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ABSTRACT 
 

Residual Stress and Distortion Measurements on Induction 

Hardened AISI 4340 Discs 

 

Jie Yi 

 

In this study, 15 induction hardened AISI 4340 discs in three initial hardness levels were 

used for distortion investigations, by virtue of CMM (coordinate measuring machine). 

Triaxial residual stress measurement was performed on a selected disc sample by means 

of neutron diffraction technique. A comb reference sample was prepared by WEDM 

(wire electrical discharge machining) for obtaining the stress-free lattice spacing (d0) 

distribution. Vickers hardness test was finally applied on this selected disc after the stress 

measurement. 

The distortion results show that the distortion profile depends on both initial hardness of 

the sample and the applied induction hardening recipe. For the same initial hardness, the 

larger the energy input, the larger the distortion size as well as the hardening depth. For a 

given induction hardening recipe, the increase in initial hardness leads to a deeper 

hardening depth but a smaller distortion size.  
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The residual stress results show that the variation of d0 in the hardened layer can vary the 

stress value in the same region up to ~200MPa. The hoop and axial residual stresses 

demonstrate a similar stress profile in the hardened layer with maximum compressive 

value of -1120MPa, approximately. The radial residual stress displays a significant 

variation in the surface layer. This variation is attributed to the questionable d0 profile 

and the uncertainty of neutron diffraction method itself. The over-tempered region is 

found in the hardness profile, suggesting that tempering effect occurs during the 

induction hardening treatment. 
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CHAPTER 1 

 

Introduction 
 

 

1.1 Background 

Good performance mechanical components used for aerospace applications always 

require a combination of high strength, high hardness as well as satisfactory toughness. In 

order to meet this demand, a variety of heat treatments especially surface hardening 

techniques has been employed nowadays. The most commonly used include carburizing, 

shot peening, laser and induction hardening (IH). 

1.2 Main Features of Induction Hardening 

During induction hardening heat treatment, the work-piece is first quickly heated by an 

electromagnetic field to reach a specific temperature, with eddy currents and heat 

produced on the surface, and then followed by a rapid cooling usually quenching in a 

given medium until room temperature [1-3]. Owing to the fast speed of the whole IH 

treatment, only the work-piece surface goes through the phase transformation and 

consequently forms the strong phase, which, in most cases, is Martensite. The core 

material, however, still maintains its original state and thus keeps a good toughness. By 
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virtue of that, the final internal stress state left in the induction hardened part usually 

demonstrates a compressive residual stress in the surface layer, achieving the purpose of 

material surface enhancement.   

In addition, IH treatment enables engineers to guarantee a desired shape of hardened 

contour by means of adjusting the IH process parameters [4]. For example, by varying the 

input frequency, power level (Fig 1.1) or heating time, one can make work-piece 

hardened only at specific locations of interest with a certain hardening depth [5]. It has 

been reported that the hardening depth can be roughly calculated based on the input 

frequency, current and heating time. A higher frequency could result in a thinner 

hardened layer whereas longer heating time can obviously promote the hardened case 

depth [6].  

 

Fig 1.1 Power and frequency employed in various surface treatments [5] 
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1.3 Residual Stress and Distortion resulting from the Induction 

Hardening 

In the past ten years, in order to well control the performance of the work-piece practical 

performance, significant amount of research has been focused on studying the correlation 

between IH process parameters and its resulting residual stress distributions, taking into 

account the key role of residual stress on the overall work-piece performance. Besides, it 

has been proven that any heat treatment undoubtedly leads to the appearance of sample 

geometry change (distortion) to various extents. Thus the distortions generated from IH 

should be also given considerable attentions and therefore it is frequently combined with 

residual stresses for specimen heat treatment effects analysis.  

1.3.1 Residual stress measurement techniques 

In the past, a number of techniques were explored for the purpose of describing the 

residual stress distributions resulted from different processes. These techniques can be 

basically divided into two groups: destructive and non-destructive [7, 8].  

1.3.1.1 Destructive techniques  

Destructive methods [9-11] are usually applied for bulk or surface stresses determination, 

depending on which specific technique is chosen. They are established on the basis of 

stresses relaxation theory and therefore are necessarily destructive. Materials are 

normally cut layer by layer and then the resulting strains are measured. In the majority of 
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previous works [13-17], an assumption that the layer removal process does not change 

the original stress state or generate extra stress was commonly used to simplify the 

complex stress status. So far, hole-drilling, ring-core (RC) and contour methods are the 

three broadly used destructive methods for detecting residual stress distribution [12]. 

Among them, contour technique, firstly induced for residual stress measurement by M.B. 

Prime [18, 19], has gained a lot of attention at present due to its favourable features of 

avoiding the complicated stress inversion work and calculating the released strain 

straightforwardly from the cutting position.  

1.3.1.2 Non-destructive techniques  

Non-destructive testing of residual stress is accomplished by measuring the change in the 

crystal size of the material [7, 8, 20]. They are capable to examine the residual stress 

distribution without damaging the parts. Diffraction techniques [21], including X-ray 

diffraction (XRD) and neutron diffraction (ND), have become the most commonly 

utilized non-destructive techniques to study residual stress nowadays due to their high 

accuracy and broad applications. Other methods, such as magnetic and ultrasonic 

approaches, are adopted for specific material stress investigations and depend on 

particular principles. For example, magnetic method [22] is based on the interaction 

between magnetization and elastic strain in ferromagnetic materials whilst ultrasonic 
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approach [23] is developed on the correlation between the velocity of ultrasonic wave 

propagation and the applied mechanical stresses on the material. 

XRD [20, 24] is capable to show a high resolution over a small volume and reflect the 

in-plane stress state and thus it is more appropriate to uncover the sample residual stress 

state beneath the surface within a short distance. The main limitation of the XRD 

technique is in establishing the deep residual stress profile which is due to the low 

penetration depth of the X-rays compared with ND [25]. In most cases, with the 

assistance of a series of layer removal process, XRD can probe the residual stress 

distribution up to several millimeters but the stress relaxation after each layer removal 

step should be taken into account for the final stress correction. Until now, the most 

commonly adopted stress correction model was developed by Moore and Evan in 1958 

[26]. This mathematical model enables the calculation of normal stress, which cannot be 

measured through XRD directly, from the other two measured stress components and 

therefore obtain the 3D residual stress state. Nevertheless, such stress correction work is 

still a rough estimation and the errors increase significantly with the increase in the 

investigation depth. Accordingly, the real measurement of specimen normal stress is 

necessary especially in the case of deep internal stress studies.  

ND is a good alternative diffraction tool to examine the work-piece internal residual 

stress because of the strong penetration ability of neutrons. As such, ND can investigate 

the specimen internal stress up to several centimeters within the material and reveals a 
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complete 3D stress map directly from the experimental outcomes with a high spatial 

resolution [25, 27, 28]. In the same time, it avoids the questionable stress state recreated 

by the layer removal procedure followed in XRD. Normally, ND technique enables the 

residual stress measurement at close-to-surface depths of approximately 0.2mm down to 

inside investigation up to 25mm for steel [29]. However, for measurements at depths less 

than 0.2mm, XRD approach accompanied with layer removal process is more effective 

and is often applied.  

The principle of residual stress determination by ND is quite similar to XRD; it 

characterizes sample stresses by virtue of measuring the change of atomic lattice spacing 

(d) at a specific lattice plane {hkl}. The lattice spacing (d) can be derived from the 

measured diffraction angle 2θ and the selected constant wavelength λ, by means of 

Bragg’s law [11]: 

                   

To obtain the residual strain value, ε, at each measuring point, the corresponding 

reference lattice spacing, in other words, the unstressed or stress-free lattice spacing d0 

should be known as well. It is usually measured from a reference sample which is 

assumed to be in a stress-free state. Then, the strain ε, which is the fractional change in 

atomic lattice spacing with respect to the stress-free lattice spacing d0 is therefore 

calculated from: 
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Finally, the relevant residual stress can be calculated based on the generalized Hooke’s 

law [11], considering the three stress components. Hoop stress (  ), axial stress (  ) and 

radial stress (  ), as in the following equations: 

   
 

   
    

 

    
                     

   
 

   
    

 

    
                     

   
 

   
    

 

    
                     

where E is the Young’s modulus and ν is the Poisson’s ratio. 

The schematic layout of neutron diffractometer [28] for the residual stress measurement 

on a fastener sample is shown in Fig 1.2. As illustrated, the neutrons are generated from 

the nuclear reactor, directed to a monochromator which can provide a monochromatic 

beam of neutrons. Then, these neutrons are guided toward the target measurement 

location within the sample, diffracted from a group of specifically selected crystallite 

lattice planes of the material and finally received by a signal detector to provide the 

information of diffraction angle 2θ of the lattice planes. 
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Fig 1.2: Schematic layout of a neutron diffractometer for residual stress measurement 

[28]. 

Additionally, some important points should be kept in mind in terms of residual stress 

measurement by ND method [27, 28]. Firstly, the residual stresses measured by ND are 

elastic stresses and the value obtained from each point is actually an average value over 

the whole sampling gauge volume, not the real stress at a point. Moreover, the ND 

determined residual stress should be considered as the macroscopic stress rather than the 

microscopic stress, since usually the sampling gauge volume of ND is so coarse that it 

cannot resolve the “phase-to-phase” and “grain-to-grain” or “in-grain” residual stress. 

Finally, given the high cost and relative time-consuming experiments, the necessity and 

effectiveness of the ND technique for residual stress investigation should be considered 

on a case by case basis.  
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1.3.2 Distortion measurement techniques 

The heat treatment distortion measurements are usually accompanied with sample 

residual stress studies because the internal stress state can significantly determine the 

sample geometry variations. Usually, for obtaining the distortion generated by the whole 

heat treatment process (or only by a step of the heat treatment), the contour of the sample 

is needed to be measured before and after the whole heat treatment (or the certain step). 

Up to now, the common techniques applied for distortion and sample surface location 

measurement includes non-contact techniques, such as laser scan which is widely used in 

thin mechanical part measurements, and mechanical contact technique which is more 

suitable for rigid and thicker work-piece surface detection, like the well-known CMM, 

the coordinate measuring machine [30, 31]. 
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CHAPTER 2 

 

Literature Review 
 

 

2.1 Varied Induction Hardening Modelings for Part Distortion 

and Residual Stress Quantification 

Varied modeling and simulation works have been carried out on IH process itself as well 

as residual stresses and distortion evolutions during IH. Yu et al. [32] developed a finite 

element model to calculate the residual stresses and distortion resulted from heat 

treatment and this model has been further developed by other researchers for 

investigating the IH parameters effects on residual stresses. Wang et al. [33] calculated 

the residual stresses as well as microstructure variations due to IH treatment. Denis et al. 

[34] presented a model of temperature/time change during IH heating and quenching 

stages and similarly, Longeot et al. [35] rendered the mathematical correlation between 

the generated electro-magnetic field in work-piece and the thermal features involved. 

Both models can allow one to predict the final residual stress and distortion distributions 

after IH treatment. 

A typical residual depth profile of a laser surface hardened specimen made of AISI 1045 

steel was reported by Yang and Na [36]. As shown in Fig 2.1, a comparison between the 



 

11 

 

calculated and the experimental residual stress in sample’s longitudinal direction was 

made. This sample showed a compressive residual stress in the hardened layer, followed 

by a transition to tensile stress. The residual stress approaches to zero towards the core of 

the sample. Moreover, this result indicates that in the hardened layer, the calculated 

residual stress taking into account the Martensite transformation plasticity was closer to 

the experimental results than the one calculated without considering Martensite 

transformation plasticity which overestimates the magnitude of compressive stress near 

the surface. This finding was further supported by Yu et al. [32].  

 

Fig 2.1: Experimental and calculated longitudinal (axial) residual stress on top surface in 

single pass laser surface hardening [36] 

In order to have a deep insight of residual stress and distortion characteristics of real 

mechanical parts after heat treatment procedures, and to verify the modeling effectiveness, 
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considerable efforts have been put into experimental investigations on various heat 

treated pieces. These efforts will be summarized in the following sections.  

2.2 Residual Stress Studies 

A number of techniques including destructive and non-destructive were explored in the 

literature in the purpose of describing the residual stresses of various specimens.  

2.2.1 Residual stress studies by destructive techniques 

In 1933, Mathar [13] firstly presented a report in terms of residual stress measurement by 

means of hole-drilling method. A 12mm hole was drilled and the corresponding released 

strain was measured in his experiments. However, his works was restricted to uni-axial 

compressive stress field. During the following years, many relevant research works were 

done. Equations for bi-axial stress field were firstly developed by Mesmer in 1936 [37] 

and afterwards a great deal of efforts was put on strain gage sensitivity improvements. In 

1956, an empirical way to solve the problems in blind-hole drilling application was 

proposed by Kesley [38]. Then, in 1972 and 1974, Beaney and Procter [39, 40] published 

two papers concentrating on the accurate measurement of residual stresses using center 

hole-drilling technique. They examined the influence of hole-drilling process and argued 

that the magnitude of extra stresses induced by hole-drilling is considerable, concluding 

that this technique produces unreliable residual stress values.  
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Consequently, many research works [41-43] were then carried out on the error analysis 

and accuracy improvement of hole-drilling technique used for residual stress 

measurement. Barsanescu and Carlescu [44] investigated the influences of 

hole-eccentricity on residual stress measurement and proved that the accuracy of 

hole-drilling has strong correlation with the eccentricity between the hole and the rosette 

center, and the accuracy of strain gages integration tendency correction. They established 

a new correction equation based on bi-axial stress state to improve the precision but still 

concluded that the hole-eccentricity cannot be avoided. At this point and also taking into 

account the complicated 2-D or 3-D spatial residual stress state, the present stress 

relaxation method, which is based on the complex stress-inversion principle, is not 

capable to reflect the real internal stress state, particularly in multi-dimensional cases [9]. 

Other types of stress-relaxation-based techniques, such as layer removal and sectioning, 

were proposed and used in work-piece internal stress investigations in later years [45]. 

Although they have advantages over the hole-drilling method, the unsatisfactory spatial 

resolution and the relatively intricate data analysis were also troublesome and limited 

their farther applications [12, 18].   

