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ABSTRACT 

Keywords: X-ray diffraction, Residual stress measurements, material removal, induction 

hardening, ESPI 

The residual stress profile is a major factor on the fatigue life of components that are subjected 

to cyclic loading. In order to measure these stresses x-ray diffraction (XRD) is commonly used. 

The penetration depth of x-rays is limited for this method and thus, it must be combined with 

material removal to determine in-depth stress profiles.At SKF Manufacturing Development 

Center (SKF MDC), where the work for this thesis was carried out, the current layer removal 

method is restricted to a depth of 0.5 mm. Consequently, an additional method of material 

removal is necessary to obtain information at greater depths. The purpose of this thesis was to 

investigate possible material removal techniques that can be implemented with XRD 

measurements. 

Two different material removal techniques were studied; electrochemical etching and milling 

in combination with electrochemical etching. The electrochemical etching equipment was 

developed at SKF MDC prior to this thesis but needed further testing and validation. 

The residual stress profiles of induction hardened cylinders were studied using the two different 

removal techniques combined with XRD measurements and the results were compared with 

stresses measured by Electronic Speckle Pattern Interferometry (ESPI) with hole drilling. In 

addition, the results were compared with simulations performed at SKF MDC India. It was 

concluded that both the material removal methods could be successfully combined with XRD 

measurements. However, for practical reasons the methods should be refined before being 

implemented on a regular basis. Unfortunately, poor correlation between XRD and ESPI 

measurements were obtained due to reasons not fully understood. 
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SAMMANFATTNING 

Nyckelord: Röntgendiffraktion, Restspänningsmätning, Materialavverkning, 

Induktionshärdning, ESPI  

En komponents restspänningsprofil har en stor inverkan på dess utmattningshållfasthet under 

cyklisk belastning. För att mäta restspänningsprofilen används ofta röntgendiffraktion. 

Penetrationsdjupet för röntgenstrålarna genom den nämnda metoden är begränsat och därför 

krävs succesiv materialborttagning kombinerat med röntgendiffraktion vid bestämning av en 

djupgående restspänningsprofil.     

På SKF Manufacturing Development Center (SKF MDC), där arbetet för denna master-uppsats 

genomfördes, är den nuvarande materialborttagningsmetoden begränsad till ett djup av 0.5 mm. 

En annan materialborttagningsteknik är därför nödvändig för att erhålla information vid större 

djup. Syftet med denna studie var att undersöka andra materialavverkningsmetoder som kan 

kombineras med röntgendiffraktion.  

Två avverkningsmetoder undersöktes; elektrokemisk etsning och fräsning i kombination med 

elektrokemisk etsning. Den elektrokemiska etsningsutrustningen utvecklades på SKF MDC 

före denna studie men krävde ytterligare förbättringar och validering.  

Restspänningsprofilen för induktionshärdade cylindrar undersöktes genom röntgendiffraktion 

kombinerat med nämnda avverkningsmetoder och resultaten jämfördes med profiler mätta med 

Electronic Speckle Pattern Interferometry, (ESPI), kombinerat med hålborrning. 

Spänningsprofilerna jämfördes även med en simulering utförd på SKF MDC India.  

Båda materialavverkningsmetoderna visar likvärda restspänningsvärden vid mätning genom 

röntgendiffraktion och en slutsats gjordes att båda metoderna kan framgångsrikt kombineras 

med röntgendiffraktionsmätningar. Ytterligare förbättringar av processen rekommenderas för 

att underlätta implementering vid dagligt bruk. Tyvärr erhölls dålig korrelation mellan 

restspänningsprofiler mätta med röntgendiffraktion och ESPI. Orsaken till de avvikande 

resultaten är inte helt förstådd.  
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1 INTRODUCTION 

1.1 About SKF 

SKF was founded in 1907 and is today a worldwide manufacturer and supplier of bearings, 

seals, mechatronics, lubrication systems, and services. It has around 15,000 distributor locations 

worldwide and is represented in more than 130 countries [1].  

SKF Group Manufacturing Development Centre (MDC) in Gothenburg is the SKF Group's 

central research and development facility for manufacturing process development. 

1.2 Project background 

Residual stresses are internal stresses that exist in a free body without any external forces or 

constraints acting on its boundary. The origin of the stresses can be due to various reasons, for 

example, different machining operations or heat treatments and they can have a great impact 

the fatigue life of components that are subjected to cyclic loading, such as bearings. 

In order to measure the stresses, X-ray diffraction (XRD) is often used. This method is restricted 

to near surface measurements since the penetration depth of x-rays is usually less than 20 μm. 

However, the development of residual stresses from heat treatment normally goes much deeper. 

Therefore, successive material removal is necessary in order to establish a stress profile with 

XRD. 

The material removal method used at SKF MDC to establish a stress profile today is 

electrochemical etching. With an acceptable bottom surface, the method can only reach 

maximum 0.5 mm in depth. In order to have more information about their products, SKF MDC 

wants to be able to measure residual stresses deeper than 0.5 mm measured from the surface. A 

new material removal set-up for depths of several millimeters was therefore developed at SKF 

MDC. Nevertheless, the method requires further testing and to be validated.   

1.3 Objective of study 

The purpose of the thesis is to investigate different material removal techniques that can be used 

to establish stress profiles deeper than 0.5 mm from the surface. The goal is to find a suitable 

method that can be used at SKF MDC. The objective of the study is to compare residual stress 

profiles established with: 

1. The new etching equipment developed at MDC combined with XRD measurements 

2. A second material removal method that can be implemented at MDC 

3. The hole drilling technique  

Before the new etching equipment can be implemented with XRD measurements it must be 

further improved and validated. Therefore, another objective of the study is to evaluate the 

equipment.   
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2 THEORETICAL BACKGROUND 

2.1 Residual stresses 

2.1.1 Stresses in general 

Residual stresses are defined as stresses that exist in a body without any external loads or 

boundary constrains acting on the body. 

Stresses within a material consist of macro- and micro stresses. Macro stresses are stretched 

over a large distance compared to the grain size, whereas micro stresses are linked to strains of 

a single point with a size of a crystal or less. Micro stresses vary with location within the crystal 

lattice, and can change the lattice spacing and broader the diffraction peak for X-ray diffraction 

measurements. Macro stresses can be determined by measuring the strain in the direction of a 

single point, and with three known directions the maximum and minimum residual stresses and 

their directions can be obtained by using Mohr’s circle [2].  

2.1.2 Formation of stresses during induction hardening 

During induction hardening valuable compressive residual stresses are normally formed in the 

hardened zone. The hardened zone, also known as the surface layer, is defined as the area of 

the component that has been above the austenitization temperature. The core of the material is 

defined as the area that has not been heated above the austenitization temperature, as illustrated 

in Figure 2.1. When the material is heated above the austenitization temperature, the material 

transforms completely or partly into austenite depending on the reached temperature. During 

quenching, the austenite transforms into martensite, often with some amount of retained 

austenite still present [3]. If a large amount of material remains untransformed during heating, 

the hardness after quenching will be lowered. The surface hardening depth in this thesis if 

defined as the depth at which the hardness has reached down to 550HV1. The core does not go 

through any phase transformation. 

Compressive residual stresses are formed in the surface layer as a result of volume expansion 

due to phase transformations and plastic elongation of that same zone. Since the forces within 

a material always have to be in equilibrium, the compressive stresses in the hardened zone cause 

counteracting tensile reaction stresses located somewhere in the core. A peak of tensile residual 

stresses can be observed in the transitioning zone between the core and the hardened zone [3]. 

  

Figure 2.1 Zones in a surface hardened cylinder. 
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2.2 X-ray Diffraction Residual Stress Measurement 

2.2.1 Background 

X-ray diffraction is a non-destructive method to measure macro residual stresses for 

polycrystalline materials. It is based on the diffraction of monochromatic X-rays on certain 

lattice planes, denoted with their miller indices {hkl}. The atomic spacing can be studied by 

applying Bragg’s law (1), illustrated in Figure 2.2, where n is an integrate of the order of 

diffraction, λ is the X-ray wavelength, d the lattice spacing of crystal planes, and θ is the 

diffraction angle. For a BCC and FCC structure the unstrained lattice spacing d0 for a certain 

plain can be calculated according to (2), where a=0.2867 nm for α-Fe. 

When strains are present in the material the inter-planar spacing of the {hkl} lattice planes are 

altered. This results in a shift of the peak location of the Bragg reflection, as seen in Figure 2.3, 

which can be used to evaluate the change in the inter-planar spacing. If the unstrained spacing 

of the crystal lattice is known, the change in inter planar spacing can be used to obtain the strain 

according to (3) [4]. 

 

Figure 2.2 Diffraction of monochromatic X-rays. 

 

Figure 2.3 Peak shift of the Bragg reflection. 

