Yes No 

7 ʺ Yes Stavax ESR Yes Yes 

8 ʺ Yes UHB 11 No No 

9 ʺ Yes Vanax 

SuperClean 

No No 
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The parameters for the trials are based upon what has been proven successful in friction 

welding the stainless grades of steel used by Fricweld in their production of piston rods. This 

is considered suitable since Vanax SuperClean and Stavax ESR are classified as stainless tool 

steels. Table 5 lists the parameters, which are constant throughout the welding trials, with the 

exception of welding time and displacement, listed individually for each sample. In these 

trials, a welding time is set for each sample, not controlling the resulting displacement 

directly. It is possible to reverse the order, setting a desired displacement, thus not directly 

controlling welding time. The size of workpieces that can be used in the DFW method is 

mainly limited by machine size and welding parameters.  

Table 5. Welding parameters during friction DFW trials. 

Sample Speed 

 

[𝑟𝑝𝑚] 

Axial 

Pressure 

Stage 1 

[𝑁/𝑚𝑚2] 

Axial 

Pressure 

Stage 2 

[𝑁/𝑚𝑚2] 

Axial 

Pressure 

Stage 3 

[𝑁/𝑚𝑚2] 

Welding 

time  

 

[𝑠] 

1 750 23 122 183 15 

2 ʺ ʺ ʺ ʺ 25 

3 ʺ ʺ ʺ ʺ 20 

4 ʺ ʺ ʺ ʺ 20 

5 ʺ ʺ ʺ ʺ 20 

6 ʺ ʺ ʺ ʺ 20 

7 ʺ ʺ ʺ ʺ 20 

8 ʺ ʺ ʺ ʺ 20 

9 ʺ ʺ ʺ ʺ 20 

 

Figure 18 a) shows the the burn-off stage (stage 2) in the welding procedure, where a clear 

weld flash has started developing, right before stage 3, since the chuck is still rotating (as seen 

in the photo). Some of the samples cooling at room temperature are shown in figure 18 b), 

where a difference in weld flash sizes can be noted. 
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Figure 18. a) Mid-procedure photo showing the development of the weld flash in stage 2. b) 

Room temperature cooling of two samples. 

4.2.2 Friction stir welding (FSW) 

Due to circumstances beyond control for parties involved in this project, FSW trials are 

unfortunately canceled. See 6.2.1. 

4.3 Metallographic examinations and hardness profiles 

4.3.1 Heat treatment of Vanax SuperClean 

Heat treatment of Vanax SuperClean must be performed in a protective atmosphere, or 

protected by a stainless steel foil, to prevent defects such as denitriding (loss of nitrogen as 

alloying element, having detrimental effects on hardness and wear resistance) and 

catastrophic oxidation. The effects of catastrophic oxidation can be seen in figure 19, 

demonstrating how the phenomenon can affect powder metallurgically produced steel through 

scaling, specifically Vanax SuperClean. This is in part likely due to alloying elements like Mo 

and V having high affinity for O, thus acting as oxidation catalysts at elevated temperatures, 

and possibly also due to a dense enough protective oxide layer not being present [42]. Also 

seen in figure 19 is the material loss for the same piece after cleaning and blasting. 

  

Figure 19. a) Catastrophic oxidation of Vanax SuperClean. b) Resulting material loss. 

The recommended heat treatment cycle for Vanax SuperClean is 1080°C (1975°F)/30 min + 

b) 

a) 

a) b) 
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DC + 200°C (390°F)/2 x 2h [6]. This means that it is heated to 1080°C for 30 minutes, 

followed by deep cooling in liquid nitrogen to minimize retained austenite content, finishing 

with a tempering in 200°C for two passes of 2 hours each. 

4.3.2 Preparation of samples for metallographic examinations 

When the test-welded pieces are cut to produce axial cross-sections of the welds, preparations 

for metallographic examinations are carried out by grinding, polishing and etching, according 

to Uddeholms AB’s standards. Grinding is done by wet sanding with progressively finer grit 

sizes, starting at 180, moving up through 320, 500 and ending with 1200 grit. The samples are 

then polished, using a Struers MD-Nap polishing cloth with 3 µm diamond suspension as 

polishing liquid. Etchants used are Picral and Vilella. If samples are not prepared properly, it 

could potentially lead to difficulties in observing important details.   

Figure 20 shows three of the prepared samples before microscopic examinations. 

 
Figure 20. a) Sample 2, as welded. b) Sample 2, hardened. c) Sample 5, as welded. 

4.3.3 Microscopy 

An Olympus BH-2 microscope connected to a computer with Kappa Image Base Software, is 

used for annotating and saving images. The microscope is capable of producing five different 

levels of magnification; 50x, 100x, 200x, 500x and 1000x. Samples are mounted on a plate 

using clay, where they are fastened using a press to ensure that the samples are level. They are 

then placed on the mechanical stage, secured by the specimen holder. The stage allows for 

relocation of the sample via its X-Y translation mechanism. Focusing the image is 

accomplished through raising or lowering the stage through either coarse or fine adjustment.  

Friction welded samples selected for examinations via microscopy include cross-sections of 

sample 2 and 5. Sample 2, Vanax SuperClean welded to Stavax ESR, is examined in its as 

welded state, without further heat treatment. It is also examined after soft annealing and after 

hardening. A number of images with different levels of magnification are collected for each 

sample, along both the entire weld zone, as well as the unaffected base materials. 

Examinations are also carried out on the TIG-welded samples and tensile tests. 

The reliability of microscopy as a method in this project is considered very high, since it is 

used mostly for observing microstructures. Calibration and accuracy of scales for each 

magnification level are considered to be the only relevant sources for error.  

a) b) c) 
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4.3.4 Microhardness profiling 

Examining hardness in the test-welded pieces is conducted by microhardness profiling, due to 

its ability to measure hardness over short distances, hence enabling measurement of local 

differences on a micro-scale. This is useful since it is of interest to examine changes in 

hardness over the weld zone in the different materials. Measuring the indentations require a 

microscope. Equipment used consists of a Matsuzawa MXT50 digital microhardness tester, 

whose integrated microscope produces microscopy images, which together with data are 

analyzed in Buehler OmniMet MHT software.  