Nowadays, a new stress relaxation technique, namely contour method [18, 19, 46, 47], 

has attracted a lot of attention, and its remarkable feature that the residual stress could be 

directly determined from the measured deformation has made it one of the most powerful 

techniques in residual stress measurements. Prime [48] gave a detailed explanation of the 
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principle of this method in his paper where he used contour method to explore a bent 

beam residual stresses as displayed in Fig 2.2(a) in 2-D map and (b) in 1-D curve. A good 

agreement between the bend test prediction and contour measured result in residual stress 

profile was found from both 1-D and 2-D figures. Afterwards, Prime et al. [49] employed 

both contour and ND methods to characterize the residual stress distribution in a butt 

joint which was made from two 25.4mm thick aluminum alloy plates, as demonstrated in 

Fig 2.3 and Fig 2.4. The authors compared the results and then stated that both contour 

and ND methods were capable to inspect the stresses with magnitude less than 0.05% of 

the elastic modulus. In addition, Zhang et al. [50] investigated the residual stresses 

around a cold expansion hole in an EN8 plate via contour method. A consistent result of 

hoop residual stress distribution between 2D contour map and 3D FE simulation was 

obtained, which confirmed the effectiveness of contour method in residual stress 

measurements. More studies on contour-determined in terms of residual stresses have 

been described elsewhere [51-53].  

Furthermore, it has been noted that contour approach is particularly suitable in weld 

work-piece residual stress inspection, since in this case the unstressed spacing d0 

somewhat varies with depth and relatively hard to measure with a high accuracy, 

resulting in difficulties for applying diffractive methods (XRD and ND) which are based 

on the change of sample atomic lattice spacing d [21, 24, 27, 28]. However, despite of all 
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benefits contour method is still invalid if the testing samples should meet the 

non-destructive requirement.  

  

(a)                                    (b) 

Figure 2.2: (a) Cross-sectional residual stress map from contour method test on bent 

beam, stresses are in MPa; (b) 1-D residual stress results from contour method 

measurements of bent beam [48] 

 

 
Figure 2.3: Residual longitudinal stresses measured in test specimen removed from FSW 

plate by contour method [49] 
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Figure 2.4: Neutron diffraction measured stresses plotted with contour results. Vertical 

lines indicate the stirred zone and TMAZ boundaries [49] 

2.2.2 Residual stress studies by diffraction techniques 

Meanwhile, abundant amount of work have been published regarding residual stress 

measurement by non-destructive approaches, especially by diffraction methods XRD and 

ND. The results were always used to compare with destructive methods, or, to verify the 

simulation models. 

2.2.2.1 Using X-ray diffraction  

XRD is more commonly and widely used for research studies because of its high 

accuracy in near surface area (≤10µm [29]) and short measuring time. Moreover, many 

reports agreed that, with regard to deep stress measurement by XRD, successive layer 

removal process is required because of the low penetration ability of electrons and its 

resulting stress relaxation should be taken into account for final stress correction [26]. 

Hornbach et al. [54] used XRD to measure the residual stresses of gear specimens (S/N 

61, 63 and 65 are gear series numbers) owing to the IH process. They applied layer 

removal process to explore the stress in depth, comparing the uncorrected and finite 
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element analysis (FEA) and Flat-plate corrected residual stress distributions in radial 

direction, as shown in Fig 2.5. A significant difference between uncorrected and 

corrected residual stress magnitude was found and meanwhile an oscillation of residual 

stress was observed along the depth, which could be attributed to the complex variations 

of temperature distributions and cooling rates produced by IH. Similarly, Coupard et al. 

[55] examined the residual stress distributions in 2 batches of induction hardened 

cylindrical samples through XRD. An agreement between the finite element modeling 

(FEM) and the experimental data was concluded. In their work, Moore and Evan 

correction was adopted for stress relaxation calculation resulted from local and 

circumferential layer removal process. The relevant comparisons between simulation and 

XRD results for a hardened layer of 3mm in axial and circumferential directions are 

shown in Fig 2.6(a) and (b). They claimed that the agreement between FEM simulation 

and XRD measurement result can only be obtained at depths lower than one-tenth of the 

sample’s diameter. For deeper depths, a reliable experimental correction is required.  
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Fig 2.5: Comparisons of radial residual stress distribution between uncorrected and 

corrected results: (a) S/N 61 induction hardened gear; (b) S/N 63 induction hardened gear 

[54] 

 
(a) 

 

(b) 

Figure 2.6: Corrected, uncorrected (measured by X-ray diffraction) and simulated normal 

residual stress profiles for both material removal techniques for hardened layer of 3mm: 

(a) in axial direction; (b) in circumferential direction [55] 
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More XRD-based near surface residual stress investigations on various samples were 

reported in the literatures [21, 56]. However, considering the required layer removal 

process and its resulting stress relaxation correction for XRD investigation, ND technique, 

undoubtedly, is more suitable and powerful in deep non-destructive stress detection.  

2.2.2.2 Using neutron diffraction 

Gür et al. [57] presented a model of residual stress depth profile along the radius of an 

oil-quenched Ck45 cylindrical sample. They compared their simulation results with the 

previous neutron diffraction (ND) experimental data obtained by Schröder [58]. The 

comparison, as indicated in Fig 2.7, demonstrated a high consistency between the 

simulation and the real measurement in both axial and tangential directions. Yet, Hossain 

et al. [59] also employed ND technique to examine the residual stresses in a quenched 

stainless-steel sphere and compared their results with FEM modeling. A good agreement 

between simulation and experiment was obtained. In addition, Marthandam [60] reported 

a consistent result of residual stress distribution of several structural steels between using 

ND approach and destructive ring-core (RC) method. Albertini et al. [61] determined the 

heat treatment effectiveness on a steel crown gear through ND. They confirmed that the 

ND-determined residual stress value at the closest point from the surface by the residual 

stress profile obtained by XRD. Consequently, it can be seen that ND technique can offer 
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a coherent result not only with the simulated models but also with XRD and other 

destructive methods.  

 

Fig 2.7: Comparison of numerically predicted residual stresses with neutron diffraction 

measurements and numerical results given by Schröder: (a) in axial direction; (b) in 

tangential direction [58] 

2.2.2.3 Unstressed lattice spacing (d0) investigation in neutron diffraction 

Notwithstanding, above-mentioned residual stress measurements through ND were all 

based on a constant unstressed lattice spacing (d0). As known, d0 is dependent on the 

microstructures and once there is a change of microstructure within the investigated 

sample, the d0 could alter. Paradowska et al [62] used a comb and a set of cuboids as the 

reference samples (Fig 2.8) to investigate the stress-free d0 variations within the material 

by means of both ND and synchrotron XRD techniques. Their finding indicated that d0 

was almost not affected by the change of microstructure. The average variations obtained 

between the weld metal, HAZ (heat affected zone) and parent metal were no more than 

0.0001Å, as given in Table 2.1. By virtue of that and considering the relative 

time-consuming d0 reference sample preparation process, they finally claimed that there 
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is no great significance to measure the unstressed lattice spacing at least for weld sample 

residual stress determinations. 

 

Fig 2.8 the reference samples for stress-free lattice spacing d0 measurement: (a) set of 

cuboids; (b) comb [62] 

 

Table 2.1 Stress-free lattice spacing measured at diffraction location by ND [62] 

Specimen Area of measurements Local average d0 (Å) 
Statistically 

calculated error (Å) 

Cuboids Parent metal (PM) 1.18605 0.00007 

Comb 

Parent metal (PM) 1.18607 0.00007 

Heat affected zone (HAZ) 1.18600 0.00009 

Weld metal (WM) 1.18601 0.00009 

However, Ezeilo et al. [63] argued that it is necessary to adopt appropriate d0 values for 

ND stress measurement when the microstructure of specimen varies with depth. They 

carried out their residual stress studies on a 12% chromium Martensitic stainless steel 

after laser surface, giving a re-melted depth of 0.23mm. Using both ND and XRD 

approaches they compared the experimental results with the theoretical model. Fig 2.9 

shows a quite good agreement in stress distribution between ND results which are based 

on a varied d0 and the XRD results, as well as the theoretical model, in the near surface 

area. Significant differences of residual stress around ±200 MPa were observed in the 
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melted and heat affected zones of this laser treated specimen, one based on a constant d0 

and the other based on a varied d0. This work proved that the stress-free lattice spacing d0 

plays an important role in ND residual stress determination and should be taken into 

consideration.  

 

Fig 2.9 Comparison of ND- and XRD-determined as well as predicted residual stress in a 

laser treated sample (12% chromium Martensitic stainless steel) surface [63]  

In present research, ND technique has been selected for specimen internal residual stress 

investigation, due to its favorable characteristics, such as non-destructive, deep 

penetration and no stress correction analysis is required. Considering that this residual 

stress measurement is performed on an induction hardened sample with microstructure 

changing from surface to core, there is a possibility of significant variation of unstressed 

lattice spacing d0 along depth, which could affect the ultimate residual stress result to 

some extent. Consequently, the investigation work of d0 variation along depth has been 

carried out in this study.   
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2.3 Distortion Studies 

Distortion measurements on various samples have been reported by many researchers. 

Ramanathan and Foley [64] examined the quenching distortion profile of a set of Jominy 

bars made of nine steels with different chemical compositions using CMM. The 

distortion size and shape in terms of each investigated sample was reported and the 

general quenching distortion shape is depicted in Fig 2.10. As shown, the diameter 

enlarged after heat treatment while a contraction happened afterwards, forming an overall 

“hourglass” contour along the axis. This particular deformation pattern can be related to 

the material volumetric expansion (around 5%) which happened near the bar end during 

the quenching process owing to the Austenite/Martensite phase transformation, and the 

plastic deformations occurred during the phase transformation at the same time.    

 

Fig 2.10: A typical schematic quenching distortion profile of a Jominy bar [64] 

Thuvander [65] heat treated a ring die with radial grooves on one end surface made of 

tool steel K326. The whole heat treatment process included pre-heating to 500°C for 

80mins, heating to 1100°C for 80mins, quenching in a fluidized bed at 15°C for 7.5mins 
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and finally tempering at 350°C for 60mins. Fig 2.11(a) displays the calculated and 

measured distortion profiles after quenching in terms of the radial groove sectioned at 45˚ 

and a very good conformity was observed. Fig 2.11(b) presents a comparison between 

calculated and measured distortions of ring die outer radius at mid-height around the ring 

(0˚-360˚), with and without tempering step. The results showed an angle-dependent 

variation of radius distortion size regardless of the tempered or non-tempered state. 

However, the non-tempered radius distortions were all negative, implying shrinkage at 

this state, whereas the tempered radius distortions are all positive which suggested a sever 

volume increase of the material during tempering. 

   

(a)                                         (b) 

Fig 2.11: (a) Measured and calculated distortion after quenching. The 4 sections at the 

positions at the 45˚from the grooves; (b) Comparison between calculated and measured 

distortion of the external radius at mid-height around the ring, with and without 

tempering. The angle is given from a point between two grooves [65] 

 

Besides, Thuvander et al. [66] examined the difference of radial distortions of cylinder 

(Fig 2.12(a)) and tube (Fig 2.12(b)) samples between the simulation and the experimental 
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result by means of CMM. A clear radial distortion fluctuation around sample can be seen 

from both cylinder and tube specimens, which suggested a non-uniform distortion 

distribution. In addition, for the cylinder case the distortion profile is irregular whereas 

for the tube case the maximum distortion is found at 0˚ and the minimum was observed at 

the perpendicular direction 90˚. 

  

(a)                                  (b) 

Fig 2.12: (a) Radial displacement for a gas quenched cylinder with 2 different boundary 

conditions; (b) Radial displacement for a gas quenched tube with 2 different boundary 

conditions [66]. 

More distortion measurements by CMM have been described somewhere else [67-69], 

and the CMM-based surface coordinate measurement has usually been employed in 

residual stress determination through contour method for displacement calculation, as 

mentioned in related works [47-53].  

It has been reported that, for the distortion measurements on the thin and flexible parts, 

mechanical contact techniques should be avoided since they may push or even damage 

the parts. However, the samples in present study are made of 4340 high strength steels 

with a moderate thickness around 7mm, which makes them suitable for both mechanical 
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contact and non-contact approaches. Considering many surface contour investigations 

have been done by CMM and have been documented in details in the literatures, the 

present distortion measurements are therefore carried out by the mechanical contact 

CMM technique, for convenience and also for comparisons with the previous distortion 

studies.  

2.4 Objectives of the Present Work 

Although a large number of residual stress and distortion experimental works has been 

reported in recent years, studying the residual stress distribution and distortion profile due 

to the IH treatment, is still needed due to the complex temperature evolution and cooling 

rate during this process. Moreover, since the change in the specimen geometry caused by 

IH is relatively smaller than that caused by traditional heat treatment, there are limited 

contributions describing the distortion caused by induction hardening and further relating 

it to residual stress distribution. This is the origin of the present study. 

In the present work, the investigated samples are 7.0mm thick steel discs with 

approximately 106mm diameter and ND technique was chosen to measure the residual 

stress depth profile of the induction hardened disc. The distortion contour of investigated 

disc was established by measuring the coordinate system by means of CMM technique of 

a series of designed points on the three (top, bottom and circumferential) surfaces of the 

discs before and after the IH treatment. The Vickers micro-hardness is applied to uncover 
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the hardness distribution within the sample to provide a more across-the-board analysis of 

this disc specimen.   

The present study aims at: 

 Studying the effects of initial hardness and IH parameters on the distortion 

and hardening depth of a series of disc samples using CMM method. 

 Determination of the 3D residual stress distributions on a selected disc sample 

by means of ND technique. 

 Exploring the connection between the distortion, residual stress and the 

hardness depth profiles of a targeted disc sample. 
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CHAPTER 3 

 

Experimental Procedures 
 

 

The objective of the present research is to investigate the distortions and residual stresses 

introduced by induction surface hardening on target samples as well as the 

micro-hardness evolution in the hardened layer. 15 disc-shaped specimens in total were 

employed in distortion measurements and one disc (#7) was specifically selected for 

further residual stress and micro-hardness distribution explorations. 

3.1 Material and Sample Geometry  

Samples used in this study were made of AISI 4340, Nickel-Chromium-Molybdenum 

alloy steel. The chemical composition is provided in Table 3.1 [70]. This steel is 

especially known for its highest combination of mechanical strengths and ductility under 

the heat treated conditions, and therefore has been widely used in aerospace industry for 

the last 40 years [71]. 