𝑛𝜆 = 2𝑑 sin 𝜃     (1) 

𝑑0 =
𝑎

√(ℎ2+𝑘2+𝑙2)
     (2) 

𝜀 =
(𝑑−𝑑0)

𝑑0
      (3) 
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The most used techniques for residual stress measurement trough XRD are single angle, two-

angle, and sin2 ψ. The sin2 ψ technique measures several values of the lattice spacing using 

multiple tilts. The lattice spacing is then obtained by fitting a straight line between the 

measurements by least square regression [2]. The average information depth, defined as the 

depth from which 67 % of the diffracted intensity has been absorbed, of a ferritic steel radiated 

with Cr at ψ=0 is 5.8 μm. This is the depth at which the stress is evaluated if the stress gradient 

is linear along this depth [5]. The actual penetration depth of the X-ray for  ψ≠0 can be difficult 

to determine. If the stress varies significantly over the penetrated depth the results can be 

skewed since the calculated stress will be exponentially weight averaged over the penetrated 

depth. Failure to correct for large stress gradients at the penetrated depth could lead to errors as 

large as 345 MPa. For gradual stress gradients correction for penetration of the radiation into 

the stress gradient is negligible [2].   

The stress state in X-ray diffraction is assumed to be biaxial, with the principal stresses σ1 and 

σ2 acting in the plane of the surface, and with no stress in the perpendicular direction, σ3=0. Due 

to the Poisson’s ratio contraction, caused by the two principal stresses, a strain component ε3 is 

present in the perpendicular direction to the surface. The distortion of the crystal lattice is 

assumed to be linear elastic. The plane-stress elastic model is illustrated in Figure 2.4. By 

applying Hooke’s Law and the Poisson effect, the strain relates to the stresses according to (4), 

where σϕ is the stress component in the ψ tilting and the parameters -ν/E and (1+ ν)/E are the 

X-ray elastic constants, generally known as S1 and ½S2.  

𝜀𝜙𝜓 =
𝑑𝜙𝜓−𝑑0

𝑑0
=

1+𝜐

𝐸
𝜎𝜙 sin2 𝜓 −

𝜐

𝐸
(𝜎11 + 𝜎22)   (4) 

 

Figure 2.4 Plane-stress elastic model [6]. 

The source of X-ray radiation should be determined considering the material to be analyzed. 

Different sources will provide different wavelengths and other penetration depths and 

comparison between results obtained by different radiation sources should therefore be avoided. 

The radiation is produced with an X-ray tube, where X-rays with a range of wavelengths are 

generated. However, X-ray diffraction methods commonly require single-wavelength radiation 

of characteristic X-rays and therefore the radiation must be filtered. The characteristic X-rays 

used for diffraction radiation are Κα1 and Κα2, usually referred to as Κα doublet since the 
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difference in wavelength is so small that it is not always possible to distinguish between them 

[6].  

In order to accurately measure residual stresses by XRD the sample must meet certain 

requirements. Firstly, it must be relatively fine grained and not severely textured. The grain 

sizes in many crystalline materials are in the range of 10-100 μm, which is usually acceptable 

for XRD measurements. Larger grain sizes will limit the number of grains contributing to the 

diffraction peak and can lead to large variations in the peak shape and intensity with different 

directions. Secondly, the surface roughness of the sample should be less than the XRD 

penetration depth [7]. Higher regions of a rough surface will more strongly influence the 

residual stress measured [6]. If these requirements are not met, the results can be improved by 

oscillations during the measurements. If the sample surface is oxidized, it is advisable to clean 

it through electro polishing before measuring. Finally, caution should be taken when measuring 

on curved surfaces. The curvature radius of the sample in the hoop- and axial-direction should 

be at least four, respectively two, times larger than the measurement spot size [6].   

If the material is multiphase the results of residual stress measurement through XRD can be less 

accurate since only one phase of the material is measured at a time. This can be a problem when 

measuring on heat treated components with a large amount of retained austenite, i.e. carburized 

components.   

Another issue arises when measuring on specimens with a rather complex microstructural 

gradient, as the ones generated in the transition zone of induction hardened parts. These changes 

in microstructure between the surface and the core will influence the X-ray elastic constants, 

which are critical for the calculation of residual stresses. Farrell and MacGregor, cited by 

Savaria et al. [8], showed that different processing parameters can result in different X-ray 

elastic constants for a given material. For example, Savaria et al. [9] obtained a difference of 

14 GPa between the core and surface X-ray elastic constants for a specific induction hardened 

steel.  

2.2.2 Material removal 

Since the X-ray penetration depth is limited, material needs to be removed successively in order 

to establish a stress profile by XRD. Two methods of material removal are included in this 

study; local electrochemical etching and milling in combination with local electrochemical 

etching. A benefit with etching is that it will not introduce any new stresses to the material. 

However, etching is a relatively slow technique and therefore, a combination of milling and 

etching was investigated in this thesis.  

2.2.2.1 Electrochemical etching 

The basic principal of electrochemical etching is that an electrochemical phenomena is 

triggered when an electrical current flows through an electrolyte, and thereby causing the anode 

to dissolve. Hence, the anode should be selected as the component to be etched. Only the area 

in contact with the electrolyte will be dissolved.  
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Normally, the voltage is applied to the system for a set time to reach the desired depth. The 

amount of material removed during that time can be calculated according to Faraday’s first law 

(5), 

Δm = kΔ𝐼+Δt     (5) 

where Δm is the mass of the removed material, ΔI+ the current, Δt the time, and k the 

electrochemical equivalent of the material [6]. Depending on the generated voltage, the 

outcome of the process can either be etching, polishing or pitting, as illustrated in Figure 2.5. 

Thus, the voltage range should be adjusted according to the desired outcome of the process.  

The process is valid for almost all metals and a variety of electrolytes are available. The shape 

of the curve in Figure 2.5 is dependent on the electrolyte and will differ for different electrolytes. 

The result of the etching can be optimized by selecting the right electrolyte for the application. 

However, many available electrolytes are hazardous and can therefore be difficult to manage.  

 

Figure 2.5 Voltage-current scan for idealized electro etching [6]. 

2.2.2.2 Milling parameters effect on residual stresses 

In order to select appropriate cutting parameters, a good understanding of how residual stresses 

are formed during the milling process is important.  

Machining induced residual stresses are formed due to plastic deformation of the workpiece. 

The development of residual stresses during machining is significantly affected by thermal and 

mechanical loading. The magnitude and characteristics of the residual stresses will be 

determined through the highly non-linear coupling between the thermal and mechanical effects. 

Thermal effects will normally favor tensile residual stresses, whereas mechanical effects will 

mostly result in compressive residual stresses [10]. However, mechanical loading can also 

contribute to tensile residual stresses [11]. The sub-surface material will mainly be affected by 

tensile plastic deformation and the surface by thermal effects [12].   

The thermal and mechanical loading are influenced by many parameters, such as feed rate, 

cutting speed, depth of cut, tool geometry, tool wear, and workpiece properties. How these 

parameters affect the introduction of residual stresses is discussed in various papers, where 
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different results can be found. The differences found in the literature might be due to different 

cutting conditions and sample materials as well as the difference in tool parameters [13].  

Chevrier at al. [14] found that the depth of cut greatly influences the magnitude of residual 

stresses while the thickness of the residual stress layer remained unchanged. An increase of the 

depth of cut results in greater tensile residual stresses.  

According to Hua et al. [15], higher feed rate will result in both greater residual stresses and 

deeper penetration depth. Ganev, Pala and Kolařík [16] found that the depth of the affected 

zone was equal for all applied feed rates and cutting speeds.  

In addition, Hua et al. [15] found that a higher hardness of the material results in larger 

compressive stresses.  

Sun and Guo [17] found that the compressive residual stresses were first increased both in the 

feed- and cutting direction with increasing cutting speed. When a certain speed was reached, 

the compressive stresses were reduced. The underlying reason is presumably due to the 

combination of mechanical and thermal deformations. At high cutting speeds, the degree of 

mechanical deformation is larger than at low cutting speed. Thus, the compressive stresses are 

increased with cutting speed. When the cutting speed is increased further, the resulting increase 

in cutting temperature induces thermal deformation which produces tensile stresses. Hence, the 

magnitude of the compressive stresses is reduced.  

Tool flank wear can result in an increase of the magnitude of residual stresses, both at the 

surface and in-depth. Furthermore, it can increase the thickness of the stressed layer. The 

thickness of the stressed layer is predominantly affected by mechanical load, whereas the 

surface stresses are mostly affected by the thermal load when using a worn tool [18]. Aspinwall 

et al. [19] found that the magnitude of residual stresses was larger in the feed direction with 

worn tools compared to new tools during high-speed milling of IN-718. In contrast, the residual 

stresses did not show a significant difference between new tools and worn tools perpendicular 

to the feed direction. 

Using a coolant with high cooling effect can reduce tensile stresses and a coolant with greater 

lubricating effects can result in a thinner stress layer thickness [20].  

A certain amount of material removal through etching will be required before subsurface 

measurements to avoid the risk of measuring any residual stresses introduced by the milling 

process. Lambda Technologies [2] recommends material removal of at least 0.2 mm trough 

electro polishing in order to eliminate the risk of measuring stresses induced by machining or 

grinding. Accordingly, Holmberg et. al [21] successfully carried out measurements after 

material removal of at least 0.2 mm trough electro polishing after grinding. The maximum level 

of depth at which machining induced residual stresses are formed depends on the cutting 

parameters. Axinte and Dewes [22] found the affected depth to be 80 μm when they evaluated 

different cutting parameters for high speed milling of hardened AISIH13 hot work tool steel. 