Samples are mounted in the same manner as in the microscopy examinations, using plates and 

clay. They are then placed on the stage, which is relocated via stepper motors, either manually 

through a joystick, or when a microhardness profile is conducted, controlled by the software. 

A series of sixty measurements over a distance of 14,8 mm is specified, with an applied load 

of 0,2 [𝑘𝑔𝑓]. This is repeated for all samples. The profiles are conducted in a similar manner, 

all ending in Vanax SuperClean, thus starting in the softer materials, traversing over the weld 

zone, starting and ending in the unaffected base materials. 

Indentations and measurements are automated, but every measurement is manually corrected 

in an attempt to minimize errors in reported hardness values. This is achieved through 

selecting every calculated hardness value in the software, which relocates the stage, then 

adjusting a quadrilateral marker which measures the diagonals produced by the square base 

diamond pyramid indenter. 

There are several parameters influencing the accuracy of the results. Vibrations, temperature, 

levelness of the stage etc. are directly affecting the testing environment and should be 

considered. As should the accuracies of the indenter, optics, levelness of samples, squareness 

of indentations, applied forces etc.  The equipment conforms to the standard ASTM E384 

Standard Test Method for Microindentation Hardness of Materials, which lists a maximum 

acceptable error percentage of 3% [43]. This would equate to an error margin of ±22,5 𝐻𝑉0,2 

for a 750 𝐻𝑉0,2 value. This should be taken into consideration for this project, since 

conditions may not be optimal.  

4.4 Tensile testing 

The tensile tests are performed using a MTS Landmark test system with MTS TestWorks 

software. Samples are prepared from test welds 3, 6, 7 & 9 and presented in table 6. The 

samples are prepared according to Swedish Standard SS112115 Metallic materials - Tensile 

test pieces with gripped ends for wedges - Round test pieces type E, sample type 5E25, 

presented in appendix C [44]. 
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Table 6. Material combinations of tensile test samples. 

Weld Sample Material 1 Material 2 New sample 

name 

Preheated? Slow 

cooled? 

3 Vanax 

SuperClean 

Stavax ESR C No Yes 

6 ʺ ʺ B Yes No 

7 ʺ ʺ D Yes Yes 

9 ʺ Vanax 

SuperClean 

A Yes - 1 of 2 

workpieces 

No 

 

All samples are turned in a CNC lathe in soft annealed condition, intending for the weld zone 

to be positioned in the thin part of the sample. Three samples are hardened according to Vanax 

SuperClean’s heat treatment cycle, namely samples A, B and C. Sample D is tested in soft 

annealed condition, as a reference point. Figure 21 shows the prepared sample D and it being 

mounted in the testing machine, with the extensometer attached. 

 
Figure 21. a) Tensile testing sample. b) Sample mounted in tensile testing machine. 

The initial diameter is measured using a micrometer screw gauge and subsequently entered 

into the software, where the test process is started. An axial force is applied, increased until 

fracture occurs. The diameter at the break is measured and its value entered. The software 

then generates the data of interest as reports with the associated stress-strain diagrams. 

The reliability of tensile testing as a method in this project is expected to depend largely on 

a) 

b) 
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proper preparation of the samples, with the weld joint being correctly placed, and samples 

having correct dimensions. The testing equipment is considered to fulfill aspects such as 

being mounted to a proper foundation and operating at room temperature. It has been reported 

that room temperature tensile testing is accurate within a region of approximately ±2,3% to 

±4,6% [45].  

4.5 Measuring retained austenite 

The retained austenite measurements are performed with X-ray diffraction equipment, a 

SEIFERT XRD 3003 PTS diffractometer system, and computer software, examining sample 2 

in its as welded- and hardened conditions. Samples are first prepared by electrolytic polishing 

in the areas to be measured, using Struers LectroPol-5 equipment, then fastened onto a plate 

using clay, which is then mounted vertically to the stage in the goniometer, in front of the x-

ray beam generator and detector. The goniometer is capable of translation in the X-Y-Z 

directions, and rotation around two axes. The distance from the sample to the detector is 

adjusted, parameters are set in the software for retained austenite measurements, areas for 

measuring are specified in each sample, and the procedure is started. 

Three areas in each sample are specified. This is to obtain measurements of the base 

materials, Vanax SuperClean and Stavax ESR, as well as the weld zone containing the 

intermixed materials. When the procedure is started in the software, measurements run 

automatically through the remainder of its duration. When the measurements are completed, 

manual interaction with the software is needed, to specify and adjust parameters in order to 

produce fair results. 

The accuracy of retained austenite measurement by XRD is generally described as high, 

reported as able to detect levels as low as 0,5%. There are however elements of uncertainty 

regarding reliability of measurements, with some sources stating that the type of detector used 

by many diffractometers, position sensitive detector (PSD), “can have a proportional error as 

much as 20% of the value reported” [46]. Diffraction peaks from hard phase content can also 

interfere with the reliability of reported values.   

After measurements are completed, both samples and mounting clay are significantly heated 

by the X-ray radiation. This could possibly have an effect on the accuracy during 

measurements, particularly if the softened clay allows for the sample to be misaligned.  
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5 Results 

Results from all examinations are presented here as images, tables and diagrams accompanied 

by explanatory text. They are directly related to each corresponding section in 4. The process. 

5.1 Fusion welding of Vanax SuperClean 

The welds performed by TIG-welding a piece of Vanax SuperClean are shown in figure 22, in 

a macro-level comparison to the weld performed in Stavax ESR. The welds seen in Vanax 

SuperClean exhibit a poorer structure with visible pores, particularly the remelted base 

material.  

 
Figure 22. Welds performed with identical settings by TIG-welding. 

Figure 23 illustrates the difference in the remelted base materials through microstructural 

images. While the remelted area in Stavax ESR is level with the unaffected base material, 

Vanax SuperClean has behaved substantially different, appearing as material has been 

removed.  

Figure 23. Microstructural images of the remelted base materials, 50x magnification. 