The geometry of the samples is sketched in Fig 3.1. It is a 7.0mm thick disc with outside 

diameter of 106.1mm and inside diameter of 13.5mm. The surface roughness of the disc 

is required to reach Ra≤6.3µm after the manufacturing process. 20 such discs were 

prepared and 15 of them were used (5 discs as backup samples) in the present work.  
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Table 3.1 Chemical composition of steel AISI 4340 [70] 

Element Content (wt %) 

C 0.38 - 0.43 

Cr 0.70 - 0.90 

Mn 0.60 - 0.80 

Mo 0.20 - 0.30 

Ni 1.65 – 2.00 

P 0.040 max 

Si 0.20 - 0.35 

S 0.040 max 

Fe Balance 

 

 

Fig 3.1 Specimen geometry (dimensions in mm) 

3.2 Pre-Heat Treatment 

All 20 disc samples are in 27HRC hardness (called inherent hardness) before the pre-heat 

treatment. Here, the purpose of pre-heat treatment is to provide these 20 discs with three 

different hardness (called initial hardness) values before undergoing the induction surface 

hardening, by means of varying the processing conditions.  
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Prior to the treatment, 15 discs were evenly divided into three groups, named group I, II, 

III. The 5 discs in group I were marked as disc #1 to #5 and similarly, the 5 discs in group 

II and III were marked as disc #11 to #15 and disc #16 to #20, respectively. Group I and 

II were targeted to reach a higher hardness (around 45HRC) and medium hardness 

(around 35HRC) level after the pre-heat treatment, separately. Group III was designed to 

have a lower hardness before the induction hardening and therefore 5 discs in this group 

was not subjected to pre-heat treatment. Considering that steel with hardness close to 

45HRC is widely utilized in today’s part surface engineering due to its relatively good 

mechanical properties [71] (compared with that of 35HRC and 27HRC), group I in 

present study was thus set as a key group for investigations. Additionally, the remaining 5 

discs (marked as disc #6 to #10) serve as the backup samples for group I, namely group I
’
, 

in case of unexpected problems occurred on samples during the experiments. 

During the pre-heat process, two furnaces, for heat treatment and tempering, were used. 

Samples in group I (disc #1 to #5) and backup group I
’
 (disc #6 to #10) were firstly 

heated to 850°C for 45mins and then quenched in a mixture of water and 10% polymer 

quenchant (Aqua-Quench solution), followed by tempering at around 380°C for 1.5h and 

air cooling in the end to reach a hardness of 43HRC. Samples in group II (disc #11 to #15) 

went through the same heating and quenching steps as group I, except that the tempering 

stage was executed at 550°C with the duration of 2h. The final achieved hardness of this 

group is on the order of 35HRC. Group III was not subjected to any treatment here and 
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consequently the 5 discs (disc #16 to #20) kept their inherent hardness of approximately 

27HRC. It is relevant to note that the material group III may have a different Martensite 

lath size than groups I and II as it did not undergo the same quenching sequence after the 

Austenitisation treatment. 

Note that the above-mentioned macro-hardness values of three testing groups were 

obtained by investigating one of five samples from each group, considering the average 

of three macro-hardness measurements per sample. The hardness after pre-heat treatment 

was termed as initial hardness since it is the hardness before IH treatment, and pre-heat 

treatment results of three testing groups are specified in Table 3.2. 

Table 3.2 Pre-heat treatment recipes for 20 disc samples 

Testing 

Group 
Samples Pre-heat Treatment 

Inherent 

Hardness 

Initial* 

Hardness 

Group I 

and 

Group I
’
 

Disc #1 to #5 

and 

Disc #6 to #10 

-Heating at 850°C for 45mins; 

-Quenching in water + 10% 

polymer (Aqua-Quench solution);  

-Tempering at 380°C for 1.5h; 

-Air cooling 

~27HRC 

~43HRC 

Group II Disc #11 to #15 

-Heating at 850°C for 45mins; 

-Quenching in water + 10% 

polymer (Aqua-Quench solution); 

-Tempering at 550°C for 2h;  

-Air cooling 

~35HRC 

Group III Disc #16 to #20 Non-treated ~27HRC 

* called initial hardness because it is the hardness before the IH process 
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3.3 Induction Surface Hardening 

Pre-heat treatment provided three testing groups with three different initial hardness 

values (Table 3.2) before the induction hardening process was carried out. Therefore, the 

role of induction hardening here is to further treat all samples, enabling them to achieve a 

higher hardness value in the surface layer while maintaining the initial hardness in the 

core at the same level. However, the 5 discs in backup group (group I
’
) were not 

induction hardened at this time. They are intended to be induction hardened when there is 

a need for further experimental investigations on discs with initial hardness of 43HRC. 

15 disc samples from group I, II and III were induction hardened using the same high 

frequency of around 200 kHz but with varying heating time and power to provide 

different IH recipes. For all samples, quenching stage was carried out in an Aqua-Quench 

solution (water + 12% to 12.5% polymer) right after heating without time delay until 

reaching a room temperature of approximately 25˚C.  

The determination of IH parameters (heating time and power) applied to samples is not 

easy. It requires both simulation studies and the corresponding experimental verifications 

on IH process. The simulation work of disc’s through-thickness hardened profile due to 

various IH recipes was done by Blut [72], a master student in ETS. The relevant 

experimental verifications were carried out by trying a series combination of heating time 

and power to explore the range of the disc’s hardening depth that can be obtained in 

practice. Critical IH power values (maximum and minimum powers) were finally found 
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through the experiments and it was viewed as the basis for IH parameters’ selection in 

present study. Briefly, in present study, the selection of IH heating time and power should 

ensure that the disc can be hardened without part melted, showing an integral hardened 

profile along the thickness after the treatment. In other words, it means the applied 

parameters must be able to generate a hardening penetration depth at the mid-thickness of 

the disc and meanwhile avoiding the probable melting occurring at the disc’s corner, 

taking into account the edge effect [73] appearing during the IH process. Based on all 

above, the appropriate IH parameters for present work were finally decided.  

The detailed heating time (in second) and power (in percentage of maximum power) 

selected for disc samples have been illustrated in Fig 3.2 and summarized in Table 3.3. It 

can be noted that, by virtue of IH treatment, the samples in three initial hardness groups 

can demonstrate various outcomes in hardness, distortion as well as residual stress 

distributions. This is the ground for afterwards experimental results analysis of these 

three aspects.  
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Fig 3.2 diagram of induction hardening recipes applied on 15 disc samples 

 

Table 3.3 Induction hardening parameters applied on samples 

Group Sample 

Induction Hardening Parameters Initial 

hardness 

(HRC) 

Power* 

(%) 

Heating 

time (s) 

Quenching 

medium 

Group I 

(Disc #1 to #5) 

and 

Group III 

(Disc #16 to #20) 

Disc #1 and #16 22 0.75 

Water + (12% to 

12.5%) polymer 

(Aqua-Quench 

solution) 

Group I 

43HRC; 

Group III 

27HRC 

Disc #2 and #17 22 0.25 

Disc #3 and #18 18 0.25 

Disc #4 and #19 18 0.75 

Disc #5 and #20 20 0.50 

Group II 

Disc #11 20 0.25 

Group II 

35HRC 

Disc #12 18 0.50 

Disc #13 20 0.75 

Disc #14 22 0.50 

Disc #15 20 0.50 

* is the percentage of maximum power 

The induction hardening equipment set-up together with the real heating and quenching 

stages during the experiment are shown in Fig 3.3. As demonstrated in Fig 3.3(a), the 

disc sample was fixed on top of the cooling ring and positioned in the center of the 
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induction coil before the IH start. One function of the cooling ring is to carry the sample 

moving up and down to reach a suitable position for IH treatment. Also, since the cooling 

ring can self-rotate during the heating and quenching steps, as shown in Fig 3.3(b), it 

enables the disc a more uniform induction hardened layer. 

The diameter of single induction coil used in present study is 109mm, which allows a 

coupling distance (the interval between the coil and the sample) around 1.5mm away 

from the disc sample (Ø=106.1mm). 

   

                       (a)                                 (b) 

Fig 3.3 Photographs of induction hardening process: (a) experiment set-up; (b) heating 

and quenching stages 

 

3.4 Distortion Measurement 

Distortion of the investigated sample is distinguished as the dimensional variations of the 

sample contour of each face (top, circumferential and bottom) of the disc. The 
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dimensional changes caused by the applied induction hardening process will be measured. 

For this purpose, the final distortion results are thus determined by measuring the profiles 

on disc’s three faces before and after the IH treatment.  

3.4.1 Examinations prior to the distortion measurement  

Prior to the distortion measurements, a series of investigations were carried on disc 

samples to verify the real dimensions and surface roughness as well as the experimental 

repeatability. This is important because the accuracy of distortion result is largely 

dependent on the real condition of the investigated sample and the resolution of the 

equipment as well.  

In present study, the dimensions of each disc were verified and documented. It was found 

that the real inside and outside diameters of all discs were very close to the nominal 

values shown in Fig 3.1. Whereas, the real thickness of the disc was 6.98mm, 0.2mm less 

than the nominal value 7.0mm.  

In order to verify the real roughness of disc surface, the vertical deviations of the real disc 

surface from its ideal form was measured using a coordinate measuring machine (CMM). 

This result is demonstrated by both 2D surface maps and 1D linear graph provided in 

appendix III. The specifications of the CMM equipment are given in the next 

section-distortion measurement in this chapter.  
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The repeatability of distortion measurement by CMM has to be verified since it can be a 

source of error resulting from the measuring system. This work was performed by 

repeating the same CMM coordinate measurement on the same sample but after the 

sample re-setup (comparing the vertical coordinate value on disc’s surface between first 

and repeated measurements). The best repeatability was found to be around 0.6µm and 

the average was less than 1µm. The details are also documented in Appendix III.  

3.4.2 Distortion measurement by CMM 

Distortion measurements on target discs were conducted by a Mitutoyo Bright-STRATO 

7106 coordinate measuring machine (CMM), as shown in Fig 3.4, located in a 

temperature controlled laboratory at ETS. Mitutoyo’s MCOSMOS software is run 

simultaneously with the contour measurement so that one can monitor the progress and 

interacts with the machine, if necessary. This CMM equipment is a moving-bridge type 

CMM with improved high accuracy in the 1µm range. The resolution of this equipment is 

close to 0.1µm and the best experimental repeatability has been proved to be 0.6µm. 

A most functional motorized head mount (PH10M) combined with a high-accuracy 

touch-trigger measuring head (TP200) was particularly assembled for present CMM 

system. Such measuring head system configuration provides totally 720 repeatable 

positions for samples contour investigation and can give relatively small measuring angle 

increments of 7.5˚ only. Additionally, an automatic probe changing system is available 
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for this system, which enables a completely surface coordination measurement without 

interruption until the end. The probe used in present study is a ruby ball (Ø=1.5mm) with 

the probe stem of 20mm. This selection is mainly based on the consideration of operating 

the CMM measurement on disc’s bottom face. As can be seen from the third image of Fig 

3.4(b), in order to perform the CMM measurement on the bottom face, the probe stem has 

to be parallel to the bottom face, and has to be long enough to carry the probe moving 

towards the disc’s center without any possible collision. Considering the measuring 

length along the radius of the disc is around 10mm (the detailed plan of the CMM 

measuring point distributions on disc samples will be discussed next), the probe stem 

finally used was 20mm. It should be noted that the probe diameter (Ø=1.5mm) was not 

chosen separately, which corresponding to the probe stem applied.  
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(a)                              (b) 

Fig 3.4: Photographs of (a) CMM measuring system set-up; (b) ongoing CMM contour 

measurement on sample top, circumferential (lateral) and bottom faces 

As reported by numerous researchers [1-5] and displayed in Fig 3.5(a), the induction 

hardened disc has a hardened layer within only few millimeters from the circumferential 

surface, due to the well-known current “skin-effect” occurring during the IH process. 

Commonly, this short-range hardened layer can be seen as the main place where the part 

dimensional variation (distortion) happens. This is because the sample’s volume change, 

which is caused by the material Austenite to Martensite phase transformation, and the 

associated plastic deformations take place in the hardened layer, during the IH treatment. 

Based on above, all disc distortion investigations in present study have been designed to 

only measure the variations in the coordinates of the points that are located on the top or 
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bottom face of the disc within a range of nearly 10mm from the circumferential edge. 

This arrangement is demonstrated by the distributions of a series of lines (each line 

consists of many points) in Fig 3.5(b).  

   

(a)                                 (b) 

Fig 3.5: (a) A photograph of a typical induction hardened sample and (b) its schematic 

diagram of measuring points distributions on each face 

 

Same distributed patterns of measuring points were used on disc top and bottom faces for 

contour exploration, giving totally 2880 points on each face, while for circumferential 

face total amount of 528 measuring points were utilized. 48 measuring angle steps (at 

each measuring angle there is a measuring line) were distributed evenly on disc 

top/bottom face around disc center with interval of 7.5˚. Each measuring line comprises 

60 measuring points. The point coordinate system measurement via CMM was carried 

out along the radial direction towards center of the disc. The first measured point of each 

line was located at a radial depth of 0.15mm from the disc circumference. This 0.15mm 

spacing, sometimes called security length, was set to ensure that the probe touching tip 
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can definitely land on the sample surface, taking into account the possible dimensional 

variations of the disc preventing the possibility of damaging the probe.  

Fig 3.6 illustrates the measuring point layout on the disc’s three faces in detail. As can be 

seen, for obtaining a clear distortion profile across the hardened layer, totally 50 

measuring points were equally spaced in the range of 5mm with 0.1mm between them, 

followed by 10 points with a larger constant interval of 0.5mm. For the circumferential 

face, similarly, 48 measuring angle steps (48 measuring lines) were uniformly allocated 

around the disc center with internal angle of 7.5˚ while 11 points with an equal spacing of 

around 0.6mm were laid along each measuring line. Likewise, a security distance of 

0.15mm was set for the same reason at the two ends of each measuring line. 

 

Fig 3.6: Measuring points layout on the top (bottom is the same) and lateral faces 
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3.5 Residual Stress Determination 

3.5.1 Unstressed reference sample preparation 

For obtaining the knowledge of stress-free lattice parameter (d0) distribution required in 

stress measurement by ND technique, the reference sample which subjected the same 

heat treatment procedure of the targeted disc (used for stress measurement) is needed. 

Considering the ND-based stress measurement is a relatively time-consuming work, only 

one disc (disc #5) from the key group I and one disc (disc #7, which was induction 

hardened by the same recipe of disc #5 before ND measurement) from the backup group I
’
 

were selected for present ND investigations. Disc #7 was used as the targeted sample to 

perform the ND stress measurement while disc #5 was used to manufacture a 

“comb”-shaped reference sample to establish the unstressed lattice parameter (d0) depth 

profile for the targeted sample (disc #7).  

The reason for choosing disc #5 (and disc #7) for current ND study is based on the 

consideration of the particular IH recipe applied to. As mentioned in previous section, the 

IH recipe applied to disc #5 (same for disc #7) was 20% of maximum power with 0.5s 

heating time. It was the same recipe also applied to disc #15 of group II and disc #20 of 

group III, and therefore this recipe becomes the only mutual recipe that shared by three 

hardness groups. The significance of present ND study on disc #7 (and disc #5) is that, in 

the future ND stress investigations, it will be interesting to explore the initial hardness 
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effect on the residual stress under a fixed IH recipe, by making comparisons between disc 

#7 (initial hardness 43HRC), disc #15 (initial hardness 35HRC) and disc #20 (initial 

hardness 27HRC). 