Residual stresses up to a depth of 80 μm were also obtained by Ganev, Pala and Kolařík [16] 
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during plain milling of hardened 14 100.3 steel. Changfeng et al. [23] found the affected depth 

to be around 10~20 μm during high speed milling of TB6. 

2.2.2.3 Correction factors for material removal 

Material removal will cause stress relaxation, hence the measured stresses will deviate from the 

actual stresses. This is particularly true at larger depths, where the stress relaxation will be 

greater. To compensate for the stress relaxation different mathematical models are available. 

The most well-known correction model was proposed in 1956 by Moore and Evans and is a 

part of the SAE standard for residual stress measurements [24]. Unfortunately, these sets of 

equations are only valid for plates and cylinders, where the plate is assumed to be etched on 

one side of the plate and the cylinder is assumed to be etch uniformly over the entire surface. 

For local material removal, the reliability of these correction factors is considered doubtful [25]. 

However, local material removal techniques have become more prevalent in the industry as 

they are faster compared to circumferential removal and can easier be applied to larger 

geometries. Moreover, the new electrolytic etch units for local removal use saline solutions 

rather than the previously used acids, which is a more environmentally friendly alternative and 

easier to handle since it does not require any specific ventilation.    

Although many attempts have been performed, there seems to be a lack of accurate correction 

models for local material removal. Different strategies have been investigated, such as power 

series approximation and finite element modeling. Often, the research lacks validation by a non-

destructive method and the results can therefore be questionable.  Recently, the research has 

been mostly focused on two- and three dimensional finite element models. For complex 

geometries, a three dimensional finite element solution is necessary to determine the residual 

stress relaxation caused by material removal [26].  

Coupard et al. [25] investigated the stress profile of a low alloyed carbon steel after induction 

hardening of two different hardening depths. The authors compared simulations with local- and 

circumferential material removal trough electro polishing, with and without Moore and Evans 

correction factors.  Unfortunately, none of the removal techniques showed a satisfactory result 

that correlated well with the simulations. 

The master thesis work performed by England showed that the Moore and Evans correction 

factors only have a minor influence on the final result when applied for local etching [27].  

Researchers from Lambda research laboratory [26] [28] developed a finite element analysis to 

calculate correction matrixes that can be used for complex geometries. Simulations performed 

with the “FEA matrix relaxation correction method” indicate that pocket removal has the least 

effect on stress relaxation compared to other investigated removal geometries [26].  

Savaria et. al [29] proposed an improvement to the “FEA matrix relaxation correction method” 

where the average measured stresses on both sides of the removed layer is used to calculate the 

correction matrixes.  Different geometries of layer removal were simulated but correction was 

only possible for local square removal since the other methods failed the assumption that the 

stresses must be uniform over surface of the material to be removed. The research also showed 



 

9 

 

large differences in stress relaxation for different removal geometries and since only rectangular 

removal geometries were simulated, it is not proven that the model is valid for circular local 

material removal. Furthermore, the correction model requires that the geometry of the part and 

the removed pocket are equal for the experimental layer removal and the numerical calculation 

of the relaxation correction matrix. The authors also recommend to investigate the validity of 

the results compared to the actual beam size used, which was excluded from the research.  

Under certain circumstances, it might be possible to avoid using correction factors for local 

etching. For large samples where only thin layers have been removed correction for material 

removal will be insignificant [2]. If the removal depth is less than one-tenth of the specimen 

diameter, the results obtained by XRD should be valid according to literature [24]. For 

measurements beyond this value correction factors should be applied to account for the material 

removal. 

Holmberg et al. [21] studied the residual stress profile of an induction hardened cylinder with 

a diameter of 20 mm without any corrections for material removal. The stress profile was 

determined through XRD in combination with electro polishing, and by neutron- and 

synchrotron diffraction. According to the authors, it would not have been possible to receive 

reasonable results with the use of correction factors due to rather complex sample geometry 

after layer removal. The residual stress profiles correlated well up to a depth of 1.5 mm between 

the different measurement methods. At greater depths, the results from the XRD measurements 

become unreliable, which is most likely due to the stress relaxation from the layer removal 

process. The authors concluded that XRD is appropriate to use for near surface stress 

measurements and up to a depth of 1.5 mm without correction factors. At greater depths the 

results will be skewed due to stress relaxation from material removal. This agrees well with the 

assumptions that the measured stresses should be valid up to a removal depth of approximately 

one tenth of the specimen diameter.  

2.3 Centre hole-drilling 

2.3.1 Background 

The hole-drilling method is a well-established technique for measuring residual stresses. It was 

introduced as early as 1934 by J. Mathar and is considered a semi destructive method [30]. 

Basically, a small hole is drilled in the specimen which causes stress relaxation. A new 

equilibrium of the surrounding material is therefore established, which causes deformation and 

introduces new strains. The stress state can be obtained by converting measured strain or 

deformation into stress by a suitable mathematical model [31]. To obtain information about the 

stress state as a function of depth, several depth increments can be used where the stress is 

averaged over each increment. These techniques are standardized and explained in ASTM E837 

[32]. The standard method to obtain the stress state is to measure the relived strain with strain 

gauge rosettes. There are some disadvantages with this technique. Particularly, only limited 

data averaged over the area of the strain gauge grid is provided. Moreover, the method requires 

profound surface preparation in order to fasten the strain gauges and the precision of alignment 
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and drilling is vital for accurate measurements [33]. Therefore, there is a significant interest in 

using a method without strain gauges and with a full field non-contact measurement approach.  

There are different optical methods available to replace strain gauges, such as Moiré 

Interferometry, Electronic Speckle Pattern Interferometry (ESPI), and Digital Image 

Correlation. This report will focus on ESPI.  

2.3.2 Electronic Speckle Pattern Interferometry 

Electronic Speckle Pattern Interferometry, (ESPI), is a full field method that is continuous 

around the hole. It is faster than the conventional strain gauge method and does not require 

thorough surface preparation. ESPI measures displacement, not strain, and involves measuring 

the interference pattern that is formed when two coherent light beams are mixed. In a single 

beam ESPI system, the light from a coherent laser source is divided into two parts, an 

illumination/object beam and a reference beam. The illumination/object beam is used to 

illuminate the objects surface so that it can be imaged by a CCD camera after passing through 

a lens system and a prism, where the object light interferes with the reference beam and 

produces a variable pattern known as speckle. The reference beam is fed directly from the laser 

source [34]. The CCD camera records and stores the interference image in a computer for 

processing. Any deformation of the surface results in a change of the speckle pattern. However, 

a raw image exhibiting a pattern of dark and light speckles does not contain any useful 

information by itself. To obtain information, images before (reference set) and after 

deformation (deformed set) must be stored and processed. The ESPI system acquires n images 

before and n images after deformation and the images differ by a fixed step in reference beam 

phase. With the reference set and the deformation set, a phase image of the surface displacement 

projected along the sensitivity vector of the system can be calculated. The single beam system 

will only be sensitive to deformations occurring in the direction of the sensitivity vector. A 

schematic illustration of the sensitivity vector can be found in Figure 2.6. Discontinuities of the 

phase map resulting from calculations of the phase angle can be removed by using phase-

unwrapping algorithms [35]. The remaining displacement image is used to calculate maps for 

each uniaxial stress state by matching it with a database containing finite element solutions. 

The system returns 3D maps for each uniaxial stress state that are projected in the sensitivity 

direction. The data is then scaled and interpolated onto the pixel grid and adjusted to the correct 

Young’s modulus and hole diameter. Lastly, the data is adjusted into full field least square fit 

formulation or pseudo-inversion to obtain the best fit of stresses. From a family of solutions 

spanning ranges of values for the material’s Poisson’s ratio and the hole aspect ratio (h/D) any 

surface displacement field can be calculated trough linear combination and scaling [36]. 

The ESPI method is very sensitive to vibrations and therefore, performing the method on an 

optical table or equivalent is crucial. In practice, the drilling makes it difficult to avoid rigid 

body motions of the sample even with the use of specifically designed fixtures. As a result, the 

displacement maps measured by the ESPI system will contain displacement contributions from 

rigid body motions. To obtain accurate stress values, one needs to correct for the rigid body 

motions. The correction for small rigid body motions can be executed by the use of three 

linearly independent displacement maps. By assuming that the pixel data results from the linear 
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combination of the three stress states and the rigid body motion, the correction can be performed 

[36].   

 

Figure 2.6 Schematic illustration of the sensitivity vector [37]. 

2.3.3 Method and material assumptions  

In general, certain material and method assumptions are made for the hole drilling method, 

which will also apply for this thesis: 

 The material is isotropic. 

 The elastic properties are homogenous within at least 5 diameters away from the center 

of the hole [38]. 