 

 

Vanax SuperClean Stavax ESR 
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5.2 Results from the friction welding trials 

All of the rods that were test welded would appear to be successfully joined, regardless of 

preheating and/or slow cooling, when judging the appearance straight from the friction 

welding machine. This forms the basis for the decision to start metallographic examinations 

with sample 2, not preheated nor slow cooled, consisting of Vanax SuperClean and Stavax 

ESR. Table 7 lists the resulting displacement for the individual samples.  

Table 7. Sample displacement. 

Sample Displacement 

 

[𝑚𝑚] 

1 4 

2 12 

3 5 

4 9 

5 12 

6 12 

7 12 

8 8 

9 3 

 

An example of the weld flash of sample 6 is shown in figure 24, which also shows the 

difference in deformation between Vanax SuperClean and Stavax ESR. 

 
Figure 24. Weld flash formation and difference in material deformation. 

 

Vanax SuperClean Stavax ESR 
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5.3 Metallographic examinations 

Microscopy images in various magnification levels are presented here, with additional 

clarifications in the images themselves where deemed necessary.   

5.3.1 Sample 2 – As welded 

A crack and oxidation can be seen when examining the as welded sample. The location 

however suggested that it was to be expected, seemingly situated in the weld flash. To show 

this, a line is drawn using a permanent marker, close to the end of the defect. A 

microstructural and macrostructural image is compared, shown in figure 25. As seen in the 

figure, the defects are located in the weld flash, which is removed by machining after the weld 

is performed. The end of the crack is positioned approximately 400 μm from the marker line. 

 
Figure 25. Location of defects in the weld flash of sample 2, 100x magnification. 

The grain structure experiences changes which gives it a particular appearance, with areas 

where the materials are intermixed. Figure 26 shows the weld zone and the interesting 

changes in grain structure. This illustrates the difference in how the materials are affected by 

the friction welding process, with a significantly more affected structure, including grain 

growth, in Stavax ESR.  
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Figure 26. Grain structure in the weld zone, 50x magnification, showing the majority of the 

heat-affected zone. 

The heating above austenitization temperatures initaties the forming of martensite, which can 

be seen as the white structures in Stavax ESR, and the dark grey structures in Vanax 

SuperClean. The martensite structure in Stavax ESR may be mistaken for ferrite, however, 

when examining in greater magnification it becomes clearer that it is likely untempered 

martensite, which is also supported by the hardness profile. Figure 27 shows the structure in 

1000x magnification, where the typical needle-like structure of martensite can be 

distinguished.  

 
Figure 27. The characteristic needle-like structure of martensite pointed out in the image, 

1000x magnification. 

Vanax SuperClean 

Stavax ESR 

Visible martensite phase structure 
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5.3.2 Sample 2 – Soft annealed 

Figure 28 shows recrystallization having taken place during soft annealing of the sample, 

making the heat-affected zone drastically less visible.  

 
Figure 28. Recrystallized grain structure after soft annealing, 50x magnification. 

5.3.3 Sample 2 - Hardened 

The sample undergoes further microstructural changes during hardening, shown in figure 29. 

A number of scratches from sample preparation are also visible as long, thin dark lines across 

the weld zone. 

 
Figure 29. Grain structure after hardening, 50x magnification. 

When examining the same area in increased magnification, a martensitic structure can be 

Stavax ESR 

Vanax SuperClean 

Stavax ESR 

Vanax SuperClean 
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perceived, along with hard phase particles consisting of carbides and carbonitrides. This is 

visible in figure 30. The hard phase particles appear as small white areas in Vanax 

SuperClean, and small black areas in Stavax ESR. 

 
Figure 30. Martensitic structure with hard phase particles, 500x magnification. 

5.3.4 Sample 5 – As welded 

The grain structure of sample 5 is harder to examine, compared to where Vanax SuperClean is 

friction welded to Stavax ESR. It is a more difficult sample to etch, due to the carbon steel 

UHB 11 reacting heavily to the etchant, while Vanax SuperClean hardly is affected in the time 

it takes for UHB 11 to etch. 

The same characteristic intermixed structure is seen in the majority of this sample, as figure 

31 shows. It differs in the sense that the center part of the rod exhibits a point which likely 

comes from Vanax SuperClean having retained its conicity from the workpiece preparation. 

Figure 32 shows the needle-like structure of martensite, mainly visible in the UHB 11 portion. 

Stavax ESR 

Vanax 

SuperClean 
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Figure 31. The intermixed structure of Vanax SuperClean and UHB 11, 50x magnification. 

 
Figure 32. Martensite structure visible, mainly in the UHB 11 areas, 1000x magnification. 

5.4 Hardness profiles 

Appendices D-F contain the full results of the hardness profile tests. Note the difference in 

scale for the HV-axes in the graphs presented in figures 33-35. Common for all three samples 

are that the weld zone can be identified both visually (as a slight color alteration in the 

samples and direction of material flow) and in the graphs as changes in hardness, however 

least visible for sample 2 in its hardened state. 

5.4.1 Sample 2 – As welded 

Figure 33 illustrates the hardness profile and the corresponding location of the indentations, 

UHB 11 

Vanax 

SuperClean 

UHB 11 Vanax 

SuperClean 
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visualizing how the hardness changes with the heat-affected zone. The increase in hardness in 

the weld zone supports the idea that untempered martensite is formed during the welding and 

cooling procedure.  

 
Figure 33. Hardness profile for sample 2 in as welded condition. 

Hardness values are as expected for the unaffected base materials of both Stavax ESR and 

Vanax SuperClean, based upon their delivery conditions. 
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5.4.2 Sample 2 – Hardened  

See figure 34 for the hardness profile and corresponding location of indentations. 

 
Figure 34. Hardness profile for sample 2 in hardened condition. 
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5.4.3 Sample 5 – As welded 

Figure 35 shows the hardness profile for UHB 11 welded to Vanax SuperClean.  

 
Figure 35. Hardness profile for sample 5 in as welded condition. 
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5.5 Tensile testing 

Test data from tensile testing is presented in table form in tables 8-11, accompanied by stress-

strain diagrams and fracture surfaces in figures 36-43. 