The preparation of the comb reference sample was made to cut along the radius of disc #5, 

so as the depth profile (along radius) of the stress-free lattice parameter (d0) can be 

established. In practice, the comb cutting process was performed by wire 

electro-discharge-machining (wire EDM or WEDM) technique [74], using a brass wire 

diameter of 0.01inch (around 0.25mm) for rough comb side cutting and a SW-A zinc 

coated wire diameter of 0.004inch (around 0.10mm) for fine comb-teeth machining. The 

specifications of WEDM parameters applied in this work are provided in Table 3.4 while 

the detailed drawing of the comb design and its dimensions, and the photograph of the 

actual comb are shown in Fig 3.7 (a) and (b), respectively. 

Table 3.4 WEDM input parameters set-up 

EQUIPMENT: WIRE EDM 

CHARMILLES ROB.300 

Input parameters 40 Comb-teeth cutting Comb side-cut 

Wire material SW-A zinc coated wire Brass wire 

Wire diameter (inch) 0.004 0.010 

Voltage (volt) 80 80 

Pulse duration (µs) 0.3 1.0 

Time between 2 pulse (µs) 14.0 18.0 

Short pulse time adjust (µs) 0.2 0.5 

Ref. speed (mm/min) 2.0 10.0 

Ref. average voltage (volt) 50.0 44.0 

Injection pressure-bar (per unit) 1.0 2.0 

Wire speed (mm/min) 6.0 6.0 

Wire tension (per unit) 0.38 1.0 
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(a) 

 

(b) 

Fig 3.7: The stress-free reference comb sample (a) schematic design (dimensions in mm); 

(b) real photograph taken after WEDM 
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3.5.2 Neutron diffraction investigations 

Neutron diffraction (ND) measurements were carried out using L3 neutron diffractometer 

at NRU reactor at Chalk River Laboratories, Ontario, Canada. The general layout of the 

ND experiment for comb and disc samples is demonstrated in Fig 3.8. The incident and 

diffraction neutron beams were limited by two slits and the sampling gauge volume 

(SGV) was defined by the intersection of these two beams as well as the selected gauge 

height. Through a computer-controlled translation and rotation system, the testing sample 

can be moved to a position that the SGV covers the part of interest within the specimen 

[27, 28].  

The {115} planes of a single-crystal monochromator, germanium (Ge), with a 

monochromator diffraction angle (θ
m

) of 2θ
m

≈98.77˚ were particularly chosen to provide 

a neutron beam with a fixed wavelength λ of 1.653 Å. The α-Fe {112} reflection with a 

detector angle   (2θ) of approximately 89.9˚ was used for diffraction pattern analysis. A 

32-wire based multiple detector spanning an angle of 2.54˚ was employed for neutron 

detection and 1.00˚ oscillation angle was adopted during the neutron counting process in 

order to involve enough diffraction grains of the aimed specimen. Since the counting time 

can significantly influence the measurement accuracy, the neutron counts were continued 

until a clear diffraction peak was observed.  

Additionally, prior to the ND stress investigation, the applied neutron wavelength λ had 

been calibrated by standard Ni powder. Also, the wall scans [75] were carried out on both 
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comb and disc samples before the stress measurement, in order to make sure the sampling 

gauge volume would be centered within the sample thickness. 

 

Fig 3.8 ND measurement layout for disc and comb (with a magnified view) sample 

3.5.2.1 Unstressed lattice spacing (d0) measurement  

The reference comb is composed of 40 (0.3×0.3mm
2
) teeth as indicated in Fig 3.7, 

however, only the first 10 teeth were used in unstressed lattice spacing (d0) investigations. 

This is because the thickness of the hardened layer was found to be less than 2mm and 

10-teeth length is around 5mm twice the length of the rough hardening depth. Therefore, 

it is expected that a nearly constant d0 value exists over the region farther than 10-teeth 

depth. Considering this and also because of the relative time-consuming data collection 
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of the neutron diffraction experiment, the stress-free lattice parameter investigation of the 

30 remaining teeth was not pursued.  

The detailed ND set up for comb reference sample is depicted in Fig 3.9. The already 

defined SGV was defined by two slits (one slit defines the incident beam size and the 

other defines the diffraction beam size) with 0.3mm width and 4mm height. As shown, 

the ND measurement was performed on the comb along a traverse line (the measurement 

line) from the first tooth to the tenth. The center of the SGV was located at tooth 

mid-height and in the center of each investigated tooth. The diffraction peak profile 

measured at every tooth was made of 32 points and was then fitted to a Gaussian profile 

with a flat background for finding the diffraction angle location, full-wide at 

half-maximum (FWHM) as well as the integrated intensity. Afterwards, this obtained 

diffraction angle result was related to the corresponding unstressed spacing d0 using 

Bragg’s law (Eq. (1)). Therefore the d0 profile along the disc radius has been achieved. In 

fact, two d0 profiles were acquired: one is d0 profile in the hoop direction and the other is 

in the radial direction. 



 

48 

 

  

Fig 3.9 ND set-up of comb sample for unstressed parameter d0 investigations 

3.5.2.2 Residual stress determination  

The general ND set up for residual stress measurement of disc #7 is illustrated in Fig 3.10. 

As shown, ND measurement was carried out at disc mid-thickness along disc radius (the 

measuring line) from a very near-circumferential-surface position, starting at a depth of 

0.2mm, until 5mm inside the material, approximately. Equal measuring step of 0.1mm 

was adopted in the first 2mm below the circumferential surface while 0.5mm in the 

following 3mm, giving 25 measuring points in the range of 5mm investigated depth.  
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Fig 3.10 ND set-up for residual strain measurement of disc #7 

 

The SGV for disc sample was defined by two slits width and the gauge height chosen 

based on the measuring direction. For disc radial residual strain investigation, taking into 

account the limitations arising from the strain gradient and the relative small measuring 

step, 0.3mm width of slits was specially selected with 4mm gauge height, and hence the 

SGV was 0.36mm
3
 (0.3×0.3×4). For disc hoop and axial strain evaluation, wider slits of 

3mm with 0.3mm gauge height was adopted, resulting in a larger SGV of 2.7mm
3
 

(3×3×0.3) in these cases. This was possible because the limitations in attempting to 

measure the residual strains in these two directions only constrained the gauge height. 

The illustration of the SGV dimensions and the corresponding measured residual strain in 

axial, hoop and radial directions is given in Fig 3.11(a) to (c). The detailed explanation of 

the SGV size determinations for present ND study is provided in Appendix I.  
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 (a)                   (b)                    (c)  

Fig 3.11 Schematic drawing of SGV dimensions and the corresponding measured 

residual strain direction: (a) axial scan; (b) hoop scan; (c) radial scan 

Moreover, regardless of the direction in which the strain is measured (radial, hoop or 

axial), the measured diffraction peak profile at every measuring step was composed of 32 

points within the first 2mm from disc circumferential surface and 60 points after 2mm. 

The peak profile was then fitted to a Gaussian curve with a flat background to obtain the 

diffraction angle location, full-width at half-width-maximum (FWHM) as well as the 

integrated intensity.  

Afterwards, this diffraction angle result was linked to the relevant unstressed spacing d0 

profile obtained from previous comb specimen according to Bragg’s law (Eq. (1)). As a 

consequent, the residual strain profiles in three directions along the radius have been 

fulfilled. Finally, by virtue of the Hooke’s law (Eq. (3), (4) and (5)), the corresponding 

residual stresses can be calculated from the obtained strains. It should be noted that there 
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are few assumptions when applying the Hooke’s law in present work. Firstly, the 

investigated sample is assumed to be the isotropic material and only the elastic 

deformation happens on the sample. Additionally, the Young modulus (E) and the 

Poisson ratio (ν) are both assumed to be independent of the measuring direction. 

 

3.6 Surface Etching and Vickers Hardness Test 

3.6.1 Surface etching investigation on testing group I, II and III 

It should be noted that all disc samples in present study, except disc #7, were only 

performed surface etching method to roughly estimate the relevant induction hardening 

depth, instead of applying Vickers hardness test along the disc’s radius. This is mainly 

under the consideration that, disc #7 was the only disc investigated by ND and therefore 

can be used as a key sample to explore the relationship between distortion, residual stress 

and hardness distributions along the disc’s radius. Regarding the 15 disc samples from 

group I, II and III, since all stress data are currently not accessible and the Vickers tests 

for 15 samples are also time-consuming to some extent, the etching method was finally 

employed to give a general idea of these discs’ hardening depths. 

In practice, these 15 induction hardened discs were etched using 2% Nital solution after 

finishing the distortion measurements. The etching process was carried out on the edges 

of both top and bottom faces of each disc sample, at 0˚and 180˚, respectively. Each data 
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was the averaged value (mean) of three measurements. The measurement error was 

calculated in percentage form using the following formula:  

    
  

  
      

           

  
                 

where δx = measurement percentage error, ∆X = the measurement absolute error, Xmeas.= 

measured value, Xm = mean value of all measurements. 

The final etching results, that is, the rough hardening depths of these 15 discs, were 

further used to explore the effects of the initial hardness and the IH parameters on the 

final hardening outcomes 

 

3.6.2 Vickers micro-hardness test on disc #7 

As for disc #7, after finishing the residual stress measurements using ND technique, it 

was used to carry out Vickers micro-hardness examination using a load of 200g. In order 

to establish the relationship between micro-hardness and residual stress profiles of the 

same sample, the hardness test was performed following exactly the same measuring line 

of the residual strains measurement. It was carried out at disc mid-thickness position, 

along the radius from 0.2mm (Fig 3.12) below the circumferential surface to 

approximately 5mm depth inside. Besides, two additional Vickers hardness 

measurements were also conducted with the same range of depth (0.2mm to 5mm) and 

the same load of 200g. As can be seen from Fig 3.12, regarding these two cases, one 

measuring line was located in the top-thickness (0.15mm below the disc top face) while 
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the other was positioned in the bottom-thickness (0.15mm away from the disc bottom 

face). Furthermore, for the purpose of investigating the uniformity of hardness 

distribution around the disc, these three hardness tests mentioned above were duplicated 

at their opposite side across disc center. The error calculation is similar to that given in 

last section (3.6.1), using Equation (6). All Vickers hardness measurements were carried 

out on the small cross-section samples cut along disc thickness at the target positions.  

 

(a) 

 

(b) 

Fig 3.12: (a) schematic sketch of the micro-hardness measurement path at three different 

thickness positions of disc #7; (b) a photograph of the small cross-section used for real 

micro-hardness measurement of disc #7 
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CHAPTER 4 

 

Results and Discussions 
 

4.1 Hardening Depth Results 

Nital quick-etching method was employed to give a rough estimation of the induction 

hardening depths of the processed samples. 

4.1.1 Group I: samples with 43HRC initial hardness 

Fig 4.1 (a) to (e) are the image views of discs #1 to #5 top and bottom surface edges after 

etching. The detailed IH recipes applied to samples in this group and their resulting 

hardening depths are summarized in Table 4.1. The overall hardening depth order for the 

considered five discs is as follow: disc #1 > disc #4 > disc #5 > disc #2 > disc #3. 
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Fig 4.1 Optical images showing the hardening depths: the left hand side is for the top 

surface of discs #1 to #5; the right hand side is for the bottom surface of discs #1 to #5. 
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Table 4.1 Hardening depth result of group I 

Samples 

Initial 

Hardness 

(HRC) 

IH Recipes 

(power and time) 

Hardening Depth(mm) 

(Meas. error 1%-5%) 

Top Bottom Average 

Disc #1 

43HRC 

Power: 22% of maximum 

Heating time: 0.75s 
~2.48 ~2.62 ~2.55 

Disc #2 
Power: 22% of maximum 

Heating time: 0.25s 
~0.85 ~0.90 ~0.88 

Disc #3 
Power: 18% of maximum 

Heating time: 0.25s 
~0.54 ~0.65 ~0.60 

Disc #4 
Power: 18% of maximum 

Heating time: 0.75s 
~2.00 ~2.18 ~2.09 

Disc #5 
Power: 20% of maximum 

Heating time: 0.50s 
~1.64 ~1.73 ~1.69 

 

Moreover, it should be noted that all five discs in this group display a similar discrepancy 

in hardening depth between the top and bottom faces (see Fig 4.1 and Table 4.1). The 

hardening depth on bottom face is slightly larger than the top one for all cases. Although 

such discrepancy is relatively small and therefore the hardening depth on the top and 

bottom faces can be seen as similar, the possible reasons for this discrepancy are needed 

to be discussed. Firstly, this hardening depth difference probably suggests that the disc 

sample was not perfectly centered in the coil before performing the IH process – the disc 

may be positioned a little high which makes no more intense magnetic field at the bottom 

face. On the other hand, this fact may indicate a non-perfect-flat coil surface. 
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4.1.2 Group II: samples with 35HRC initial hardness 

Similarly, Fig 4.2 (a) to (e) displays discs #11 to #15 top and bottom surface edges after 

etching. Again, the roughly estimated hardening depth on the top and bottom edges is 

quite close for every sample and the specifications are provided in Table 4.2. 

The hardening depth comparisons are similarly carried out under the IH condition of a 

fixed heating time but various powers and a fixed power but various times. The results 

are consistent with the fact that higher energy result in higher case depth. 

Also, the hardening depth discrepancy has been observed in this group. However, in 

contrast with group I, here all five discs demonstrate a larger hardening depth on the top 

rather than the bottom face. Therefore, in these cases, it suggests that the part may be 

positioned a little low in the induction coil. The reason of the inconsistent trend of the 

hardening depth discrepancy (of sample’s top and bottom faces) between group I and II 

could be attributed to the coil resetting process for group II before the IH treatment. Since 

the induction coil was removed and fixed again, the sample’s position in the coil must be 

changed more or less. As a result, the hardening depth on top and bottom faces altered. 