 The deformations are linear elastic. The effect of localized yielding can inflict a possible 

error in the residual stress measurement if the magnitude of the stress around the hole 

is close to, or exceeds, the yield strength of the material. Different standards and 

researchers set different recommendations for the ratio between stresses; the ASTM 

standard requires that the residual stresses do not exceed 50 % of the yield strength, 

whilst Lin and Chou [39] recommend 65 %. The Measurements Group Technical Note 

suggests a limit as high as up to 70 % [40]. The material used for this thesis has a yield 

strength between 1900 and 2150 MPa, hence the residual stresses should not exceed 800 

MPa to meet the ASTM standard.  

 Variations of the in-plane stresses σx, σy and τxy occur only in the depth direction, with 

no variations in the in-plane direction. 

 The drilling does not induce any significant plastic deformations nor stresses. 

For lower stress levels, the drilling must remove more material in order to induce measurable 

surface displacements. A larger amount of material must also be removed with increased depth 

in order to create any noticeable change on the surface, which is where the displacement is 

measured. Additionally, the maximum useful depth is dependent on the hole diameter. With 

increasing distance to the surface, the displacement of the surface decreases. From a certain 

depth onward, no measurable surface displacements will take place. The ratio depth to diameter, 

h/d, is therefore of interest. Generally, the ratio should not exceed 0.6 [36].  
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In addition, further assumptions that are specific for the ESPI system are made [38]: 

 The surface of the sample must be flat out to a minimum of 5 diameters from the hole 

center before drilling the hole. The requirement is set since the technique interprets the 

deformations as if the surface was flat. However, acceptable results have been obtained 

on specimens with diameters as small as 19 mm [38].  

 The speckle size of the optical setup is significantly larger than the surface 

displacements. 

 The phase change of images taken before and after drilling is only due to stress 

relaxation and effects equivalent to rigid body motions of the specimen. The effects can 

for example originate from air currents and can be correct for separately.  

Some factors that can lead to measurement errors are the accuracy of the Young’s modulus, the 

hole diameter, and the hole shape. If the hole shape significantly deviates from the cylindrical 

shape used in the stress model the fit of the stress state might be poor. Another factor that can 

lead to less accurate results is the determination of the of the zero depth position, which is 

defined as the point where the drill is in direct contact with the specimen surface without any 

material removal. This is particularly important if fine increments are used since it can 

significantly influence the calculation of near surface residual stresses [33].  
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3 EXPERIMENTAL SETUP 

3.1 Electrochemical etching equipment evaluation 

3.1.1 Objective of equipment evaluation 

To ensure the function of the new etching equipment, certain improvements were necessary 

before it could be used for the thesis research.  

Since the equipment had previously not been used to establish a stress profile, the ratio between 

etching time and depth was unknown and required investigation. There were also uncertainties 

regarding how long the sample could be exposed to etching before the ratio between depth and 

time was reduced or the surface quality impaired due to residual dirt on the surface. A small 

study on the influence of the gradually increased amount of metallic residuals on the material 

removal rate had previously been performed at SKF MDC on a flat surface, where the results 

showed that the surface should be cleaned approximately every 200 seconds [41]. However, the 

exact experimental procedures from this study were unknown. Therefore, a brief study was 

conducted to see if the etching time could exceed 200 seconds before cleaning of the surface 

was necessary. The distance between the electrode and the surface was also modified to 

investigate any possible effects on the surface condition. 

Moreover, the shape of the pocket at different depths and its surface quality needed to be 

investigated to see if the requirements for XRD measurements were met.  

The equipment is described in section 3.1.3. 

3.1.2 Equipment improvements 

Previously observed problems with the equipment are: 

1. Leaking of etching fluid between the cup and the workpiece.  

2. Sensors are not always responsive - sometimes the fluid level has to be corrected 

manually since the etching cup will be completely drained or filled up to its maximum. 

3. The electrode leans inside the etching cup, which results in uneven etching.   

Leakage has previously been documented between the cup and the workpiece surface. To solve 

the problem different sealant materials were tested. The chosen sealant showed good results 

when the workpiece and the etching cup surfaces were well-aligned. Furthermore, the cup had 

been designed for use on flat surfaces. For curved surfaces the cup performs poorly. Three 

different concepts were developed to overcome this problem.  

Firstly, an adapter to the cup was designed and later produced through additive manufacturing. 

Advantages of the adapter are especially the design as it can be customized to fit specific 

workpiece curvatures and it can be rapidly produced. In addition, the cost of each adapter will 

be low since it is manufactured in-house in a low-cost plastic material. Another benefit is that 

the original cup does not have to be altered. Nevertheless, two drawbacks with the first design 
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of the adapter were noticed. Firstly, leakage between the adapter and the workpiece was 

observed. The underlying reason was the relatively large contact area between the adapter and 

the workpiece. A larger area reduces the pressure on the workpiece since the force applied on 

the cup is constant. Modifications on the design of the adapter were made to reduce the contact 

area, which improved the performance. However, minor leakage still occurred. This leakage 

was stopped by applying clay where the leakage occurred but it is not an optimal solution for 

continuous usage. Secondly, the distance between the electrode and the workpiece surface is 

greater when using the adapter. Etching fluid and metallic residue closest to the surface will 

therefore not be drained through the electrode as easily and some amount will remain longer at 

the surface. Consequently, the quality of the etched surface can be affected as the distance 

increases with increasing pocket depth.   

Secondly, a customized cup was designed and manufactured through machining. This concept 

showed good results. However, the solution is rather time consuming since the manufacturing 

of the cup is performed outside of SKF MDC. A benefit compared to the adapter is that the 

electrode is closer to the surface and can therefore more easily drain the etchant fluid and 

metallic residue close to the surface. Furthermore, it was less prone to leaking, which is 

presumably due to the smaller contact area between the cup and the workpiece.  

The last investigated concept was to create a customized sealant out of silicone. However, this 

concept was not validated practically during the experiment. The idea is to create a mold of the 

surface which is later filled with silicone. The silicone then has to cure, preferably overnight. 

Some attachment to the cup is also required. It should be possible to reuse a sealant multiple 

times. This concept would be beneficial for complex geometries.  

The second documented problem was the unresponsiveness of the sensors. The sensors 

controlling the fluid level in the cup were not functioning correctly since they had not been 

calibrated. In order to calibrate the sensors voltmeters were connected to the system during 

etching to display the voltage of each sensor. The voltages for low and high fluid levels for both 

sensors were noted. The sensors were calibrated to react accordingly. To further ensure that the 

fluid level did not exceed the maximum level and thereby damaging the electronics, a second 

drain was installed at the top of the etching cup. With this solution it is possible to use the 

equipment without the sensors, however this was not practiced during the work of this thesis.  

Lastly, in order to prevent uneven etching the idea was to stabilize the electrode by fastening 

the cables to a U-shaped pipe that could be integrated with the tripod cup holder. The concept 

was tested by fastening the cables to a pen, which showed good results. 

3.1.3 Equipment setup 

The cup has a side inlet for etching fluid, a central exit through the electrode, and a side exit 

above the inlet. The lid of the cup has an electrode and two selectable level sensors, one thermal 

and one electric. Three peristaltic pumps are used, one from the storage tank to the inlet, one 

from the exit through the electrode to the waste tank, and lastly one from the side exit to the 

waste tank. The first pump fills the cup and the other two drains the cup. The pumping speed 
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can be adjusted with two potentiometers. The inlet is placed with a 5 degree angle to cup in 

order to create a circular flow of fluid. The hole diameter of the cup is approximately 15 mm.  

The level sensors regulate the fluid level in the cup and protects against overflow. It is possible 

to run the equipment without the sensors and instead use the side exit pump set on maximum 

draining speed. It is important to always run the pump for the electrode exit since it will remove 

the etching residue close to the surface. The equipment is shown in Figure 3.1.  

 

Figure 3.1 Etching equipment: A) Electrode with sensors, B) Main unit, C) Etching cup. 

3.1.4 Experimental procedure 

Two induction hardened cylinders, each with a diameter of 40 mm, were used as test specimens. 

The hardening depth of the cylinders was 3.25 mm, measured by Vickers hardness 

measurements with a load of 1 kg and with defined hardness depth at 550HV1. The specimens 

were of the same composition as the main samples used for the report but the process parameters 

used for induction hardening were slightly different.   

The test specimen was fastened in a vise mounted on a x-y-table. The highest point on the 

cylinder was determined using a dial indicator. The y-position of the workpiece assembly was 

then fixed and the dial indicator and the etching cup were aligned accordingly. The workpiece 

assembly could easily be moved in the x-direction between the etching cup and the dial 

indicator. The setup is shown in Figure 3.2. The dial indicator was set to zero where the middle 

of the etched pocket was anticipated to be located.  

A circular hole was then etched for a certain amount of time and afterwards the depth was 

measured with the dial indicator. The procedure was repeated until the desired amount of holes 

or the desired depth had been achieved. The pockets were placed along the cylinders in the axial 

and circumferential direction. To alternate the distance between the specimen surface and the 
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electrode O-rings with a thickness of 1.5 mm were used. The initial distance from the electrode 

to the sample surface was 1 mm. 