5.5.1 A: Vanax SuperClean – Vanax SuperClean (hardened) 

Table 8. Sample A: Vanax SuperClean joined with Vanax SuperClean, hardened. 

Diameter 

 

[𝑚𝑚] 

Diameter 

at break 

[𝑚𝑚] 

Modulus 

 

[𝑀𝑃𝑎] 

𝑅𝑝0,2 

 

[𝑀𝑃𝑎] 

𝑅𝑚 

 

[𝑀𝑃𝑎] 

𝐴5 

 

% 

𝑍 

 

% 

Strain 

Rate 

1/𝑠 

5,00 5,00 213832 1930 2135 1,1 0 0,000238 

 

 
Figure 36. Stress-strain diagram for sample A. 
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Figure 37. Fracture surface of sample A. 

 

5.5.2 B: Vanax SuperClean – Stavax ESR (hardened) 

Table 9. Sample B: Vanax SuperClean joined with Stavax ESR, hardened. 

Diameter 

 

[𝑚𝑚] 

Diameter 

at break 

[𝑚𝑚] 

Modulus 

 

[𝑀𝑃𝑎] 

𝑅𝑝0,2 

 

[𝑀𝑃𝑎] 

𝑅𝑚 

 

[𝑀𝑃𝑎] 

𝐴5 

 

% 

𝑍 

 

% 

Strain 

Rate 

1/𝑠 

4,98 4,98 212329 1835 2078 1,2 0 0,000239 
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Figure 38. Stress-strain diagram for sample B. 

 

 
Figure 39. Fracture surface of sample B. 
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5.5.3 C: Vanax SuperClean – Stavax ESR (hardened, weld misplaced) 

Table 10. Sample C: Vanax SuperClean joined with Stavax ESR, hardened, misplaced weld. 

Diameter 

 

[𝑚𝑚] 

Diameter 

at break 

[𝑚𝑚] 

Modulus 

 

[𝑀𝑃𝑎] 

𝑅𝑝0,2 

 

[𝑀𝑃𝑎] 

𝑅𝑚 

 

[𝑀𝑃𝑎] 

𝐴5 

 

% 

𝑍 

 

% 

Strain 

Rate 

1/𝑠 

4,99 4,99 210479 1620 1988 1,5 0 0,000238 

 

 
Figure 40. Stress-strain diagram for sample C. 
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Figure 41. Fracture surface of sample C. 

 

5.5.4 D: Vanax SuperClean – Stavax ESR (soft annealed) 

Table 11. Sample D: Vanax SuperClean joined with Stavax ESR, soft annealed. 

Diameter 

 

[𝑚𝑚] 

Diameter 

at break 

[𝑚𝑚] 

Modulus 

 

[𝑀𝑃𝑎] 

𝑅𝑝0,2 

 

[𝑀𝑃𝑎] 

𝑅𝑚 

 

[𝑀𝑃𝑎] 

𝐴5 

 

% 

𝑍 

 

% 

Strain 

Rate 

1/𝑠 

5,00 4,51 227526 422 696 1,1 19 0,000239 
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Figure 42. Stress-strain diagram for sample D. 

 

 
Figure 43. Fracture surface of sample D. 
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5.6 Retained austenite measurements 

The data from the retained austenite measurements are presented in appendix G. Levels are 

never reported as 0%, since it cannot be stated with absolute accuracy that a material is 

entirely free from retained austenite. Vanax SuperClean in hardened condition exhibits values 

consistent with Uddeholms AB’s own data, which states that contents are approximately 10%. 

The measurements show that Stavax ESR in hardened condition has less than 2% retained 

austenite. This is also the case for both Vanax SuperClean and Stavax ESR in as welded, soft 

annealed (delivery) condition. The weld zone of the as welded sample is reported as 

containing 27±2% retained austenite if the carbide content is not considered, versus 23±2% 

with an estimation of 15% hard phase, by adding the hard phase (carbides/nitrides) content of 

Vanax SuperClean and Stavax ESR. 

Figure 44 illustrates the diffraction spectrum diagrams compared for each sample. The 

spectrums are presented in a 3D view in an effort to facilitate readability. 

  
Figure 44. Diffraction spectrum diagrams in 3D for a) Sample 2 - as welded. b) Sample 2 – 

hardened. The axes correspond to intensity in the “Z” direction, 2𝜃 angle in the “X” direction 

and scan area in the “Y” direction. In both cases, red depicts the Stavax ESR base material 

area, green depicts Vanax SuperClean base material and blue depicts the weld zone.  

 

a) b) 



 

Rev 01, 2017-06-05 A Bertilsson  45 (57) 

6 Discussions 

6.1 Evaluation of results 

Presented results indicate that other types of solid-state welding can be used for joining Vanax 

SuperClean, due to the base material not melting. The results imply that not only cylindrical 

geometries can be joined with different friction welding processes, due to the solid-state 

joining mechanisms involved. 

6.1.1 Fusion welding of Vanax SuperClean 

When the Vanax SuperClean base material is melted, the carbonitrides dissolve and nitrogen 

gas escapes the material. This can be observed in figures 22-23 as porosity and is consistent 

with the initial statement that the steel cannot be fusion welded with satisfactory results. It is 

possible that a protective atmosphere with an applied partial nitrogen pressure could change 

the outcome, but the carbonitrides will still dissolve when melting temperature is reached, 

making it difficult to predict the outcome, since the distribution of carbonitrides is likely to 

change. Having to weld under such circumstances would certainly make for a substantially 

less practical, if at all viable, method.  

6.1.2 Results from the friction welding trials 

Visual inspection of the friction welded samples implies that all trials were successful, given 

that all rods are joined. At closer inspection, sample 1 exhibits a weld flash that suggests that 

the welding time may be inadequate for the creation of a good quality joint. Thus, sample 1 is 

not prioritized to examine, therefore examinations start with sample 2, which has a weld time 

of 25 seconds.   

6.1.3 Metallographic examinations 

Images from the LOM examinations support the idea that the test welded rods are 

successfully joined, without crack formation. They also show that the materials undergo 

several microstructural transformations during friction welding and the heat treatments 

performed. 