Additionally, except disc #11, all samples demonstrate approximately the similar 

hardening depth (the discrepancy is relatively small) on the top and bottom faces. The 

relatively big hardening depth discrepancy of disc #11 could be also attributed to the 

positioning of the part in the induction coil. For example, if the part is positioned too high 

in the coil, similar discrepancy would be obtained. 
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Fig 4.2: Optical images showing the hardening depths: the left hand side is for the top 

surface of discs #11 to #15; the right hand side is for the bottom surface of discs #11 to 

#15. 
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Table 4.2 Hardening depth result of group II 

Samples 

Initial 

Hardness 

(HRC) 

IH Recipes 

(power and time) 

Hardening Depth(mm) 

(Meas. error 1%-5%) 

Top Bottom Average 

Disc #11 

35HRC 

Power: 20% of maximum 

Heating time: 0.25s 
~0.83 ~0.47 ~0.65 

Disc #12 
Power: 18% of maximum 

Heating time: 0.50s 
~1.51 ~1.49 ~1.50 

Disc #13 
Power: 20% of maximum 

Heating time: 0.75s 
~1.77 ~1.59 ~1.68 

Disc #14 
Power: 22% of maximum 

Heating time: 0.50s 
~2.15 ~2.06 ~2.10 

Disc #15 
Power: 20% of maximum 

Heating time: 0.50s 
~1.60 ~1.60 ~1.60 

4.1.3 Group III: samples with 27HRC initial hardness 

As mentioned earlier in the distortion result’s section, this group is a comparison group 

with group I because the present five samples have undergone completely the same five 

induction hardening recipes employed on group I. Therefore the purpose of the hardened 

depth measurements here is to probe the influence of the initial hardness on induction 

hardening depth.  

Fig 4.3 (a) to (e) demonstrates the hardening depths of discs #16 to #20 measured on top 

and bottom surfaces, and meanwhile Table 4.3 lists the related hardening depth results of 

these samples. Similarly, it has been found that the higher the energy input, the deeper is 

the case depth. 
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Fig 4.3: Optical images showing the hardening depths: the left hand side is for the top 

surface of discs #16 to #20; the right hand side is for the bottom surface of discs #16 to 

#20. 
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Table 4.3 Hardening depth result of group III 

Samples 

Initial 

Hardness 

(HRC) 

IH Recipes 

(power and time) 

Hardening Depth(mm) 

(Meas. Error 1%-5%) 

Top Bottom Average 

Disc #16 

27HRC 

Power: 22% of maximum 

Heating time: 0.75s 
~2.44 ~2.30 ~2.37 

Disc #17 
Power: 22% of maximum 

Heating time: 0.25s 
~0.82 ~0.75 ~0.79 

Disc #18 
Power: 18% of maximum 

Heating time: 0.25s 
~0.61 ~0.47 ~0.54 

Disc #19 
Power: 18% of maximum 

Heating time: 0.75s 
~1.97 ~1.84 ~1.91 

Disc #20 
Power: 20% of maximum 

Heating time: 0.50s 
~1.54 ~1.45 ~1.50 

Again, the hardening depth discrepancy between discs’ top and bottom faces are 

observed in this group. This discrepancy trend is similar to that of group II, which the 

larger hardening depth was shown on the top face for all samples. The possible reasons 

for this are same as the previous two groups.   

Furthermore, a set of hardening depth comparisons are carried out between the five discs 

of group I and those of group III, in order to learn the initial hardness effect on disc’s 

hardening depth. Each comparison is made based on the two discs treated with the same 

IH recipe, from group I with initial hardness of 43HRC and group III with initial hardness 

of 27HRC, respectively. For easy explanation, such two discs are further defined as a 

“comparison pair” and the detailed IH specifications for such five comparison pairs have 

been summarized in Table 4.4. Moreover, Fig 4.4 shows the plotting of the hardening 
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depth as a function of the energy given to the part (power multiplied by time), for each 

comparison pair.  

It is clear from both Table 4.4 and Fig 4.4 that every pair having initial hardness of 

43HRC always shows a greater hardening depth than that with 27HRC initial hardness. 

This finding proves that the initial hardness indeed varies the induction hardening depth 

and the higher the initial hardness, the more the hardening depth, vice versa. A possible 

explanation for this evidence could be viewed from the point that in order to reach a same 

induction hardening depth, steel sample with lower initial hardness requires more heat 

input than that with higher initial hardness, because the lower initial hardness steel has a 

relative higher austenite transformation temperature. In addition, it can be observed from 

Fig 4.4, regardless of the initial hardness, the disc’s hardening depth almost increases 

linearly with the increasing input energy. If comparing the slope of the hardening depth 

line between the 43HRC initial hardness based and the 27HRC one, the 43HRC line 

shows a slightly bigger slope. However, the reliable explanation for such cannot be given 

in present study because it requires more experimental tests related in the future works.   
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Table 4.4 Comparison pairs based on group I and III 

Comparison 

Pairs 
Samples 

IH Recipes 

(power and time) 

Initial 

Hardness 

(HRC) 

Hardening Depth 

(Avg., mm) 

error 1%-5% 

Pair 1 
Disc #1 Power: 22% of maximum 

Heating time: 0.75s 

43 ~2.55 

Disc #16 27 ~2.37 

Pair 2 
Disc #2 Power: 22% of maximum 

Heating time: 0.25s 

43 ~0.88 

Disc #17 27 ~0.79 

Pair 3 
Disc #3 Power: 18% of maximum 

Heating time: 0.25s 

43 ~0.60 

Disc #18 27 ~0.54 

Pair 4 
Disc #4 Power: 18% of maximum 

Heating time: 0.75s 

43 ~2.09 

Disc #19 27 ~1.91 

Pair 5 
Disc #5 Power: 20% of maximum 

Heating time: 0.50s 

43 ~1.69 

Disc #20 27 ~1.50 
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Fig 4.4 Hardening depth comparison between group I with initial hardness of 43HRC and 

group III with initial hardness of 27HRC 
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4.2 Distortion Results of the Three Hardness Groups  

As documented in chapter III, the axial distortion (ΔZ) measurement of the disc was 

carried out by measuring the Z coordinate of each investigated point on top/bottom face 

before and after the IH treatment. The radial distortion (ΔR) measurement was performed 

by measuring the radius change of each investigated point on disc’s lateral face due to the 

IH process.  

Since 48 measuring angles were used to characterize the distortions around one disc, 48 

axial distortion profiles (along disc’s radius) and 48 radial distortion profiles (along disc’s 

thickness) are available for analysis. However, based on Fig 4.5, it can be seen that 

although the trend of distortion profile at each angle is similar, the distortion’s magnitude 

at the similar measuring position (same Z coordinate and same radial position) is varied 

with angles, more or less. Therefore, using the average of 48 distortion profiles to make 

distortion analysis is somewhat not reliable, because this averaging process could make 

the originally large or small distortion offset each other, showing a medium value finally. 

This undoubtedly causes mistakes. 
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Fig 4.5 Axial distortion at top face of disc #1 

Considering above, the distortion data obtained at four specific measuring angles, 0˚ 

(-Y-axis), 90˚ (-X-axis), 180˚ (+Y-axis) and -90˚ (+X-axis), were chosen to make 

distortion analysis for each disc, instead of averaging the distortion profiles at 48 angles. 

Even so, in this chapter, only the distortion data at measuring angle 0˚ are shown and 

discussed in details, as the representative for the axial and radial distortion analysis for 

each disc sample. This is taking into account that the measurement error caused by the 

equipment is assumed to be minimum at angle 0˚: since every distortion measurement 

was carried out starting from 0˚, the system error accumulation can be largely avoided at 

this degree. The distortion results at 90˚, -90˚ and -180˚ of all testing discs have been 

summarized in Appendix II, individually. 

Measuring start at 0˚      
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4.2.1 Group I-key group: discs with 43HRC initial hardness 

4.2.1.1 Axial distortion 

Figures 4.6(a) to 4.10(a) demonstrate the dimensional changes of disc samples #1 to #5 in 

axial direction with the averaged hardening depth (HDavg) of top and bottom faces. The 

ΔZ profiles on the top and bottom surfaces are approximately symmetric for all disc 

samples. This means that the axial distortion patterns are almost the same on these two 

faces for every disc. Besides, although these five disc samples were heat treated by 

different set of induction hardening parameters, the general trend of axial distortion (ΔZ) 

profile is more or less similar. In the region that is relatively close to the disc center, the 

axial distortion (ΔZ) of all samples shows a value approaching zero for both top and 

bottom surfaces, indicating the fact that there is no distortion generated in this area. Then, 

with the increasing distance from center, the distortion profile is somewhat contraction 

particularly with respect to disc #2, #3 and #5. Afterwards, within a few millimeters close 

to the edge, a characteristic variation of axial distortion (ΔZ) takes place. The distortion 

profile always firstly goes up with increasing R, reaching a maximum and then followed 

by an obvious drop. This leads to a “convex” pattern of the axial distortion occurred near 

the edge of the disc (on both top and bottom surfaces), which points out a material’s 

expansion happened within this region. Considering the axial distortion in the outmost 

layer of the disc, in other words, in the region most close to the disc edge, it presents a 
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case to case difference. For example, a big shrinkage in the outmost layer happens on 

disc #1, whose ΔZ on top/bottom surface reverses its sign and achieves 

-0.06mm/+0.03mm at the outermost point, as shown in Fig 4.6(a). However, disc #2 to #5 

does not demonstrate such big shrinkage in the outermost layer. This could be seen from 

Fig 4.7(a) to 4.10(a), where these four discs’ ΔZ profiles, unlike disc #1, do not show a 

big drop at the corresponding outermost point. 
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(a)                                 (b) 

Figure 4.6 IH distortions of disc #1: (a) axial distortion (ΔZ) on the top/bottom face along 

radius of the disc; (b) radial distortion (ΔR) on the lateral face along thickness of the disc. 
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(a)                                 (b) 

Figure 4.7 IH distortions of disc #2: (a) axial distortion (ΔZ) on the top/bottom face along 

radius of the disc; (b) radial distortion (ΔR) on the lateral face along thickness of the disc. 



 

68 

 

42 44 46 48 50 52 54
-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

HD
avg.=0.60mm

 Top  Bottom 


Z

(m
m

)

R(mm)
-0.008 -0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008

0

1

2

3

4

5

6

7

Z
(m

m
)

R(mm)

 Lateral face

 

(a)                                 (b) 

Figure 4.8 IH distortions of disc #3: (a) axial distortion (ΔZ) on the top/bottom face along 

radius of the disc; (b) radial distortion (ΔR) on the lateral face along thickness of the disc. 
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(a)                                 (b) 

Figure 4.9 IH distortions of disc #4: (a) axial distortion (ΔZ) on the top/bottom face along 

radius of the disc; (b) radial distortion (ΔR) on the lateral face along thickness of the disc. 
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(a)                                 (b) 

Figure 4.10 IH distortions of disc #5: (a) axial distortion (ΔZ) on the top/bottom face 

along the radius; (b) radial distortion (ΔR) on the lateral face along thickness of the disc. 
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In addition to the distortion trend, a comparison of the size (maximum of absolute ΔZ) 

and range of axial distortions among these five disc samples is also of great interest, since 

it can reveal the effects of induction hardening parameters on distortion profiles. Disc #1 

is excluded from this comparison because it has the largest distortion size of 0.05mm, 

which is more than 10 times larger than that of the other disc samples. This phenomenon 

could be attributed to the “strongest” induction hardening recipe (largest power with 

longest heating time) applied to disc #1. Considering other four discs, as illustrated in Fig 

4.11, disc #4 presents a relatively larger axial distortion size of around 0.04mm with 

relatively broader extension of the “convex” pattern over approximately 3mm from the 

outer edge. Discs #2 and #5 display a relatively smaller axial distortion size and narrower 

“convex” pattern compared with disc #4. For disc #3, the axial distortion profile did not 

form a clear “convex” pattern, but instead, it formed a slight “concave” shape in the 

range which suggests a volume shrinkage. This appearance is most likely attributed to the 

“weakest” induction hardening recipe (smallest power with shortest heating time) applied 

to disc #3. A slightly larger distortion size of disc #2 than disc #3 is observed, owing to 

the same heating time as disc #3 but with larger heating power. As for disc #5, this disc 

was induction hardened by a medium heating power and time, demonstrating a moderate 

axial distortion size and “convex” pattern. In summary, the axial distortion size 

(maximum of absolute ΔZ) sequence yields: disc #1 > disc #4 > disc #5 > disc #2 ≥ disc 

#3. It is not surprising to note that disc #1 has the largest while disc #3 has the smallest 
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distortion size, since they encountered the “strongest” and “weakest” induction hardening 

recipes, respectively, as mentioned above. Both the larger heating power and the longer 

heating time can enhance the distortion magnitude. 
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Figure 4.11 Comparison of the axial distortions on top surface among disc sample #2, #3, 

#4 and #5 due to different induction hardening recipes 

 

Table 4.5 Axial distortion results of discs from group I 

Samples 
Initial Hardness 

(HRC) 

IH Recipes 

(power and time) 

Max. Axial Distortion (mm) 

Top face Bottom face 

Disc #1 

43HRC 

Power: 22% of maximum 

Heating time: 0.75s 
~0.050 ~0.035 

Disc #2 
Power: 22% of maximum 

Heating time: 0.25s 
0.001-0.002 0.001-0.002 

Disc #3 
Power: 18% of maximum 

Heating time: 0.25s 
~0.001 ~0.001 

Disc #4 
Power: 18% of maximum 

Heating time: 0.75s 
~0.004 ~0.005 

Disc #5 
Power: 20% of maximum 

Heating time: 0.50s 
~0.003 ~0.004 
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4.2.1.2 Radial distortion 

Figures 4.6(b) to 4.10(b) depict the radial distortion (ΔR) profiles of discs #1 to #5 on the 

lateral face along the disc thickness Z. The origin point is set at the bottom surface of the 

disc, therefore Z=0mm and Z=7mm (approximately) represents the bottom surface and 

the top surface, respectively. It can be noted that disc #1 is still a special case among all 

samples, since it has a distinctly large radial distortion size with ΔR in the range from 

approximately -0.06mm to 0.10 mm, and displays a relatively different radial distortion 

profile, as shown in Fig 4.6(b). The biggest radial shrinkage of disc #1, which is 

ΔR=-0.06mm, is observed at the upmost part (the part that most closely to the top 

surface). This shrinkage rapidly changes into expansion, achieving a maximum 

ΔR=0.10mm at Z=5.5mm approximately. This radial expansion diminishes and a 

noticeable protuberance pattern is formed finally at the upper part of the lateral face. 

Besides, another similar protuberance pattern, but with a smaller size, is found at the 

lower part (the part that is close to the bottom surface) of the lateral face of disc #1.  

Concerning the middle part of the lateral face of disc #1, the radial distortion in this 

region is not significant because of the ΔR with a value approximately approaching zero. 