The depth and the shape of the holes were evaluated using a Taylor Hobson precision Form 

Talysurf PGI profilometer by running a line profile at the center of each pocket along the axial 

and circumferential direction respectively. The workpiece was unmounted from the vise during 

the measurements.  

To achieve deeper holes, the specimen was etched multiple etching cycles at the same location. 

The surface was cleaned with alcohol every 200 seconds of continuous etching and the hole 

depth and surface profiles were measured regularly with the profilometer.  

 

Figure 3.2 Experimental setup for workpiece and measurement assembly. 

3.1.4.1 Experimental parameters 

The experimental parameters used for etching are shown in Table 3.1. The voltage varied 

between 8 to 15 volt during etching. Four circular pockets were etched and measured for each 

set of parameters. The test parameters for etching multiple times in the same pocket were set 

according to test C in Table 3.1, with one ring removed after 2300 seconds of etching and a 

second after 7900 seconds.  

 

 

 

 

X 

Y
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Table 3.1 Experimental parameters for single etching 

Test / Parameters A B C D E 

Current [A] 2 2 2  2  2  

Etching fluid 3 M NaCl 3 M NaCl 3 M NaCl 3 M NaCl 3 M NaCl 

In-flow [unknown] 70 70 70 70 70 

Out-flow [unknown] 50 50 50 50 50 

Height of electrode [rings] 1 1 3 3 3 

Time/etching cycle [s] 200 300 200 300 100 

 

3.2 Sample preparation 

3.2.1 Composition and geometry 

Solid cylinders of steel grade 50 were used as sample material for the study. The composition 

of the steel is shown in Table 3.2. The material was delivered in as hot rolled, quenched and 

tempered condition with a bar diameter of 47 mm. The hardening parameters for the bar are 

displayed in Table 3.3. The bar was lathed down into cylinders with a length of 100 mm and a 

diameter of 40 mm. The sample surfaces contained feed marks with a total height of 

approximately 10 μm and a surface roughness of approximately 1.5 μm as a result from the 

machining operation.  

Table 3.2 Sample composition 

Element C Cr Si Ni Mn Mo P Cu S V Al 

Percentage 0.51 0.93 0.25 0.12 0.63 0.17 0.012 0.119 0.001 0.004 0.030 

 

Table 3.3 Hardening process for steel bar, delivered state 

Process  

Hardening 880 ºC, 105 min 

Quenching Oil, 60-70 ºC 

Tempering 575 degrees, 238 min 

Air cooled ~20 degrees 

 

3.2.2 Induction hardening 

The surface induction hardening (SIH) was performed using single shot hardening. The settings 

resulted in an output frequency of 11-13 kHz and a power of 130 kW on first side of transformer. 

The quenching was performed by a shower unit using Houghton Aqua Quench 365E quenchant 

medium with 8-9 % polymer concentration at a temperature of 23 ºC and a 110L/min flow. The 
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sample rotation was 264 rpm during heating and 110 rpm during quenching. The samples were 

then post quenched in tap water at 6-8 ºC for approximately 10-12 minutes. Tempering was 

performed within 1 hour after SIH in a conventional convection furnace at 160 ºC for 1.5 h, 

including a heat up time of approximately 0.5 h. In order to see the repeatability of the process, 

the SIH process data for each cylinder was logged. The data was compiled and evaluated and 

15 cylinders were chosen out of the batch of 30 samples based on the similarity of maximum 

achieved temperature. The maximum temperature was in the range of 1000-1050 ºC, and the 

maximum temperature difference of the chosen samples was 7 ºC with a standard deviation of 

1.8 ºC. The heating of the cylinders was not perfectly homogenous along the axial direction. 

Consequently, the ends were not fully hardened and a maximum surface temperature was 

obtained close to the middle of the rollers. 

3.2.3 Microstructure and hardness 

Three samples were cut to study the cross-section of the cylinders at mid-length perpendicular 

to the axial axis. The samples were molded in Bakelite at 150 ºC and polished. 

Vickers hardness measurements were carried out on a Clemex future-tech PM-700 micro 

hardness tester in order to determine the hardness profile and the hardening depth of the 

specimens. The hardening depth was defined as the depth at which the hardness reached 550 

HV. Sets of 20 indentations were performed starting at 250 μm from the outer surface towards 

the center with a distance interval of 250 μm. The indentation load of the machine was set to 1 

kg and the indentations were measured manually. In order to investigate if the hardness varied 

circumferentially three sets of indentations, located approximately 120º apart, were performed 

on each cylinder. 

For the microstructure analysis the specimens were etched in Nital (1.5 %). The microstructure 

was studied with a Zeiss Imager.A2m light optical microscope with Axio vision software.  

3.3 Residual stress measurements 

The residual stress measurements were performed trough XRD measurements combined with 

material removal and the center hole drilling technique combined with laser speckle 

interferometry. All experimental procedures were repeated on three samples each. Additionally, 

an FE simulation was performed in order to compare and increase the validity of the results. 

The simulation was performed at SKF MDC India.  

3.3.1 XRD combined with material removal techniques  

Two material removal techniques were carried out; etching in combination with milling and 

etching alone. The samples were mounted according to the experimental procedure for the 

electrochemical etching equipment evaluation, section 3.1.4, with the modification that the 

XRD collimator tip was also aligned accordingly in the x-direction. The pocket depth was 

measured with the dial indicator at the center of the pocket and the XRD measurements were 

performed accordingly. The material removal was performed at the center at mid-lenght of each 

cylinder. The samples were gently grinded at the anticipated etching location to remove the 
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oxide layer resulting from the induction hardening. The zero position was set after grinding and 

the samples were etched 10 μm before the first measurement. An illustration of the specimen 

displaying the pocket location and the defined coordinates is shown in Figure 3.3.    

Before the main stress profile for material removal trough milling was determined, an 

experimental study on the thickness layer of the milling induced residual stresses was 

performed.  

 

Figure 3.3 Defined coordinates and material removal location of the test specimens shown 

from above. 

3.3.1.1 XRD-equipment setup 

The stress measurements were performed with a Stresstech G2R XStress3000 diffractometer 

equipped with a Cr X-ray tube with a wavelength of 0.0229 nm. The measurements were carried 

out at 3 rotations (0°, 45°, 90°), with 4 psi tilt angles (0°, ±24,0948°, ±35,2644°, ±45°) 

measuring the 156.4° diffraction peak at the (211) plane of the ferritic phase. The measurement 

mode was modified chi. Hence the strain measurements where performed at multiple β angles 

with a fixed χ offset, χm, where β is the angle between the incident beam and σ33 and χ the angle 

between the σϕ+90º direction and the normal to the diffracting plane. The distance between the 

detectors and the surface was 50 mm. The modified chi mode does not provide a constant ϕ 

angle, which is the angle between the σ11 direction and the measurement direction azimuth, for 

measurements at various β angles. Assuming that 𝜎33 is negligible at the free surface, the stress 

strain relationship for any given direction measured by the modified chi mode is described by 

(6),  

𝜀𝛽𝜒𝑚

{ℎ𝑘𝑙}
=

1

2
𝑠2

{ℎ𝑘𝑙}[𝜎11 sin2 𝛽 cos2 𝜒𝑚 + 𝐷] +
1

2
𝑠2

{ℎ𝑘𝑙}[𝜏12 sin 𝛽 sin(2𝜒𝑚) +

                𝜏13 sin(2𝛽) cos2 𝜒𝑚 +   𝜏23 cos 𝛽 sin(2𝜒𝑚)] + 𝐶    (6) 

where C is the elastic constant s1
{hkl} and D is 𝜎22 [42].    

The system was calibrated with a stress free powder sample in order to determine the distance 

between collimator tip and the sample surface that produces zero stress value. The collimator 

tip does a touchdown on the sample surface before each new measurement series to set the 
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correct distance. The measurements were performed using a spot size of 3 mm with an exposure 

time of 7 seconds for the hard phase and 5 seconds for the softer phase.  

The diffraction data was evaluated using linear background and cross correlation. Cross 

correlation is a peak shift method that determines the peak shift 2Δϕ of the intensity maximum 

between two tilts. The peak position of the first profile was obtained by fitting a parabola over 

the region of the peak that is bounded by the points that have 85 % of the maximum peak 

intensity. The residual stress calculations were performed using the modified sin2ψ technique. 

Linear elastic strain theory according to Hooke’s law was assumed during the calculations, 

where the Young’s modulus was set to 218.818 GPa and the Poisson ratio to 0,28. The 

measurement data was analyzed using the Xtronic software version 7.1.7 from Stresstech Oy. 

3.3.1.2 Electrochemical etching combined with milling 

The etching was performed with the original etching equipment, where the hole diameter of the 

etching cup is approximately 5 mm. The equipment has no feed of etching fluid. The etchant 

used was 3 molar NaCl and the current was set to 0.2 A, which resulted in a voltage range 

between 5-8 volt. The surface was cleaned with alcohol every 50 seconds of continuous etching. 