6.1.3.1 Sample 2 – As welded 

The results from metallographic examination of sample 2 in as welded condition support the 

theory that DFW as a method is feasible for joining Vanax SuperClean to lower alloyed steels 

(granted, Stavax ESR is still considered a high-alloy steel). The suspicion that cracks had 

formed in the weld zone was dismissed after showing that crack formation and oxides are 

limited to the weld flash, which indicates that the parameters used are sufficient for achieving 

a sound weld joint. The formation of martensite seen in figure 27 is to be expected due to 

heating of the materials above austenitization temperatures. The Vanax SuperClean area in the 

intermixed zone has a slightly darker appearance than the majority of the same material 

shown in figure 26.  It is difficult to say exactly why this is the case, but possible reasons may 

include a local saturation of hard phase particles and/or a compression of the material from 

the forging stage of the DFW process. 
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6.1.3.2 Sample 2 – Soft annealed 

The recrystallization that takes place during soft annealing restores the grain growth and 

martensite formation caused by the welding process. As seen in figure 19, it is imperative that 

soft annealing takes place in a protective atmosphere to prevent catastrophic oxidation of 

Vanax SuperClean.  

6.1.3.3 Sample 2 – Hardened 

Hardening of the sample produces the martensite phase structure that is expected to form, 

with visible hard phase particles, seen in figure 30.  

6.1.3.4 Sample 5 – As welded 

The materials, i.e. Vanax SuperClean and UHB 11, join successfully according to the structure 

seen in figure 31. However, this sample differs in the respect that a pointy tip of Vanax 

SuperClean, visible in figure 45, is seen in the center of the sample, which probably stems 

from the conical turning of the rods. Vanax SuperClean and UHB 11 can be thought of as 

being on separate ends of a steel alloying spectrum, with UHB 11 being the most basic steel 

offered by Uddeholms AB. UHB 11 has clearly yielded to Vanax SuperClean, as seen in 

figure 46, where the difference in material deformation can be seen in the weld flash.  

 
Figure 45. Sample 5 exhibiting a pointy tip in the center of the  

 
Figure 46. Difference in material deformation between Vanax SuperClean and UHB 11. 

Vanax SuperClean UHB 11 

Vanax SuperClean 

tip 



 

Rev 01, 2017-06-05 A Bertilsson  47 (57) 

UHB 11 is intended by Uddeholms AB to be used in its delivery condition, but is possible to 

harden. Compared to both Vanax SuperClean and Stavax ESR it has poor through hardening 

properties, illustrated by figure 47. 

 
Figure 47. Hardness as a function of depth under surface for UHB 11 [8]. 

6.1.4 Hardness profiles 

The optimum method for hardness profile testing would probably have been to do a larger 

number of measurements in each sample, reporting a mean of all measurements for higher 

accuracy. This was not possible due to time constraints of the project.  

6.1.4.1 Sample 2 – As welded 

The hardness profile for the sample in as welded condition confirms that a hardening takes 

place in the weld zone during welding and cooling. The peak hardness is in the vicinity of the 

hardness achieved from hardening Vanax SuperClean according to its recommended heat 

treatment cycle, but as a whole the hardness is slightly lower.  

6.1.4.2 Sample 2 – Hardened  

A possible reason for the spikes in the hardness graph in figure 34 is that the indenter may 

have encountered hard phase particles that affect the hardness values somewhat. The 

hardening of sample 2 produces a more uniform hardness throughout the materials, with 

Vanax SuperClean exhibiting expected hardness levels. Stavax ESR has a different 

recommended heat treatment cycle than Vanax SuperClean and the resulting hardness in the 

Stavax ESR is quite consistent with the values reported by Uddeholm for a 200˚C tempering 

temperature, as seen in figure 48. The measured retained austenite values do however not 
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coincide with the ones seen in figure 48, more on this in 5.1.6.  

    
Figure 48. Tempering graph for Stavax ESR [7]. 

6.1.4.3 Sample 5 – As welded 

Results show that UHB 11 does not harden to the same extent as neither Vanax SuperClean 

nor Stavax ESR from the DFW process. There is a slight increase in hardness in the heat-

affected zone of the UHB 11, followed by a rapid increase in the Vanax SuperClean portion.   

6.1.5 Tensile testing 

6.1.5.1 A: Vanax SuperClean – Vanax SuperClean (hardened) 

The 𝑅𝑝0,2 value of 1930 𝑀𝑃𝑎 reported for sample A suggests that the material is affected very 

little by the DFW weld, as it is the vicinity of 𝑅𝑝0,2 values for Vanax SuperClean without 

welds. This speaks positively for the prospect of performing strong welds with DFW. The 

appearance of Vanax SuperClean is very homogeneous, hence it is not seen if the fracture 

occurs in the weld joint or not, but it is considered likely, based upon the location of the 

fracture in relation to the placement of the weld joints in the other prepared samples.   

6.1.5.2 B: Vanax SuperClean – Stavax ESR (hardened) 

With an 𝑅𝑝0,2 of 1835 𝑀𝑃𝑎, not even 100 𝑀𝑃𝑎 less than Vanax SuperClean joined to itself, 

results are strongly in favor for the feasibility of DFW to be used as a joining method for 

Vanax SuperClean to other steel types than itself. The fracture occurred in the weld joint, as 

the location of which could be seen clearly before the tensile test due to the difference in 

appearance between the two materials.   

6.1.5.3 C: Vanax SuperClean – Stavax ESR (hardened, weld misplaced) 

The weld joint was unfortunately incorrectly placed in this sample, being located in the 

conical region towards the end of the sample. Despite this, the decision was made to test it. 

The sample fractured in the Stavax ESR in the thinnest portion of the sample, as expected, 
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since the weld joint was located in an area with considerably larger diameter. An 𝑅𝑝0,2 value 

of 1620 𝑀𝑃𝑎 is deemed likely to approximately correspond to the hardness region of 650-700 

HV (56,5 HRC – 58,5 HRC) to which the sample is hardened. This assumption is based on 

the authors own estimate from the data presented by Uddeholms AB in table 12. 