This overall radial distortion profile of disc #1, with the two protuberances at the upper 

and lower part of the lateral face is somewhat reasonable. It can be supported by the 

corresponding axial distortion profiles of the top/bottom surface of the same disc, as 

illustrated in an exaggerated drawing in Fig 4.12.  
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Owing to the “strongest” induction hardening recipe, disc #1 demonstrates the largest 

distortion size and unique profiles in both axial and radial directions. Relating its axial 

distortion profiles on top/bottom surface to its radial distortion profile on lateral face, it 

can be seen that: (1) the axial shrinkage in the outermost layer of the top surface is 

accompanied with the radial shrinkage at the upper part of the lateral face. This fact could 

be seen as a kind of “corner shrinkage”; (2) considering the occurrence of shrinkage and 

the entire disc volume should be almost constant (assuming the Martensite transformation 

in the outside layer of the disc does not contribute significant volume expansion. This 

usually is around 0.4-0.5% of the overall volume [76]), the corresponding expansion 

appeared at the area adjacent to where the shrinkage occurred. (3) The protuberance 

pattern at the lower part of lateral face is relatively smaller than the upper one, which can 

be connected to the smaller size convex pattern of the bottom surface. 

 

Figure 4.12 Schematic drawing of an exaggerated distortion contour based on disc #1 due 

to induction surface hardening. 

Regarding the other four discs, as shown in Fig 4.7(b) to 4.10(b), all radial distortion 

profiles demonstrate a more or less convex pattern over the whole disc thickness (Z) 

usually with a maximum radius nearby the mid-thickness (the middle part of lateral face) 

of the disc and minimum radius at the upper or lower part of lateral face (Z around 
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7.0mm or 0.0mm respectively). In terms of each disc, similarly as the analysis of disc #1, 

the specific radial distortion shape could be largely related to the corresponding axial 

distortion profile of each one. For example, discs #2, #4 and #5 (Fig 4.7(b), 4.9(b) and 

4.10(b)) all display a negative ΔR in the region of Z close to 7.0mm and 0.0mm. This 

indicates the occurrence of shrinkage at both the upper part and lower part of the lateral 

face, and the magnitude of this shrinkage could be linked to the size of the convex pattern 

presented on the corresponding axial distortion profile. Based on the comparison of disc 

axial distortion in Fig 4.11, the larger convex pattern of the axial distortion of disc #4 

gives rise to a corresponding larger radial shrinkage at upper and lower part of the lateral 

face (Fig 4.9(b)). However, the smaller convex pattern of the axial distortion leads to a 

relatively smaller radial shrinkage similar to disc #2 (Fig 4.7(b)). This finding, to some 

degree, could probably be understood by the larger expansion (the convex pattern) on 

disc top/bottom surface contributing to the greater radial shrinkage at the two “adjacent 

area” (the upper and bottom parts) of the disc lateral face. This has been further 

confirmed by disc #3. The ΔR value of disc #3 is positive over the whole thickness with 

the maximum at the near mid-thickness position, which means a smaller radial expansion 

not shrinkage happens at the adjacent areas (of the lateral face). This could be also 

connected to the slight concave shape rather than the convex pattern of the axial 

distortion profile shown at the relevant top/bottom surface edge. Consequently, the most 

likely distortion contour after induction hardening heat treatment is illustrated as Fig 4.13, 
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based on discs #2 to #5. It’s interesting to see when approaching to the edge of top and 

bottom surface, the expansion contour changes to shrinkage. As for the lateral surface, 

the distortion contour presents expansion in the middle and turns to shrink when close to 

the top and bottom surfaces. 

 

Figure 4.13 Schematic drawing of an exaggerated distortion contour based on discs #2 to 

#5 due to induction surface hardening. 

 

4.2.1.3 Relationship between IH input energy and the resulting distortion 

It has been found that the distortions of induction hardened discs vary with the IH recipes 

applied, that is, the input energy (power and heating time). In order to see how distortions 

change with IH recipes, Fig 4.14 gives the distortions as a function of input energy based 

on samples in group I.  

It is clear from Fig 4.14 that the distortion increases with the input energy. Disc #1 was 

induction hardened with the most input energy and therefore it demonstrates the largest 

distortion size. However, it is interesting to see that the distortion curve has a big jump 

from no more than 0.01mm (disc #2, #3, #4 and #5) up to around 0.05 mm (disc #1). This 

remarkable increase in distortion of disc #1 can also be seen from the corresponding 

distortion profiles in Fig 4.6. The reason for this could because of the energy put into disc 
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#1 has reached the maximal limitation. In the processing of IH heating step, few sparkles 

were observed, which probably indicates the disc #1 was slightly melted. Fig 4.15 shows 

the appearance of the lateral face of disc #1 after IH. It can be seen that a very obvious 

deformation occurred on the lateral face and such deformation is not uniform around the 

disc. 
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Fig 4.14 Distortions as a function of input energy for discs in group I 

 

Fig 4.15 Remarkable distortion on disc #1 lateral face due to the most input IH Energy 
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In summary, based on the distortion and hardening depth investigations of group I, it can 

be obtained: the stronger IH recipe, which actually means more heat input into the sample, 

the deeper is the heat penetration giving rise to a larger distortion size as well as 

hardening depth.  

 

4.2.2 Group II: discs with 35HRC initial hardness 

Disc samples (discs #11 to #15) in this group, with a medium initial hardness of 35HRC 

were induction hardened by selective recipes to further document the influence of time 

and power applied during the induction hardening on the resulting distortion size and 

range.  

Similar to group I, all distortion results shown here are the distortions measured at 0˚ (-Y- 

axis). The distortion results at 90˚, -90˚ and -180˚ measuring angles have been also 

summarized in Appendix II, individually. 

Fig 4.16 shows the differences in the axial distortion and hardening depth (HDavg) among 

discs #12, #15 and #14 resulting from the different induction hardening recipes. These 

three discs, as given in Table 4.4, were induction hardened for the same duration 0.50s 

but with different powers which were 18%, 20% and 22% of maximum power, 

respectively. The resulting distortion profiles reveal that both the distortion size and 

range follow a sequence: disc #12 < disc #15 < disc #14, which further confirms that 

increasing the induction power increases the distortions. 
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Likewise, Fig 4.17 compares the axial distortion and hardening depth (HDavg) among 

discs #11, #15 and #13. These three discs, as given in Table 4.6, were induction hardened 

using the same power, 20% of maximum power, but different heating times which were 

0.25s, 0.50s and 0.75s, respectively. The resulting distortion profiles uncover that both 

the distortion size and range yield a sequence: disc #11 < disc #15 < disc #13. This 

further supports that increasing the time causes more distortions. More detailed 

information for each disc in group II and the corresponding distortion results are provided 

in Table 4.6. 
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Fig 4.16: Comparison of the axial distortion profiles of the top/bottom surface among 

discs #12, #15 and #14 
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Fig 4.17: Comparison of the axial distortion profiles of the top/bottom surface among 

discs #11, #15 and #13 

 

Table 4.6 Axial distortion results of discs from group II 

Samples 

Initial 

Hardness 

(HRC) 

IH Recipes 

(power and time) 

Max. Axial Distortion (mm) 

Top face Bottom face 

Disc #11 

35HRC 

Power: 20% of maximum 

Heating time: 0.25s 
0.003-0.004 0.003-0.004 

Disc #12 
Power: 18% of maximum 

Heating time: 0.50s 
~0.005 ~0.005 

Disc #13 
Power: 20% of maximum 

Heating time: 0.75s 
~0.025 ~0.015 

Disc #14 
Power: 22% of maximum 

Heating time: 0.50s 
~0.035 ~0.035 

Disc #15 
Power: 20% of maximum 

Heating time: 0.50s 
~0.006 ~0.008 

Similarly, Fig 4.18 provides the distortions as a function of input energy in terms of 

samples in group II. As can be seen, in this test matrix again, the higher the energy input, 

the larger the distortion. The difference in the curve shape between Fig 4.17 and 4.18 is 

because of the different IH recipe applied. 
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Fig 4.18 Distortions as a function of input energy for discs in group II 

4.2.3 Group III-comparison group: discs with 27HRC initial hardness 

Disc samples in this group encountered the same induction hardening recipes as that of 

group I but with a much lower initial hardness 27HRC, in order to see the initial hardness 

effects on distortion profiles.  

Similarly, the distortion results shown here are those measured at 0˚. The axial and radial 

distortion results for this group at 90˚, - 90˚ and -180˚ are summarized in Appendix II. 

Figures 4.19 (a) to (e) provide a series of comparisons of axial distortions and hardening 

depth (HDavg) between disc samples in group I and group III in order to reveal the effect 

of initial hardness on distortions. The detailed information and corresponding distortion 

results for each comparison pair are given in Table 4.7 
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Figure 4.19 Comparisons of the axial distortions on the top/bottom face between samples 

from group I and group III: (a) pair 1: disc #1 and disc #16; (b) pair 2: disc #2 and disc 

#17; (c) pair 3: disc #3 and disc #18; (d) pair 4: disc #4 and disc #19; (e) pair 5: disc #5 

and disc #20 
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Table 4.7 Comparison of distortion results between discs from group I and III 

Pairs Samples 

Initial 

Hardness 

(HRC) 

IH Recipes 

(time and power) 

Max. Axial Distortion (mm) 

Top face Bottom face 

Pair 1 
Disc #1 43 Power: 22% of maximum 

Heating time: 0.75s 

~0.050 ~0.035 

Disc #16 27 ~0.055 ~0.055 

Pair 2 
Disc #2 43 Power: 22% of maximum 

Heating time: 0.25s 

0.001-0.002 0.001-0.002 

Disc #17 27 0.007-0.008 0.008-0.009 

Pair 3 
Disc #3 43 Power: 18% of maximum 

Heating time: 0.25s 

~0.001 ~0.001 

Disc #18 27 ~0.004 ~0.003 

Pair 4 
Disc #4 43 Power: 18% of maximum 

Heating time: 0.75s 

~0.004 ~0.005 

Disc #19 27 ~0.017 ~0.014 

Pair 5 
Disc #5 43 Power: 20% of maximum 

Heating time: 0.50s 

~0.003 ~0.004 

Disc #20 27 ~0.008 ~0.011 

It is found that for each comparison pair, the disc with lower initial hardness (27HRC) 

always shows a larger distortion size and broader distortion range compared with the disc 

in the same pair but with higher initial hardness (35HRC). This fact suggests that the 

sample initial hardness can significantly affect the resulting distortion size and range. 

Lower initial hardness results in more distortions. This is due to the fact that material 

with lower hardness is undergoing plastic deformation more easily during the induction 

heat treatment process. 

The variation of initial hardness can alter both distortion and hardening depth; reducing 

initial hardness results in a larger distortion but a smaller hardening depth. This is a 

paradox as it was found earlier that the deepest is the case depth, the largest is the 

distortion. The effect of the initial hardness on distortions seems to be complex and will 

be discussed later. 
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Fig 4.20 displays a comparison of distortion-input energy curve between group I and III. 

As shown, group III have the similar curve trend to that of group I except the overall 

distortion size is relatively larger. Therefore, it can be obtained that, under the same IH 

treatment, the sample with lower initial hardness can demonstrate more distortion than 

the higher one. This observation is opposite to the hardening depth comparison between 

these two groups, where the disc with 27HRC initial hardness has the relatively smaller 

hardening depth. 
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Fig 4.20 Comparison between group I and III: distortions as a function of input energy 

 

4.2.4 Initial hardness effects on IH distortions and hardening depths 

Three disc samples, disc #5 (initial hardness 43HRC), disc #15 (initial hardness 35HRC) 

and disc #20 (initial hardness 27HRC) are selected from group I, II and III, separately, 
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based on an identical induction hardening recipe 20% of maximum power and 0.50s 

heating time, aiming to further validate the impact of the sample’s initial hardness on the 

resulting distortion size and range as well as the hardening depth. 

4.2.4.1 Distortion and hardening depth (HDavg) comparisons among disc #5, disc #15 

and disc #20 

Fig 4.21 shows the axial distortion profiles on both top and bottom surfaces of disc #5, 

#15 and #20. It is not surprising to note that these three axial distortion patterns are quite 

similar, but the distinct difference of their size and range is of great interest. Among them, 

disc #5 displays relatively large axial distortion magnitude and range, followed by disc 

#15 and then disc #20. This sequence is in accord with the ordering of sample initial 

hardness and therefore further confirms that the lower initial hardness can definitely 

assist to enlarge the relevant axial distortion size and range caused by induction surface 

hardening.  
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Fig 4.21: Comparison of the axial distortion profiles of the top/bottom surface among 

discs #5, #15 and #20 based on an identical induction hardening recipe 

Fig 4.22 illustrates the radial distortion profiles on lateral face of discs #5, #15 and #20. It 

is relevant to notice that the radial distortion gradually changes from major expansion 

into total contraction with increasing the initial hardness. This could be seen that because 

of the lower initial hardness, the relevant convex pattern of axial distortion profile on 

top/bottom surface becomes larger. Since the convex pattern indicates a material 

expansion and in order to offset this increasing expansion, more shrinkage appears on the 

corresponding lateral face. Besides, it can be found that, for the radial distortion of disc 

#5, a regular convex pattern appears at the middle of the lateral face. However, for disc 

#20, a concave pattern is observed in the middle, accompanying with two symmetric 

protuberances at two sides of this concave pattern. Whereas disc #15, the disc with an 

intermediate initial hardness, displays profile somewhat in between the discs #5 and #20. 
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Therefore, it can be expected that with the decrease of initial hardness, the radial 

distortion of disc attempts to translate from general expansion to complete contraction. 

Meanwhile, the profile of radial distortion intends to change from the regular convex (in 

the middle of lateral face) into the irregular shape with two protuberances at two sides.   
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Fig 4.22: Comparison of the radial distortion profiles of the lateral face among discs #5, 

#15 and #20 based on the identical induction hardening recipe 

Nevertheless, the clear explanation for such appearance of lateral distortion profiles of 

disc #15, #20 and even #5 is still not completely understood, especially for those two 

protuberances occurred in disc #20 radial distortion profile. One possible reason for this 

irregular but symmetric pattern could be viewed from the point that the induction surface 

hardening process can result in a slightly deeper hardened depth at the disc corner than 

the middle position (of disc thickness) due to the current concentration effect.  
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4.2.4.2 Distortion and hardening depth variation with initial hardness 

The relevant distortion and hardening depth of disc #5, #15 and #20 are summarized in 

Table 4.8. Fig 4.23 illustrates the hardening depth (avg. of top and bottom) as well as the 

distortion in axial (avg. of max. top and bottom) and in radial (at mid-thickness) 

directions versus initial hardness under same induction hardening conditions for three 

discs. As shown in Fig 4.23(a), the averaged hardening depth of disc #5 is greater than 

that of disc #15 followed by disc #20. This is just contrary to the axial distortion size 

ordering of the same discs, as indicated by the first graph in Fig 4.23(b). This evidence, 

undoubtedly, again confirms that the increase of sample initial hardness contributes to a 

larger hardened depth while causing smaller axial distortions. Moreover, if comparing the 

two graphs in Fig 4.23(b), it can be found that the increasing of axial distortion is 

accompanied with the radius reduction from expansion to shrinkage. 