The maximum achievable etching depth with the equipment was considered 0.5 mm.    

The milling was performed on a Minganti M10 CNC machine with a solid carbide end mill. A 

circular pocket was milled with the strategy circular milling. The cutting parameters are 

presented in Table 3.4. A fixture was used in the mill to ensure that the material removal of the 

specimens was performed at the same position in each milling step.   

Table 3.4 Cutting parameters 

Vc [m/min] 30 

Feed per tooth [mm] 0.03 

Nr. of cutting edges 6 

Increment depth [mm] 0.2 

Pocket diameter [mm] 21 

Coolant None 

 

3.3.1.2.1 Thickness layer determination of milling induced residual stresses 

To measure the depth of residual stresses influenced by the milling procedure, the samples were 

first etched on one side of the cylinder with the stresses measured at various depths through 

XRD. On the other side of the samples, the surfaces were milled to a depth of 250 μm. The 

samples where then etched in the center of the milled area and the residual stresses where 

measured at various depths. The stress profiles measured after milling were compared with the 

stress profiles determined through etching alone. The depth affected by milling was calculated 
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as the distance from the machined surface to the depth at which the stress profiles started to 

correlate.  

To investigate if the milling process had any effect on the hardness of the material the hardness 

along the milled pockets and the in-depth hardness was measured. The measurements were 

performed at depths of 0.250 mm and 4.4 mm. The measurements along the milled pockets at 

0.250 mm were carried out 150 μm from the pocket surface with a distance of 250 μm between 

each indentation. The in-depth hardness was measured 150 μm from the surface at the center 

of the pocket towards the center of the cylinder. The indentations were made using a checker-

pattern with 110 μm between each indentation. The indentation load was set to 1 kg. For the 

hardness measurements at 4.4 mm, where the material is softer, an indentation load of 300 g 

was used and the distance to the surface was 100 μm. The obtained hardness values for the 1 

kg indentations were compared to the previous hardness results on non-milled specimens and 

the indentations made with a 300 g load were compared to reference profiles performed with a 

300 g indentation load.  

3.3.1.2.2 XRD combined with electrochemical etching and milling  

First, etching combined with XRD measurements were performed on the specimen until the 

maximum depth of 0.5 mm was achieved. The vise, with the specimen still attached, was then 

unmounted from the x-y-table and placed in the mill. After milling, the vise was remounted on 

the x-y-table and the specimen was etched 100 μm in the center of the milled hole. XRD 

measurements combined with etching were then carried out until the maximum etching depth 

was reached. The process was reaped until a depth of circa 5 mm was reached and included 

three milling cycles. The milled pockets were approximately 1.4, 2.8, and 4.4 mm deep. An 

illustration of the procedure is shown in Figure 3.4.  

 

Figure 3.4 Illustration of material removal and measurement procedure for milling in 

combination with etching. 

3.3.1.3 XRD combined with electrochemical etching 

XRD measurements combined with etching were carried out until a depth of approximately 5 

mm was achieved. The etching was performed with the etching equipment described in 3.1.3, 

and parameters were set as according to test C in Table 3.1, with one ring removed at 1.5 mm 

and a second at 3.5 mm. The surface was cleaned with alcohol every 200 seconds of continuous 

etching.  
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3.3.2 Hole drilling technique combined with ESPI 

The center hole drilling technique combined with ESPI was carried out by Stresstech Oy with 

a PRISM system. The experimental setup is shown in Figure 3.5. The experimental parameters 

were obtained from the measurement report by Stresstech Oy [37]. 

 

Figure 3.5 Experimental setup for ESPI with hole drilling [37]. 

The samples were coated with a thin layer of matt white spray in order to perform the 

measurements. The cylindrical holes were machined using a high-speed 2-fluted, TiN-coated 

end mill. No standard nor recommendation could be found on the maximum allowed surface 

curvature for a specific drill size and therefor measurements were performed with two different 

mill sizes, 1.6 mm and 3.2 mm. The drilling speed was 30 000 rpm and the feed rate was 0.02 

and 0.01 mm/s and the illumination and camera angles were 50-54º and 29-37º respectively. 

The h/d ratio used for the analysis was 0.6.  

The PRISM system acquires 4 images before and 4 images after deformation to describe every 

condition, each taken with the reference beam phase-shifted by a fixed step of 90°. The data 

analysis contains all pixels in a ring-shaped area around the hole set by the inner and outer 

integration radius. The analysis range was defined between 2 to 4 times the hole radius. The 

area directly next to the hole edge does not provide any useful information since this part of the 

surface will be disturbed by the drilling.  

The end mills provided with the ESPI system are designed to produce holes very close to 

cylindrical. In addition, the drill system is set to produce diameter accuracies with less than 1 % 

impact on stress results, with shallow holes being affected the most.  

The stress calculation is equivalent to that described in ASTM E837 for strain gage hole-drilling 

according to the system retailer. The software uses the Integral Method and Tikhonov 

regularization for stress calculation and depth profiling. The Tikhonov regularization binds the 
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individual depth values together and smoothens the curve. Displacements occurring in each 

individual drilling step, rather than changes relative to the starting condition, are evaluated for 

the stress calculation. The measurements are therefore less sensitive to disturbances and the 

errors will not accumulate during the calculation process.  

3.3.3 FE simulation 

An FE simulation was performed with DEFORM software at SKF MDC India to simulate the 

heat treatment process of the specimens at SKF MDC. The simulations were carried with the 

input variables; inductor frequency of 12 kHz, heating time off 3 seconds, and maximal 

temperature between 1000-1050 °C. Moreover, quenching, post quenching, and tempering were 

simulated using the software. 
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4 RESULTS 

4.1 Electrochemical etching equipment evaluation 

In Table 4.1 the depths obtained with a single etching cycle for different etching times and 

distances are shown. No distinct trend of the ratio between time and depths was observed for 

different etching times nor distances. The profiles measured with the profilometer showed 

significant differences of depth depending on location, and therefore, no conclusion can be 

drawn. The depth values obtained with the dial indicator and with the profilometer correlate 

relatively well for all measurements. 

Arbitrary selected surface profiles for single etching cycles corresponding to the test parameters 

in Table 3.1 are shown in Figure 4.1. The quality of the etched pockets seems to be better with 

the larger distance between the electrode and the sample surface. No trend between etching 

time and surface quality could be observed. Surface irregularities of approximately 20 to 100 

μm were measured close to the center of the pocket. More surface profiles, including profiles 

obtained from etching multiple cycles within a pocket, can be found in appendix A. 

For multiple etching cycles within the same pocket, an increasing roundness of the pocket was 

observed with increasing pocket depth. Entire surface profiles could only be measured until a 

depth of 3 mm with the selected method due to sharp edges at the top of the pocket. At deeper 

depths, only the bottom of the pockets were measured. The surfaces were considered 

sufficiently flat for XRD measurements at the center of the holes. The surface profile 

measurements showed similar results of surface irregularities as the single etching cycles.  

Table 4.1 Ratio between etching time and depth obtained with single etching 

 
Dial indicator 

  
Talysurf 

   

Ratio [depth/time] 

/ Test 

Average Max Min St.Dev Average Max Min St.Dev 

A 0.47 0.52 0.40 0.05 0.47 0.53 0.43 0.05 

B 0.54 0.67 0.38 0.10 0.56 0.59 0.53 0.02 

C 0.55 0.58 0.53 0.02 0.54 0.58 0.50 0.03 

D 0.46 0.53 0.41 0.04 0.45 0.47 0.43 0.02 

E 0.52 0.57 0.45 0.04 0.49 0.60 0.43 0.06 
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Figure 4.1 Selected surface profiles, A-E, corresponding to test parameters A-E, measured in 

the axial direction. 

Figure 4.2 shows the etching velocity in relation to depth for in-depth etching. It can be 

observed from the graph that the etching velocity decreases as the depth of the pocket increases. 

It should be noted that the distance of the electrode, and thereby also the draining distance, to 

the sample surface was regulated in discrete steps during the etching. The distance between the 

electrode and the sample surface as a function of depth can be seen in Figure 4.3. The distance 

of the inflow of etchant fluid to the sample surface was increased with increasing pocket depth.  

 

 

Figure 4.2 Relation between etching velocity and depth. 
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Figure 4.3 Distance from electrode to sample surface as a function of pocket depth. 

4.2 Microstructure and hardness 

4.2.1 Microstructure 

The initial microstructure of quenched and tempered martensite appears in the core, as seen in 

Figure 4.4. At the surface region, a much less tempered martensitic microstructure is obtained, 

as seen in Figure 4.4. At the transition zone, located approximately 3.12 mm below the surface, 

the microstructure consists of a mixture of martensitic and non-martensitic phases. Indications 

show that the martensitic transformation started 3.25 mm from the surface, as seen in Figure 

4.4. 

A small amount of non-martensitic phases could be observed at 1.75 mm below the surface, 

with the amount increasing with greater distance from the surface, as seen in Figure 4.5. The 

increased amount of non-martensitic phases as a function of depth correlate well with the 

hardness decrease.  
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Figure 4.4 Micrographs, x1000, of the induction hardened sample; Top left: Core 

microstructure approximately 3.75 mm below the surface. Top right: surface microstructure. 