Table 12. Yield and tensile strengths for Stavax ESR. 

Hardness 𝑅𝑝0,2 

[𝑀𝑃𝑎] 

𝑅𝑚 

[𝑀𝑃𝑎] 

45 HRC 1280 1420 

50 HRC 1360 1780 

 

6.1.5.4 D: Vanax SuperClean – Stavax ESR (soft annealed) 

Sample D’s behavior during testing was different than expected. Necking occurred, with 

fracture occurring next to the necking rather than in it, as seen in figure 49. Therefore, the 

results from the testing presented in 4.5.4 are deemed unreliable. Preparing a microscopy 

sample from the rod confirms that the fracture occurred in the weld joint, in the Stavax ESR 

portion, shown in figure 50. A speculation is that this may be an indication of the necking 

starting in the heat-affected zone, in the Stavax ESR portion of the weld zone.  

  
Figure 49. Sample experiencing necking, with fracture occurring next to the neck. 

Necking Fracture 
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Figure 50. Weld joint location in relation to fracture of sample D, 100x magnification. 

When examining the fracture surface, it can be observed that the fracture is seemingly 

initiated in a scratch left from the sample preparation. This is shown in figure 51 and would 

indicate that at the time of fracture, the stress required for fracture to occur in the neck was 

larger than the stress at which fracture actually occurred. This seems odd, because if the 

scratch had been of significance, the fracture should reasonably have occurred there before 

necking started.  

  
Figure 51. Initiation of fracture in sample D. 
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Weld joint 
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seemingly initiated 
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6.1.6 Retained austenite measurements 

The measurements report retained austenite levels that match the expected levels reported by 

Uddeholms AB for Vanax SuperClean in its hardened state. It is reported to contain 

approximately 10% retained austenite [6], with the measurements reporting 11±2%, which is 

considered accurate according to the relatively small inherent margin of error surrounding 

measurements with the XRD method [46]. According to figure 48, retained austenite in 

Stavax ESR at high hardness levels and low tempering temperatures should definitely be 

present. The measurements however report content being lower than 2%. Possible reasons 

contributing to this may include the austenitization temperature being substantially higher for 

Vanax SuperClean than for Stavax ESR (1080˚C vs 1020˚C), as well as the deep cooling in 

liquid nitrogen that Vanax SuperClean demands. 

In the as welded sample, retained austenite content is reported as less than 2% for both Vanax 

SuperClean and Stavax ESR. This is to be expected, since none of the materials should 

contain retained austenite in their soft annealed delivery condition states. The weld zone in 

this sample however exhibits the highest retained austenite content of all measurements 

performed. This is likely due to the materials exceeding their austenitization temperatures 

during the DFW process, cooling relatively slowly, with no deep cooling added. 

One of the initial questions was whether the DFW process would introduce cracks in the weld 

joint. Results obtained by all examinations in this project have proven that no cracks are 

present in the materials. The high retained austenite levels present in the weld joint of the as 

welded sample may be one explanation for this, due the high toughness and ductility of 

austenite.  

6.2 Further examinations 

The subject of welding Vanax SuperClean using DFW can be examined further and in greater 

depth. Additional trials may be of interest, such as joining Vanax SuperClean to different 

materials, experimentation with welding parameters, other materials science tests (Charpy 

impact testing for example), more thorough analysis, including scanning electron microscopy 

(SEM) examinations etc. Examining current samples by SEM would be been relevant, giving 

an element analysis to show more clearly what happens in the weld zone. 

6.2.1 Friction Stir Welding and Vanax SuperClean  

It is expected that the main limitations for FSW to be used with Vanax SuperClean are related 

to the FSW equipment, primarily the tools. As mentioned in 2.3, successful FSW trials have 

been reported with steel types that are considered to be somewhat comparable to Vanax 

SuperClean. 

Vairis et al. reported on the possibility of quality problems arising with FSW due to the large 

size of plasticized material volume in the weld joint when compared to DFW. It was also 

indicated that “it may be more difficult to achieve welding conditions at the interface with 

FSW” due to the high stresses that workpieces are subject to early in the process. [47] 

Based on previous reports, it is possible that Vanax SuperClean could be successfully welded 

using FSW. It would however demand much from the FSW equipment, perhaps currently 
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rendering it unpractical and costly considering costs of PCBN tools. For a definitive answer to 

its feasibility as a joining method for Vanax SuperClean, FSW trials have to be carried out. 
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7 Conclusions 

The results, obtained from the work performed in this project, answer the question if solid-

state welding of Vanax SuperClean is possible at all. Questions as to whether defect-free 

welds are produced and if preheating and/or slow cooling of the workpieces is necessary are 

also answered. It is established that  

 Solid-state welding, specifically direct-drive friction welding, can be favourably used 

to join Uddeholm Vanax SuperClean to itself, as well as to other steel types, 

specifically Uddeholm Stavax ESR and UHB 11 

 Preheating and/or slow cooling of workpieces is not necessary in order to produce a 

defect-free weld, according to conditions in this project 

 Martensite forms in the weld zone due to the welding procedure, causing a local 

increase in hardness 

 Yield strength (𝑅𝑝0,2) for the welded samples are in the vicinity of the yield strength of 

the materials when unaffected by welding 

 Retained austenite is present in high levels in the weld zone after a completed DFW 

weld, decreasing to expected levels after heat treatment  

In order to establish whether friction stir welding is possible for Vanax SuperClean, further 

trials and examinations have to be carried out.  
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Buehler OmniMet MHT Report

Prov ID: Vanax-Stavax as welded Arbetsorder: 

Detaljnummer: Detalj: 

Kund: 

Profilnamn: Rak profil 60 mätpunkter Position: Standard: Statistik

Djup: D1:(μm) D2:(μm) Hårdhet:(HV) Testlast: Obj:
_______________________________________________________________________________________________________________________________