Table 4.8 Distortion and hardening depth result of disc #5, #15 and #20 

Disc # #5 #15 #20 

Initial hardness (HRC) 43 35 27 

IH recipe Power: 20% of maximum; Heating time: 0.50s 

Max. axial distortion (mm) 

(avg. of top and bottom) 
~0.0035 ~0.007 ~0.0095 

Radial distortion (mm) 

(at mid-thickness) 

~0.004 

(expansion) 

~(-0.003) 

(contraction) 

~(-0.014) 

(contraction) 

Hardening depth (mm) 

(avg. of top and bottom) 
1.69 1.60 1.50 
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   (b) 

Fig 4.23: Hardening depth and distortion variation with initial hardness under the same 

induction hardening recipe, in terms of disc #5, #15 and #20: (a) hardening depth versus 

initial hardness; (b) distortion versus initial hardness  
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4.3 Full Characterization of Disc #7  

As mentioned earlier, disc #7 is a selected key sample which was induction hardened by a 

duplicate recipe to disc #5 and was then employed in not only distortions but also 

residual stresses and micro-hardness measurements. This has been done in order to have a 

better understanding of the induction hardened sample behaviors and further establish a 

relationship between sample distortions, residual stresses as well as micro-hardness. 

4.3.1 Distortion result  

Figs 4.24 (a) and (b) demonstrate the axial distortion profiles (on top and bottom surfaces) 

and the radial distortion profile of disc #7, respectively, measured along -Y-axis 

(measuring angle of 0˚). A usual symmetric convex pattern appears on the axial distortion 

profile (Fig 4.24(a)) in the region close to the disc outside surface. The radial distortion 

profile along the disc thickness exhibits a regular convex pattern as well, with the 

maximum positive in the vicinity of disc mid-thickness position (Fig 4.24(b)). This 

suggests that both the axial and the radial distortion profiles of disc #7 are quite similar to 

those of disc #5 (Fig 4.10), owing to the same induction hardening recipe applied to both 

samples. However, regarding the slight discrepancy in the distortion size between discs 

#7 and #5, it could be considered as the experimental error. However since this difference 

is only around 1µm, it can be neglected.  
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(b) 

Fig 4.24 Distortion profiles of disc #7 (measured at 0˚): (a) axial distortion profiles on the 

top and bottom faces along radius of the disc; (b) radial distortion profile on the lateral 

face along thickness of the disc 
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Figure 4.25: Radius changes (radial distortion) variations of disc #7 around the disc, 

measured at the mid-thickness position of the disc: (a) one dimensional view; (b) 2D map 
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Besides, Figs 4.25 (a) and (b) illustrate the radial distortion variations around the disc 

under each given measuring angle. It reveals that the disc radius at mid-thickness always 

shows an expansion behavior after the induction hardening process, no matter at which 

measuring angle. Moreover, an agreement is found when comparing the radial distortion 

at measuring angle of 0˚ in Fig 4.25(a) with the radial distortion at the mid-thickness 

(Z=3.5mm approximately) shown in Fig 4.24(b). Both of them display an expansion in 

radius around 0.005mm at the mid-thickness position. However, with respect to the 

scatter in the radial distortion measurements, it could be ascribed to the experimental 

error or probably the non-uniform temperature gradient formed during the induction heat 

treatment. Similar roundness examinations on sample suffered different heat treatment 

have been reported by other researchers [65-67]. 

4.3.2 Micro-hardness result 

A typical hardness profile after induction hardening treatment is in the literature [77] and 

cited in Fig 4.26 as a reference for comparison with the present hardness studies. As 

illustrated, z1 to z4, in order, represent the hardened zone, the zone made of a mixture of 

fresh (hard) and tempered Martensite, the over-tempered zone and finally the zone 

non-affected by the induction treatment. The related characteristic temperature range 

during the induction hardening process is provided at the top of this figure as well.  
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Fig 4.26: A typical hardness profile obtained after IH treatment on AMS 6414 steel [77] 

Fig 4.27 illustrates the three thickness positions which the micro-hardness test performs 

at. As explained before (in chapter 3), the micro-hardness measurement is carried out at 

top-, middle- and bottom-thickness positions along the radius (see Fig 4.27).  

 

Fig 4.27: The schematic sketch of the micro-hardness measurement path at three different 

thickness positions of disc #7 
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The micro-hardness profiles obtained at two angles 0˚ (-Y-axis) and 180˚ (+Y-axis), for 

disc #7 after induction hardening treatment through these three thickness positions, are 

shown in Fig 4.28(a) and (b), respectively. A hardness profile comparison between these 

two angles (0˚ and 180˚), only considering the mid-thickness position, is presented in Fig 

4.29 to provide a clearer view. Besides, the corresponding vertical cross-section view of 

the hardening depth contour across the thickness of disc #7 after IH treatment is shown in 

Fig 4.30. The detailed hardening depth results at three thickness positions (top-, mid- and 

bottom-thickness) at these two angles are summarized in Table 4.9. 
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Fig 4.28 Hardness profiles obtained through three thickness positions: (a) at angle=0˚ 

(–Y-axis); (b) at angle=180˚ (+Y-axis) 
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Fig 4.29: Comparison of the mid-thickness micro-hardness profile between measured at 

angle=0˚ (-Y axis) and angle=180˚ (+Y-axis)  
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Fig 4.30 Vertical cross-section view of the hardening depth contour across the thickness 

of disc #7, measured at angle=0˚  

 

Table 4.9 Hardening depth of disc #7 at three thickness locations of angle=0˚ and 180˚ 

Hardening 

depth 

(mm) 

At measuring angle of 0˚ At measuring angle of 180˚ 

Top- 

thickness 

Mid- 

thickness 

Bottom- 

thickness 

Top- 

thickness 

Mid- 

thickness 

Bottom- 

thickness 

1.72 1.25 1.68 1.68 1.20 1.55 

It has been observed from Fig 4.28 (a) that the micro-hardness distributions along radial 

directions measured at mid-thickness, top-thickness and bottom-thickness have similar 

trends. Also, they are rather similar to the typical hardness profile in Fig 4.26. As shown, 

all three curves demonstrate a typically high hardness value varying from 625HV0.2 to 

700HV0.2 near the surface. This is consistent with the normal hardness value in the 

hardened layer of similar material (AMS 6414) reported by others [72, 78], suggesting a 

hardened zone (z1). This region followed by a sharp decrease until reaching a minimum 

around 320HV0.2, indicating the hardness loss zone (z2). Then, the hardness gradually 

goes up to approximately 470 HV0.2, forming the over-tempered zone (z3). Afterwards, 

Top-thickness 

Mid-thickness 

Bottom-thickness 
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the hardness keeps a nearly constant value around 470HV0.2 in the core material. This is 

the same value as the initial hardness before induction hardening and therefore reveals 

the non-affected zone (z4). 

The slight rise in the hardness of the surface hardened layer with moving toward the 

center was also observed by Grum [5]. This could be explained by the formation of very 

fine martensitic microstructure in the inner region of the hardened layer. Essentially, this 

is owing to the non-uniform cooling rates in the disc surface during the IH process. The 

“groove” in the hardness profile, which occurs between the region close to the surface 

and nearby the core demonstrating the so-called over-tempered zone (z3), is a fairly 

common feature for a fast heat treatment. This is due to the tempering effect of the 

thermal flow happening during the IH treatment [77]. More detailed study on the entire 

hardness profile especially the over-tempered zone of the induction hardened specimen 

was reported by Ducassy [78]. Further, comparing the hardness profile with the relevant 

distortion pattern shown in Fig 4.28 (a), one can find that the largest axial distortions 

occurs exactly in the over-tempered zone of the hardness profile. This could be simply 

understood by the fact that lower hardness material is relatively easier to undergo 

deformation.  

Analyzing the hardening depth at the mid-, top- and bottom-thickness, a distinct 

difference has been noted. In the present study, the hardening depth is defined as the 

radial position where the hardness profile intersects with the horizontal core hardness line 
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(indicated by the horizontal dashed line in Figs 4.28 and 4.29). Clearly, the hardening 

depth measured at top-thickness and bottom-thickness are very close to each other and 

are in the order of 1.6~1.7mm. However, they are considerably larger than the 

mid-thickness hardening depth which shows a value of only around 1.2mm. This 

variation in the hardening depth has been viewed as a result of the edge effect caused by 

induction hardening and is further described in details elsewhere [73]. 

Generally speaking, Fig 4.28(b) is quite similar to Fig 4.28(a). The only slight difference 

is the hardness magnitude of three hardness profiles in the hardened layer, which varies 

from 625HV0.2 to 700HV0.2 in Fig 4.28 (a) and 600HV0.2 to 670HV0.2 in Fig 4.28 (b). 

However, for the minimum hardness in the over-tempered area and the uniform hardness 

in the core material, no noticeable difference is observed.  

In Fig 4.30, the red arrows indicate the hardening depth at the top-, mid- and 

bottom-thickness of the disc. A clear and characteristic hardened case profile has been 

exposed with a convex shape towards the lateral face. This suggests a smaller hardening 

depth at the mid-thickness position and accordingly confirms the previous conclusion 

drawn from the relevant hardness profiles. Table 4.9 shows again that the results are in 

accord with each other. The maximum difference between two corresponding thicknesses 

is 0.13mm. 
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4.3.3 Residual stress result  

The results of the residual stress measurements of disc #7 using neutron diffraction (ND) 

are discussed in details in this section. Prior to the stress analysis, the analysis of the 

reference d0 result is necessary. 

4.3.3.1 Reference d0 result  

It should be noted that the ND-determined radial and hoop stress-free lattice spacing (d0) 

distributions are obtained at the same mid-thickness position of the comb specimen which 

is described in section 3.5. Fig 4.31 shows the d0 distributions obtained by ND in present 

work and its comparison with that determined by XRD in previous work (based on an 

induction hardened 4340 disc, but the induction heating time is relatively longer), as well 

as the reference constant d0 value of 4340 steel based on the X-ray machine database[79]. 
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Fig 4.31: {112} radial and hoop stress-free lattice spacing (d0) distributions along disc 

radius, determined from the comb specimen 

Firstly, attentions are paid to the ND-measured stress-free lattice spacing (d0) of the {112} 

planes shown in Fig 4.31. In the hoop direction, the d0 value firstly demonstrates an 

increase near the surface, reaching a maximum of 1.1729Å, then followed by a 

diminishment with increasing depth through the hardened case and finally approaching a 

constant value of approximately 1.1715Å at a depth of around 2.0mm. A point deviating 

from the trend is observed at around 3.5mm. This point is ignored from the smoothed 

pattern but the cause of the deviation of this point has not been fully understood. One 

possible reason could be related to the impact of the wire-EDM machining applied to the 

comb production process. For example, if the tooth corresponding to the deviation point 

is affected by the wire-EDM machining largely than other teeth, the measured d0 data on 



 

100 

 

this tooth is not reliable. Concerning the data in the radial direction, there is only a small 

variation in the stress-free lattice spacing near the surface unlike the noticeable increase 

observed for the hoop direction. This is followed by a smooth decrease towards the inside 

and finally reaching a constant value of approximately 1.1718Å at 2.2mm.  

Clearly, in ND measurement, both the hoop and the radial stress-free lattice spacing 

present a relatively higher values close to the surface than towards to the core. This may 

be due to the presence of C (carbon) in the Martensite lattice of the surface layer leads to 

the increase of atomic spacing during the Martensite transformation process [80]. 

However, since the core material does not undergo any phase transformation-keeping the 

unaltered microstructure (unstable tempered Martensite) during the IH treatment, the d0 

shows a relatively smaller size and displays a nearly constant value till the center of the 

disc. For the transition area, which has a mixed microstructure of that in the surface and 

in the core, the corresponding d0 consequently displays a decreasing tendency towards 

the inside.  

In addition, it is worth noting that data scattering has been observed for both the hoop and 

radial directions. The exact reason for this variation, again, has not been completely 

understood. It is possibly due to the uncertainty and errors of ND experiment or the issues 

stemming from the sample machining processes (e.g. the wire-EDM process may alter 

the original state of this comb reference sample). 
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Fig 4.32 Thin layers preparation for d0 measurement by XRD 

Now, based on Fig 4.31, a comparison is made between the ND-determined d0 profile in 

radial direction and the two d0 data obtained by XRD experiment. As illustrated in Fig 

4.32, these two d0 values are measured from two thin (0.07mm) layers which are cut from 

a similar induction hardened disc at the depth of 0.6mm and 20mm from the surface, 

separately. Since the layer is very thin, it is assumed that there is no residual stress 

existed in the normal direction of the layer. This means the d0 in the radial direction of 

the disc can be obtained. As indicated by two dashed lines in Fig 4.31, the d0 values at the 

depth of 0.6mm and 20mm are 1.17195Å and 1.17079Å, respectively. The hardening 

depth at this case is around 1.6mm and the larger value of d0 is related to the Martensite 

microstructure at the outside layer of the sample. In both, the ND and the XRD 

measurement demonstrate larger values near the surface, but the values determined by 

XRD and ND are somewhat different. The XRD-determined d0-surface value is close to the 
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ND-determined radial d0 values at the near surface area, but a considerable discrepancy 

happened between the d0-core values in the core material. The ND-determined d0 is clearly 

larger than the d0-core of XRD, and they are both larger than the reference constant d0 

value of the 4340 steel. This discrepancy of the d0 value, however, could probably be 

attributed to the different diffraction angle (2θ) used in ND and XRD measurement, the 

system errors and also maybe the inherent difference existed in the investigated sample. 

Similar stress-free lattice spacing investigations have been done in recent years. Prevey 

and Mason [81] calculated the d0 depth distribution of an induction hardened sample 

based on the obtained stress data. Their result is quite similar to the hoop one shown in 

Fig 4.31 in present study. The calculated d0 profile showed a reduction at the surface and 

a fluctuation in the core material. Besides, by virtue of ND approach, Ezeilo and Webster 

[63] reported the d0 distribution of a laser hardened weld specimen where their results 

demonstrated a significant variation of d0 in the hardened layer. Nevertheless, the 

information of the experimental-based d0 depth profile for samples’ stress determination 

is still limited in the literature, even for the weld specimens (the parts often display local 

composition variations). The lack of induction hardened d0 data in the literature makes it 

difficult to compare the d0 result between present study and the others’ work. 

In addition to all above, one thing should be noted that each point shown on the 

ND-measured d0 profiles are the actual stress-free lattice spacing data obtained from the 

neutron diffraction experiment on each teeth of the comb sample. 10 teeth enable 10 d0 
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points available in the 5mm measurement length. However, for obtaining the residual 

strains with a smaller gradient (e.g. residual strains measurement was taken every 0.2mm 

in the sample’s hardened layer), d0 at finer spacing is required. Hence, interpolation of 

the smoothed d0 profile is used. The effect of d0 depth distribution in the calculation of 

residual stress fields are discussed next. 