Bottom left: Transition zone, approximately 3.12 mm below the surface. Bottom right: 

Martensite starting position, approximately 3.25 mm below the surface.  

   

Figure 4.5 Micrographs, x1000, of the induction hardened sample showing the amount of 

non-martensitic phases at 1.75 mm, 2.5 mm, and 3 mm. 

4.2.2 Hardness 

The surface hardness of the samples was approximately 740 HV and the core hardness 340 HV. 

A rather sharp transition with a hardening depth of 3.1 mm could be observed in the hardness 

profile as a result of the rapid heating process and the relatively easily austenitized starting 

microstructure, as seen in Figure 4.6. No significant difference in hardness between individual 

specimens nor circumferential location within on specimen was observed.   
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Figure 4.6 Hardness profile for the induction hardened grade 50. 

4.3 Residual stress measurements 

It should be noted that the error bands present in the following graphs do not show the total 

error of the measurement, but how well the sin2ψ line fits the measurements by least square 

regression. 

4.3.1 Thickness layer determination of milling induced residual stresses 

The residual stress measurements showed an affected depth of 15 μm after milling evaluated as 

according to Figure 4.7. No change in hardness could be observed after milling.  
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Figure 4.7 Milling induced residual stresses with error bands in A) the axial-direction, and B) 

the hoop-direction. 
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4.3.2 In-depth Stress profile determination  

4.3.2.1 XRD combined with material removal techniques 

The resulting profiles of the in-depth residual stress profile determination obtained with XRD 

and material removal trough milling in combination with etching and trough etching alone are 

shown in Figure 4.8 and Figure 4.9 respectively. Maximum compressive stresses were obtained 

between 2.5 mm and 2.75 mm below the surface and maximum tensile stresses were obtained 

at approximately 4.8 mm below the surface. A rather sharp transition between compressive and 

tensile stresses was observed at a depth of approximately 3.25 mm, which correlates to the 

initiation depth of the martensitic transformation.  

The average and maximum spread of stresses is the spread between specimens where the stress 

is measured at approximately the same depth and location. The maximum spread can be 

somewhat misguiding of the actual spread since the stresses were not measured at the exact 

same depth for the different specimens. The maximum and average spread obtained for both of 

the material removal techniques are quite similar even though the methods have dissimilar 

sources of error.  

Milling in the core material introduced compressive stresses lowering the tensile stresses from 

the SIH to a greater depth than 100 μm. The first XRD measurements carried out after the third 

milling cycle therefore measured stresses induced by both milling and heat treatment.  

The etching process was relatively slow with five hours of continuously etching to reach a depth 

of 5 mm, excluding time for surface cleaning and alignment of the cup after cleaning. For the 

specific measurement depths used, surface cleaning was necessary approximately 100 times. 

The total time to perform a stress profile including 25 measurements up to 5 mm for one sample 

was approximately 16 hours. 

The time for each milling cycle was approximately 10 minutes, resulting in a total milling time 

of 40 minutes for each specimen. The total etching time was one hour, with additional time for 

approximately 55 surface cleanings for the specific measured depths. Furthermore, time for re-

alignment of the vise on the x-y-table should be taken into account for the process. The total 

time to perform a stress profile including 22 measurements up to 5 mm for one sample was 

approximately 10 hours.   
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Figure 4.8 Residual stress profile obtained with XRD and material removal by milling in 

combination with etching. 
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Figure 4.9 Residual stress profile obtained with XRD and material removal by etching. 

4.3.2.2 Hole drilling technique combined with ESPI 

Figure 4.10 shows the stress profiles obtained with hole drilling in combination with ESPI for 

the 3.2 mm drill size. The average difference between the results obtained with the 1.6 mm and 

3.2 mm drill size was 50 MPa. The magnitude of the stresses does not exceed 50 % of the 

materials yield strength, hence it meets the requirements from the ASTM standard. The 

measured values for the first 0.3 mm were excluded from the analysis since the results showed 

average stress variations of approximately 300 MPa between specimens for both mill sizes. The 

first measurement, made after 10 μm, showed large tensile stresses for all specimens. However, 

the first 10 μm mainly consisted out of the oxide layer formed during induction hardening. The 

maximum spread of measured stresses between specimens is relative high with a maximum 

spread of 94 MPa in the hoop direction.  
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Figure 4.10 Residual stress profile obtained with hole drilling combined with ESPI, 3.2 mm 

drill size. 

4.3.2.3 Complied results of XRD and ESPI measurements together with simulated values 

The results obtained though XRD have good correlation between the two different material 

removal techniques. The simulation showed excellent agreement with XRD measurements 

predicting the surface residual stresses. Furthermore, the tensile peaks were well described by 

the simulations, with a somewhat better agreement between measured values in the axial 

direction, as seen in Figure 4.11. The results obtained by ESPI with hole drilling show poor 

correlation with the XRD measurements. The stresses are significantly less compressive with 

an average difference of approximately 300 MPa between the methods.   
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Figure 4.11 Residual stresses obtained with; hole drilling combined with ESPI, XRD 

combined with deep etching and milling in combination with etching, and simulated values. 
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5 DISCUSSION 

5.1 XRD combined with material removal techniques 

Both material removal techniques showed good process repeatability, resulting in an average 

spread of residual stresses of approximately 30 MPa between specimens for both methods.   

Although the deep etching surface profiles showed large variations of depth within the 

measurement spot, the results correlate relatively well with results obtained with the 

conventional etching equipment, were previous internal studies have shown surface variations 

of approximately 5 μm.  

The accuracy of the result could be improved by decreasing the pocket diameter and thereby 

reducing the amount of material removed. Simulations performed by Savaria et. al [27] show 

that the removed pocket size has a great influence on the relaxation of stresses. The research 

group attained a difference of 250 MPa in the circumferential stress direction at a depth of 1.8 

mm between two rectangular pockets with areas of approximately 1.95 mm2 and 12.2 mm2 

respectively when simulating the material removal process on a disc. However, precaution must 

be taken if the pocket size is reduced, as the possible minimum size of the pocket is limited and 

depends on XRD measurement angle. If the diameter of the pocket is too small the X-rays will 

be shadowed by the specimen and thereby failing to reach the detectors. Further studies on the 

pocket shape after deep etching must also be performed if the diameter is reduced to make sure 

that it meets the requirements. Reducing the size of the milled pocket would not require such 

investigations.  

The real stress state, and therefore the accuracy of the results, in the specimens before material 

removal is difficult to validate without the use of a non-destructive method. Correction for 

material removal was excluded from the study due to rather complex pocket geometry and the 

lack of validated compensation models. Previous studies, [8] [9] [25] [27], have obtained less 

compressive stresses after correction for stress relaxation due to material removal. Therefore, 

correction for material removal would most likely have resulted in less compressive stresses in 

the hardened zone and greater tensile stresses in the core. The magnitude of the difference 

between corrected and uncorrected stresses is dependent on the sample size and the amount of 

removed material. The effect of stress relaxation is therefore also greater at an increasing depth. 

Since the stress relaxation depends on the specific geometry, there is a great variation of the 

magnitude between corrected and uncorrected stresses for different cases. Studies by Savaria et 

al. [8] obtained a difference of approximately 200 MPa between raw measurements and 

corrected stresses at a depth of 0.7 mm when applying a FE layer removal correction on an 

induction hardened gear tooth. The difference in stresses are not considered as a sever for the 

application in this thesis since the ratio between the sample size and the removed material is 

much smaller. Epp et. al [43] studied an induction hardened steel plate with a hardening depth 

of 3 mm. The ratio between the volume of the specimen and the size of the pocket for the study 

was of the same order as the ratio obtained in this report for the deep etching method. The 

corrected and uncorrected stresses differed approximately 250 MPa at a depth of 3 mm. At 1 
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mm the difference was approximately 75 MPa. The authors used More and Evans correction 

factors although the material removal was local. Therefore, the correction for material removal 

was overestimated and the difference should be less. The samples were also measured with 

neutron diffraction, which resulted in stresses between the corrected and uncorrected stresses. 

Furthermore, as mentioned in section 2.2.2.3, Holmberg et al. [21] obtained a good correlation 

between stresses measured with XRD and synchrotron- and neutron diffraction without 

applying any correction model for the material removal. The stresses correlated well up to about 

one tenth of the specimen diameter, corresponding to a depth of 4 mm in this study. To 

summarize, the actual stress state and the introduced errors from the material removal are 

unknown and the effect of material removal must be validated in order to obtain the correct 

stresses. 

Another factor which was not accounted for that might have skewed the results is the variation 

of X-ray elastic constants between the core and the surface. No process specific constants were 

used for the XRD calculations, but instead they were calculated using fixed values for the  

materials Young’s modulus and Poisson’s ratio. 