0,05 40,83 41,48 219 200 gf 40X

0,3 41,48 41,09 218 200 gf 40X

0,55 40,96 40,83 222 200 gf 40X

0,8 41,62 41,48 215 200 gf 40X

1,05 42,27 41,22 213 200 gf 40X

1,3 40,96 41,22 220 200 gf 40X

1,55 41,88 40,96 216 200 gf 40X

1,8 40,69 41,22 221 200 gf 40X

2,05 41,75 39,9 223 200 gf 40X

2,3 40,83 40,83 223 200 gf 40X

2,55 41,48 40,56 220 200 gf 40X

2,8 41,75 41,09 216 200 gf 40X

3,05 42,01 41,48 213 200 gf 40X

3,3 41,35 41,09 218 200 gf 40X

3,55 42,01 40,83 216 200 gf 40X

3,8 42,27 41,35 212 200 gf 40X

4,05 40,96 40,83 222 200 gf 40X

4,3 40,96 41,22 220 200 gf 40X

4,55 40,83 40,83 223 200 gf 40X

4,8 38,98 38,98 244 200 gf 40X

5,05 36,22 35,16 291 200 gf 40X

5,3 34,37 33,32 324 200 gf 40X

5,55 32,4 32,4 353 200 gf 40X

5,8 31,87 31,08 374 200 gf 40X

6,05 30,29 29,76 411 200 gf 40X

6,3 29,63 28,97 432 200 gf 40X

6,55 27,13 26,6 514 200 gf 40X

6,8 25,94 25,42 562 200 gf 40X

7,05 24,5 24,36 621 200 gf 40X

7,3 24,1 23,71 649 200 gf 40X

7,55 23,97 23,31 664 200 gf 40X

7,8 23,44 23,05 686 200 gf 40X

8,05 22,78 22,26 731 200 gf 40X

8,3 24,63 23,71 635 200 gf 40X

8,55 25,42 25,42 574 200 gf 40X

8,8 25,55 25,29 574 200 gf 40X

9,05 25,15 24,89 592 200 gf 40X

9,3 24,1 23,31 660 200 gf 40X

9,55 23,71 23,31 671 200 gf 40X

9,8 23,84 22,91 679 200 gf 40X

10,05 23,31 23,31 683 200 gf 40X

10,3 23,97 23,31 664 200 gf 40X

10,55 24,63 24,89 605 200 gf 40X

10,8 25,94 25,29 565 200 gf 40X

11,05 26,08 25,29 562 200 gf 40X

11,3 26,87 27 511 200 gf 40X

11,55 27,13 26,6 514 200 gf 40X

11,8 27,52 27,26 494 200 gf 40X

12,05 28,58 27,66 469 200 gf 40X

12,3 28,84 28,97 444 200 gf 40X

12,55 29,5 29,24 430 200 gf 40X

12,8 32,92 31,74 355 200 gf 40X

13,05 36,22 35,95 285 200 gf 40X

13,3 36,08 35,29 291 200 gf 40X

13,55 36,74 36,35 278 200 gf 40X

13,8 37,14 37,14 269 200 gf 40X

14,05 35,56 37,27 280 200 gf 40X

14,3 36,48 35,16 289 200 gf 40X

14,55 35,95 35,95 287 200 gf 40X

14,8 35,69 36,74 283 200 gf 40X

_______________________________________________________________________________________________________________________________

Härdjup vid 0 HV: N/A

Appendix D



Buehler OmniMet MHT Report

Prov ID: Vanax-Stavax hardened Arbetsorder: 

Detaljnummer: Detalj: 

Kund: 

Profilnamn: Rak profil 60 mätpunkter Position: Standard: Statistik

Djup: D1:(μm) D2:(μm) Hårdhet:(HV) Testlast: Obj:
_______________________________________________________________________________________________________________________________

0,05 22,78 23,05 706 200 gf 40X

0,3 22,78 23,44 694 200 gf 40X

0,55 22,78 23,05 706 200 gf 40X

0,8 23,44 23,31 679 200 gf 40X

1,05 23,05 23,31 690 200 gf 40X

1,3 23,57 23,18 679 200 gf 40X

1,55 22,91 23,44 690 200 gf 40X

1,8 23,31 23,05 690 200 gf 40X

2,05 23,31 23,44 679 200 gf 40X

2,3 23,84 22,91 679 200 gf 40X

2,55 23,84 23,84 653 200 gf 40X

2,8 23,84 23,05 675 200 gf 40X

3,05 23,84 23,31 667 200 gf 40X

3,3 23,71 23,05 679 200 gf 40X

3,55 23,57 22,91 686 200 gf 40X

3,8 23,31 23,18 686 200 gf 40X

4,05 23,57 23,44 671 200 gf 40X

4,3 23,31 23,05 690 200 gf 40X

4,55 22,78 21,86 744 200 gf 40X

4,8 23,18 22,65 706 200 gf 40X

5,05 23,31 22,26 715 200 gf 40X

5,3 22,91 22,65 715 200 gf 40X

5,55 23,18 22,91 698 200 gf 40X

5,8 22,91 23,05 702 200 gf 40X

6,05 23,97 22,91 675 200 gf 40X

6,3 23,57 23,44 671 200 gf 40X

6,55 23,31 23,31 683 200 gf 40X

6,8 23,05 22,39 719 200 gf 40X

7,05 21,6 22,12 776 200 gf 40X

7,3 22,65 22,52 727 200 gf 40X

7,55 22,91 22,52 719 200 gf 40X

7,8 23,18 22,78 702 200 gf 40X

8,05 23,44 23,05 686 200 gf 40X

8,3 23,18 23,05 694 200 gf 40X

8,55 22,78 22,91 710 200 gf 40X

8,8 23,57 22,65 694 200 gf 40X

9,05 22,78 23,05 706 200 gf 40X

9,3 23,57 23,31 675 200 gf 40X

9,55 23,71 22,65 690 200 gf 40X

9,8 22,52 21,73 758 200 gf 40X

10,05 22,26 21,33 781 200 gf 40X

10,3 22,39 21,99 753 200 gf 40X

10,55 22,12 21,6 776 200 gf 40X

10,8 22,12 21,33 785 200 gf 40X

11,05 22,12 21,6 776 200 gf 40X

11,3 22,39 21,33 776 200 gf 40X

11,55 21,47 21,07 820 200 gf 40X

11,8 22,26 21,33 781 200 gf 40X

12,05 22,39 22,12 749 200 gf 40X

12,3 22,12 21,6 776 200 gf 40X

12,55 22,65 21,86 749 200 gf 40X

12,8 21,86 22,26 762 200 gf 40X

13,05 21,99 22,26 758 200 gf 40X

13,3 22,39 22,26 744 200 gf 40X

13,55 22,12 22,12 758 200 gf 40X

13,8 22,52 22,26 740 200 gf 40X

14,05 22,65 21,86 749 200 gf 40X

14,3 22,39 21,6 767 200 gf 40X

14,55 21,47 21,86 790 200 gf 40X

14,8 22,39 22,12 749 200 gf 40X

_______________________________________________________________________________________________________________________________

Härdjup vid 0 HV: N/A

Appendix E



Buehler OmniMet MHT Report

Prov ID: Vanax-UHB11 as welded Arbetsorder: 

Detaljnummer: Detalj: 

Kund: 

Profilnamn: Rak profil 60 mätpunkter Position: Standard: Statistik

Djup: D1:(μm) D2:(μm) Hårdhet:(HV) Testlast: Obj:
_______________________________________________________________________________________________________________________________

0,05 43,2 44,78 192 200 gf 40X

0,3 42,93 42,8 202 200 gf 40X

0,55 44,12 43,72 192 200 gf 40X

0,8 43,59 42,14 202 200 gf 40X

1,05 41,88 43,85 202 200 gf 40X

1,3 41,62 42,67 209 200 gf 40X

1,55 43,06 44,64 193 200 gf 40X

1,8 41,75 40,96 217 200 gf 40X

2,05 40,69 40,69 224 200 gf 40X

2,3 42,01 42,93 206 200 gf 40X

2,55 38,72 40,04 239 200 gf 40X

2,8 41,75 42,14 211 200 gf 40X

3,05 42,8 43,85 198 200 gf 40X

3,3 43,46 43,33 197 200 gf 40X

3,55 42,01 42,8 206 200 gf 40X

3,8 42,8 44,51 195 200 gf 40X

4,05 42,54 43,33 201 200 gf 40X

4,3 43,06 42,93 201 200 gf 40X

4,55 44,38 43,2 193 200 gf 40X

4,8 42,01 43,85 201 200 gf 40X

5,05 40,17 41,62 222 200 gf 40X

5,3 41,09 42,54 212 200 gf 40X

5,55 42,41 40,83 214 200 gf 40X

5,8 40,04 41,09 225 200 gf 40X

6,05 40,83 41,48 219 200 gf 40X

6,3 40,43 40,96 224 200 gf 40X

6,55 39,77 39,64 235 200 gf 40X

6,8 39,51 40,83 230 200 gf 40X

7,05 40,56 40,43 226 200 gf 40X

7,3 41,09 40,17 225 200 gf 40X

7,55 36,74 35,16 287 200 gf 40X

7,8 38,59 38,45 250 200 gf 40X

8,05 39,64 39,24 238 200 gf 40X

8,3 37,27 38,32 260 200 gf 40X

8,55 37,4 38,06 261 200 gf 40X

8,8 39,64 37,8 247 200 gf 40X

9,05 36,48 36,22 281 200 gf 40X

9,3 38,32 38,72 250 200 gf 40X

9,55 37,4 35,69 278 200 gf 40X

9,8 35,16 36,48 289 200 gf 40X

10,05 28,45 27,66 471 200 gf 40X

10,3 25,29 25,15 583 200 gf 40X

10,55 26,21 26,21 540 200 gf 40X

10,8 25,15 25,55 577 200 gf 40X

11,05 24,5 24,36 621 200 gf 40X

11,3 24,5 23,97 632 200 gf 40X

11,55 24,1 23,71 649 200 gf 40X

11,8 24,5 24,63 615 200 gf 40X

12,05 25,02 24,23 612 200 gf 40X

12,3 25,55 25,68 565 200 gf 40X

12,55 26,21 25,94 545 200 gf 40X

12,8 26,73 26,87 516 200 gf 40X

13,05 27,26 27 504 200 gf 40X

13,3 28,31 28,05 467 200 gf 40X

13,55 28,45 28,84 452 200 gf 40X

13,8 28,18 28,71 458 200 gf 40X

14,05 28,84 28,97 444 200 gf 40X

14,3 29,89 29,89 415 200 gf 40X

14,55 32,79 32,13 352 200 gf 40X

14,8 36,48 36,74 277 200 gf 40X

_______________________________________________________________________________________________________________________________

Härdjup vid 0 HV: N/A
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 Datum                                                                          Appendix G 

 2017-05-08 
  
Tjänsteställe, handläggare 

Arbab Rehan,  
 

  

Testprotocol retained austenite measurements 
 

Anodmaterial: Cr 
Voltage:  40 kV 
Current:  35 mA 
Wavelength A1: 2.2897500 A 
Wavelength A2: 2.2936600 A 
Detector:  Position sensitive detector (PSD) 
Filter:  V 
 
Scan: 2θ- area (50º – 165º), steplength (0.1º), measuringtime (60s), 

1 measuring point/sample, 2mm collimator, Omega=25.00 
PSD Ackumulation: 4 
Oscillation (Chi): Amplitude 130º, Speed 12º/s 
Rotation (Phi) Speed 12º/s 
 

 
 

 
  
* The mean value is corrected with regards to the carbide content and the ± - values show a 95 
% confidence interval for mean. 
** Total carbide content calculated with ThermoCalc. The calculations are based on Udd6-
database and the principal analysis. 
 
(no intervals are shown for austenite contents equal to or  less than 2 %) 
 
Operator:  
  
 
 
 
 
 
 
 

 Results
Material Vanax-stavax-friction weld

K-Number
γ [%]* Carbide [%]**

DC-stavax <2 2
DC-vanax <2 13  

DC-weldzone 27±2 -
DC-weldzone 23±2 15
Hardened-stavax <2 2
Hardened-vanax 11±2 13
Hardened-weldzone 8±2 15
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