5.2 ESPI with hole drilling 

An issue for the first depth increments could have been caused by the rather high surface 

roughness due to feed marks from the turning operation. The results could have been skewed 

until the depth exceeded the total height of the feed marks of approximately 10 μm since the 

removed volume would had been lower than in the analysis model. Five out of six samples still 

showed tensile stresses at a depth of 25 μm, which is roughly the depth of the oxide layer and 

the total height of the feed marks combined.  

Another difficulty with the hole drilling technique is to determine the zero depth position. 

Therefore, the samples might have a small variation in the zero depth position, leading to a 

variation of the depth position for the following measurements between samples. This could be 

a possible cause for the relatively large spread of stresses between samples. Additionally, the 

curvature of the sample could have contributed to the deviating surface measurements.  

The underlying reason for the drop at the end of each measurement curve is unknown. The 

measurements were repeated multiple times but the outcome remained the same. According to 

the operator this behavior has not been observed before. Further research is required to 

understand the underlying reason behind the behavior.  

5.3 Comparison between XRD and ESPI with hole drilling results 

The underlying reasons of the significant differences between results obtained with XRD and 

hole drilling with ESPI are not clear. Research by Rickert, Thomas, and Suominen [44] show 

good correlation between the two techniques when measuring on shot peened rings of HSLA 

steel and Martins et. al [45] obtained a difference of approximately 50 MPa between 

measurements carried out with XRD and hole drilling with conventional strain gauges on a ball 

bearing steel ring, where the hole drilling showed larger compressive stresses.  
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A potential reason for the great mismatch between techniques was consider to be the presence 

of a second phase. XRD measures only a single phase whereas ESPI with hole drilling measures 

the displacement of the surface and thereby considering multiple phases. If a high amount of a 

second phase is present in the material it could influence the XRD results and make it less 

suitable to compare with other method where all phases are included in the measurements. 

Therefore, the retained austenite level was measured in the samples to investigate if it could be 

a possible cause. The samples used for the thesis contained approximately 4-5 % retained 

austenite at 0.5 mm below the surface, which is considered a relatively low amount and should 

therefore not influence the results significantly.   

Another influencing factor for the difference between the techniques could have been the 

curvature of the sample since the analysis was carried out assuming a flat surface. However, 

this should mostly affect the near surface measurements.  

Furthermore, correction for material removal is not considered for either of the two 

measurement methods, with the consequence of obtaining larger compressive stresses than the 

initial stress state. Nonetheless, the effect of material removal by etching should not 

significantly influence the results at a depth of 0.3 mm considering the small pocket diameter 

of 5 mm.  

5.4 Material removal techniques evaluation 

5.4.1 Milling in combination with electrochemical etching 

For the specific sample geometry and material properties another milling strategy might have 

been more appropriate. The hardness of the used material was very high and therefore a face 

mill with CBN inserts might have been more suitable to reduce tool wear. For the specific 

geometry, face milling would not have increased the amount of removed material significantly. 

However, circular milling was chosen so that the tested method could be better implemented 

for larger geometries, e.g. large rings, where face milling would have resulted in a substantially 

greater volume of removed material.   

No cutting fluid was used during the milling operation even though previous research has shown 

that the thickness of the stressed layer can be reduced by the use of a cutting fluid with greater 

lubricating effects [20]. However, the study was focused on turning and since milling is an 

intermittent process, the temperatures at the cutting edges will constantly fluctuate between 

different levels of hot and cold during the milling operation. The greatest temperature variation 

is obtained when the cutting edge goes into and out of cut. Large variations in temperature can 

be worsen by the use of cutting fluid, causing thermal shocks and cyclic stresses at the cutting 

edges that can result in cracking and premature end of the cutting tool’s life. The effect of 

cutting fluid increases with increasing temperature of the cutting zone and should therefore be 

avoided at high temperatures [46]. Since the hardness of the specimen material was high in the 

hardened zone, it was assumed that the generated temperature at the cutting zone was high. The 

decisions to avoid using cutting fluid also aimed at making the process cycle more manageable 

since the vise had to be mounted on the XRD measurement table after each milling operation.    
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For the core material, the thickness of the milling induced stressed layer exceeded 100 μm. As 

a result, milling induced stresses were included in the XRD residual stress measurements. To 

avoid measuring on the milling induced stresses etching should have been carried out to remove 

a thickness layer of minimum 250 μm instead of 100 μm. Since the hardness was lower in the 

core it should have been possible to run the milling operation with a lubricating coolant and 

thereby possibly reducing the thickness of the stressed layer.  

The thickness of the milling induced stresses are applicable for the specific sample composition 

and process parameters and may not be valid for other samples. 

The material removal process itself was relatively easy to implement. Although, it is strongly 

dependent on machine and operator availability and can be expensive if  the machine is used 

regularly and thereby taking up time from other activities. The method does not provide a 

continuous stress profile and the milling cycles should therefore be planned accordingly. The 

measurement depths can easily be adjusted to meet the requirements for a specific sample. 

5.4.2 Electrochemical etching 

The pocket profile measurements showed large depth variations at the bottom surface of the 

hole. These variations could affect the accuracy of the XRD measurements since information 

could be obtained from larger variations of depth. Profile measurements with Talysurf only 

provides information about the surface at the small contact area of the needle. Therefore, a study 

on the surface quality covering the complete area of the XRD measurement spot would be 

valuable to investigate the total variation of depth. Unfortunately, the equipment for such 

investigations was out of order during the time span of this report.  

As the depth of the pocket increases, the ratio between depth and time decreases. The underlying 

reason is that the area of the pocket increases with an increasing depth. Although the total 

amount of removed material should be the same due to constant current value, it is spread over 

the entire surface area of the pocket, thus slowing down the process.  

Moreover, an increasing pocket depth results in a greater roundness at the bottom surface, as 

illustrated in Figure 5.1.  Since the distance from the electrode to the edges of the hole bottom 

is the greatest, the material removal rate is the lowest. At 5 mm below the surface, the area at 

the center of the pocket was sufficiently flat for XRD measurements. However, deeper depths 

were not investigated and therefore the maximum depth at which sufficient flatness can be 

obtained with the specific setup is unknown. In addition, the maximum obtainable depth could 

probably be increased by expanding the span at which the electrode height can be adjusted. If 

it was possible to further lower the electrode towards the surface at increased depth, excessive 

rounding of the corners might be avoidable. This could be achieved by altering the cup design.   

The smallest distance between the electrode and the surface is at the top of the pocket. Therefore, 

material is removed more rapidly at that area with the consequence of an increasing pocket 

diameter at the top of the specimen, as illustrated in Figure 5.1. The increasing diameter resulted 

in leakage between the cup and the surface which was corrected for with clay. Although the 
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clay was effective, minor leakage still occurred which resulted in excessive corrosion of the 

specimens and the vise.  

 

Figure 5.1 Illustration of etched pocked evolvement. 

From an operator point of view,  the process was very time consuming and not particularly 

convenient. The total continuous etching time to reach 5 mm in depth was 5 hours. During 

that time the process had to be monitored in order to prevent leakage at deeper depths and the 

surface needed cleaning every 200 seconds. The method would be more applicable for 

everyday use if it could be automated further by increasing the time between washes and by 

improving the sealant at greater depths.   
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6 CONCLUDING REMARKS AND RECOMMENDATIONS FOR  

FUTURE WORK  

1. Similar stress measurement results were obtained for etching combined with milling 

and etching alone and in that aspect, they are interchangeable. 

2. The deep etching method is a slow technique compared to milling in combination with 

etching and less operator friendly.  

3. Milling in combination with etching is a fast technique for in-depth profiling but it is 

highly dependent on machine and operator availability and could potentially become 

expensive. No continuous stress profile is established with the technique and thus, care 

should be taken when deciding the milling depths.  

4. The FE-simulation showed good correlation with the results obtained by XRD at the 

surface, in the transition zone, and at the tensile peak. 

5. No clear reason for the large difference between results obtained by XRD and ESPI 

could be found. Further research is required. 

6. The effect of material removal should be further investigated and, if needed, corrected 

for in order to determine the initial stress state after heat treatment. 

If the deep etching equipment is to be implemented on a daily basis, additional research and 

improvements are recommended to make the process more automated: 

1. A more thorough research on the maximum etching time before surface cleaning is 

necessary in order to decrease the total time for the etching procedure. 

2. A solution to prevent leakage between the etching cup and the surface at greater depths. 

For instance, preventing the pocket diameter to increase at the surface by masking the 

inside of the pocket close to the surface after a certain depth is achieved and thereby, 

avoiding leakage without having to change the design of the cup. This idea requires 

validation. 

3. Further research on techniques to improve the surface quality of the etched pocket, 

possibly by adjusting the in- and out flow parameters.  

A further recommendation is to optimize the pocket diameter of the chosen method for 

improved accuracy of the results. The diameter should be optimized to achieve the minimum 

pocket size possible for the maximum required depth without interrupting the X-ray beams for 

the different measurement angles. Alternatively, to implement a stress relaxation correction 

model to improve result accuracy.   
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8 APPENDIX A: SURFACE  PROFILE MEASUREMENTS, SELECTED PROFILES 
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