4.3.3.2 Disc residual strain and stress results 

As previously indicated, the residual strains measurements by ND are performed on a 

disc sample at mid-thickness from around 0.2mm beneath the circumferential surface 

until at a depth of about 5.0mm approximately. The residual stress results in three 

directions are calculated from the measured strains based on Equation 2. 

Considering that there are two d0 profiles (d0 in radial and d0 in hoop direction) obtained 

from ND measurement and both of them could be used for the residual stress 

determination, the comparisons of the residual stress distribution based on these two d0 

profiles are therefore made in hoop, axial and radial directions, respectively, along the 

radius of the disc, as shown in Fig 4.33(a) to (c). Besides, the ND stress calculations 

based on the two d0 values obtained by XRD (see Fig 4.31) as well as the previous XRD 

results are also given in Fig 4.33(a) and (b) for comparison. One thing should be clear 

that the hardening depth (HD) indicated in following figures is the value measured at the 

mid-thickness position of disc #7, at the same measuring angle where the residual stress 

measurement applied on. 
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(c) 

Fig 4.33 Comparisons between the residual stress results obtained by ND in present study 

and that by XRD in previous work: (a) in hoop direction; (b) in axial direction; (c) in 

axial direction (the previous XRD result is not available). Here, the ND result are 

calculated based on both (radial and hoop) d0 profiles obtained by ND and two d0 values 

obtained by XRD in Fig 4.31; the previous XRD result is calculated based on two d0 

values measured by XRD in Fig 4.31. 

As can be seen from Fig 4.33(a) to (c), the general trend of the residual stress obtained 

from the d0 measured in the radial direction by ND is quite similar to that obtained from 

one given by in the hoop direction. The significant difference of the strain or the stress 

only happens at the near surface area. This could be understood by the significant 

difference of the d0 value shown between the hoop and the radial direction at the near 

surface area (as displayed in Fig 4.31). In the range of around 1.2mm from the surface, 

both the residual stress based on the d0 in the radial direction demonstrate a smaller 
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negative value than that obtained from the d0 obtained in the hoop direction. Besides, the 

ND stress result based on the two d0 obtained by XRD shows a similar stress profile to 

that determined by ND-measured d0, except that the overall stress profile shifts up which 

makes it much closer to the zero in the core. 

If comparing the three ND stresses in Fig 4.33(a) with the corresponding ones in Fig 

4.33(b), it is found that in the hardened layer the stress profiles in hoop direction are quite 

similar to that in axial direction. This is also observed from the previous XRD results 

shown in Fig 4.33(a) and (b). Hence, it could be supposed that in the hardened layer, the 

residual stress in the hoop and in the axial directions are somewhat comparable. For the 

depth beyond the hardened layer, however, only the stress in hoop direction shows a 

noticeable tensile stress which suggests a critical stress state. In addition, the hardening 

depth of the induction hardened disc (4340 steel) used for previous XRD study is 

1.60mm, larger than that of present sample. This is due to the different IH recipe (longer 

heating time) applied to the previous sample. 

Based on above residual stress analysis, it can be seen that the stress can vary to a certain 

extent with the different d0 reference used. For present study, although the ND-based two 

d0 profiles are somewhat questionable (e.g. the scattering data found), the better choice is 

still using the hoop d0 profile and the radial d0 profile obtained by ND to calculate the 

corresponding hoop and radial residual strain/stress, respectively, other than using the 

two d0 data obtained by XRD or the d0 constant to make the stress calculation. Since the 
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axial d0 profile is missing, the averaged value of the ND-measured d0 in the radial and 

hoop direction is applied to calculate the residual strain/stress in the axial direction. The 

relevant residual strains and stresses distributions (based on ND-measured d0) in these 

three directions along the radius of disc sample are shown in Fig 4.34(a) and (b) 

respectively. Additionally, only in the purpose of comparison, the residual strains and 

stresses profiles based on the two XRD-determined d0 values are also given in Fig 4.35(a) 

and (b). 
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Fig 4.34: Disc #7 residual strains and stresses results based on ND-measured d0: (a) 

residual strains distributions in three directions; (b) residual stresses distributions in three 

directions 
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Fig 4.35: Disc #7 residual strains and stresses results calculated based on the two d0 

values obtained by XRD: (a) residual strains distributions in three directions; (b) residual 

stresses distributions in three directions 
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As can be seen from Fig 4.34(a), the hoop strain is compressive near the surface, turning 

to tensile towards the disc center at radial position of approximately 1.2mm and then 

gradually approaching to zero. A quite similar shape of strain depth profile has been 

observed in the axial direction but the value of the axial strain is negative throughout the 

radius. As for radial strain, in contrast, it is tensile near the surface, altering to 

compressive and afterwards closing to zero at the core. Such radial strain distribution, 

which more or less displays an opposite strains tendency along radius to hoop and axial 

directions, is reasonable to some degree since it suggests a material deformation balance: 

two directional compressive deformations should be accompanied with one directional 

tensile deformation. However, the reduction in the radial strain appeared within 0.5mm 

below the surface is unexpected and has not been fully understood.   

The triaxial stress distributions are calculated and shown in Fig 4.34(b). As expected and 

reported in other published works [54, 55] on induction hardened samples, it reveals a 

compressive residual stress field in the hoop and axial directions in the area close to the 

surface. Then a reversal into tensile stress happens at the radial depth of 1.2mm from the 

surface in hoop direction and 1.5mm in axial direction. The maximum compressive stress 

in hoop and axial directions are quite close, both on the order of -1120MPa, and they are 

observed at exactly the same radial position (~0.65mm) from the surface. Besides, a 

maximum tensile stress is also found in hoop direction with an approximate value of 930 

MPa whilst the axial one is much smaller, only 250MPa. It implies that disc hoop 
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direction encountered the most critical stress condition (maximum tensile stress and 

largest change) over the other two directions, and this is relatively normal for heat-treated 

cylindrical samples as reported by other researchers, such as [82, 83] 

The stress in the radial direction, which in most cases is supposed to be an almost 

constant value close to zero or only showing a slight tensile over the whole radial 

positions [11], it found to be always compressive here and demonstrates a considerable 

variation along the radial positions within 2mm from the surface. This finding is 

somewhat puzzling and contradicts the relevant results obtained by others [55, 81, 84], 

for example. Nevertheless, Douglas J. Hornbach et al. [54] reported an induction 

hardened gear with large variation in radial residual stress using XRD investigation. In 

present study, the obvious variation in the radial direction can be attributed to the 

relatively large experimental uncertainty (indicated by the error bars in Fig 4.34) resulted 

from the neutron diffraction experiment, especially investigating the strains at 

near-surface area. For example, in the ND stress measurement, the overlapped and broad 

double-peak diffraction pattern occurred in the near surface area of the disc sample. This 

could suggest a multi-phased hardened layer where the phases are highly distorted. 

However, considering these two peaks are largely overlapped, such double-peak pattern 

was finally treated as a single peak. The single peak center location is determined by a 

Gaussian fit, which has been discussed in detail by Hutchings [28] for ND-based stress 

measurements. As seen, such kind of data processing can be considered as a source of 
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error particularly at the near-surface area. According to the calculation of Δd/d (precision 

in strain), the near-surface area of the sample demonstrate a slightly larger value (>2×10
-4

) 

than that near the core (between1×10
-4

~2×10
-4

). 

In stress research field, the problem and challenge of residual stress studies in subsurface 

area of the surface enhancement sample has been attracting great attention all the time. 

Some researchers agreed that the strains measurement in the near-surface area is still 

troublesome whether X-ray or even neutron diffraction methods were used [28, 55, 85, 

86]. For example, in the near surface, if the significant stress gradient existed in the XRD 

irradiated area or the ND sampling volume, the assumed constant stress condition in the 

targeted area or volume used for stress calculation will cause error and affect the stress 

results [85]. Considering this and also the issue of d0 determination (discussed before), 

the present radial residual stress profile is questionable to a large extent, particularly in 

the close-to-surface region, and it cannot be further used as the ground to draw the 

conclusion of the real radial stress field within the material.  

Now, keeping an eye at the radial depth after 2.5mm, the three stress profiles gradually 

merge towards the center. They nearly coincide at the radial depth of around 5.0mm, 

where probably insinuates the beginning of the non-affected core region of the sample. 

Since the three component residual stresses should be all approaching to zero in the core 

material due to the nature of residual stress [7, 11, 27] and this has been proved by 

numerous experimental works (e.g. the radial residual stress depth profile measured by 
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ND [84] and XRD [87]), the present uniform stress value of -250MPa approximately 

could be similarly explained by the significant uncertainty originated from the neutron 

diffraction technique.  

Very commonly, the residual stress distribution is always related and combined with the 

corresponding hardness profile. The hardness depth profile along radial positions as 

depicted in Fig 4.29 has highly conformed to the relevant residual stress distributions 

shown in Fig 4.34(b). Firstly, due to the Martensite microstructure formed in the disc 

hardened layer, the residual stress demonstrates compressive value and meanwhile the 

corresponding micro-hardness shows a high value. Besides, the maximum compressive 

residual stress in hoop, axial and even the radial directions are both observed at 

somewhere below the surface, which could be closely linked to the slight increase of 

hardness in the surface hardened region. The real reason for this is not clear so far. 

However, one explanation could be the very fine Martensite formation happening at a 

certain depth below the surface according to Grum [5]. 

Moreover, in the present case, the hardness profile (Fig 4.29) displays a sharp drop in 

transition area. Meanwhile, the residual stress profile, for example, in the hoop direction 

(Fig 4.34(b)), also demonstrates a relative steep transition from compressive to tensile. 

This could suggest that the hardness variations in the transition area (an area defined by 

the range between the hardened and core material zone of the hardness profile) can affect 

the residual stress transition shape. A steeper reduction in hardness may contribute a 



 

114 

 

sharp change of residual stress. This finding is in agreement with the reported standpoint 

mentioned by Grum [5]. In addition, Grum also pointed out that when the hardening 

depth of the induction hardened sample is less than 2mm, the stress transition from 

compressive to tensile usually occurs in obedience to the transition zone in hardness 

profile. Clearly, our case highly supports this statement.  

In the present case, both the hoop and the axial residual stress transition points are exactly 

located within the transition zone of the corresponding hardness profile and the measured 

hardening depth is 1.25mm, smaller than 2mm. Furthermore, with respect to the radial 

positions after 2.5mm until around 5.0mm below the surface, the hardness distribution 

and the three residual stress profiles show a consistent trend. Both of them approach to a 

nearly constant value towards the core. This reveals the existence of a non-affected 

region with the initial microstructure prior to the induction surface hardening process. 

Now, comparisons are carried out between the strains and stresses in Fig 4.34 and that in 

Fig 4.35. It is noted that all the strains and stresses profiles in Fig 4.35 have shifted up. 

The maximum compressive stress in Fig 4.34(b) is around -1000MPa whereas it is only 

-750MPa in Fig 4.35(b), approximately. Moreover, at the depth relatively far from the 

surface, the strains and stresses in Fig 4.35, which are based on the XRD-determined d0, 

are almost zero, in contrast to the stress value of -250MPa in Fig 4.34(b). Clearly, the 

difference of the residual strains and stresses shown in between Fig 4.34 and 4.35 are 

resulting from using different stress-free lattice spacing d0. Since the XRD-determined 
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two d0 values (Fig 4.31) are relatively smaller than that determined by ND, the 

corresponding strain and stress profile shown in Fig 4.35 shift up compared with that in 

Fig 4.34, and display much closer to zero near the core. Hence, it could be guessed that, 

at the depth relatively far from the surface, the value of d0-depth (determined by XRD) may 

be more close to the real stress-free lattice spacing of the sample. However, in spite of 

this, all analysis based on Fig 4.35 is only aimed at giving a comparison of the strains and 

stresses determined by different d0 to that determined by present ND measurement. The 

curves shown in Fig 4.35 cannot be used as the residual stress result of present work. 

In summary, for the induction hardened sample (e.g. disc #7 is present study), the 

knowledge of d0 depth distribution is necessary. This is because the d0 in the hardened 

layer can show a relatively larger size than that in the core material, which may finally 

affect the stress calculation to a considerable extent. For example, in present ND study, 

the variation of 0.001Å in d0 can result in a difference in residual stress more than 

200MPa in the hardened layer. However, the reliability and accuracy of the ND-based d0 

measurement itself is still more or less under question, since the supposed stress-free 

sample (the comb in present study) may be not completely stress-free. This is an issue left 

in present ND work and needed to be fully studied in the future. 
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4.3.3.3 Full Width Half Maximum (FWHM) results 

The FWHM profile of the Fe {112} Kα1 diffraction peak is illustrated in Fig 4.36. The 

relevant hardness curve is also shown in Fig 4.36 for giving a clear explanation. As seen, 

the overall FWHM profile in the hoop, axial and radial directions are quite similar. The 

only noticeable difference in peak width among them appears within the hardened layer. 

Regarding the transition zone and core material region, the three FWHM curves are very 

close to each other even overlapping at many radial positions. Besides, all the three 

FWHM profiles display a visible variation in the hardened region up to a radial depth 

around 1.0mm below the surface, and such variations could be related to the likewise 

hardness fluctuation in surface hardened region, suggesting the inhomogeneous 

microstructure generated in the surface layer, possibly caused by the dislocations existed 

in the hardened layer.  
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Fig 4.36 Fe {112} diffraction peak FWHM distributions along radius 

Moreover, after the hardened region, the peak width declines quickly towards the center 

until reaching a minimum value around 0.6 degree at a radial depth of 1.5mm 

approximately. This is closely followed by a gradual increase to approach a nearly 

constant value of 1.0 degree, revealing the core material zone. The remarkable trough 

appeared in the FWHM curve is consistent with the similar groove pattern found in the 

hardness profile (Fig 4.28 and 4.29), which could be seen as the material over-tempering 

nature taking place at the end of the hardened region. 

 

 

  



 

118 

 

CHAPTER 5 

 

Concluding Remarks, Contributions and 

Suggestions for Future Work 
 

 

5.1 Concluding Remarks 

The results show that with the same initial hardness, the disc which is induction hardened 

using longer heating times and higher input powers can finally generate deeper hardening 

depth and larger distortions. This indicates that IH parameters can significantly affect the 

distortion outcomes. Increasing heating time or power increases the distortion size. 

Meanwhile, based on the comparison among discs with different initial hardness but 

encountering the same IH recipe, it can be concluded that the initial hardness can as well 

influence the hardening depth and final distortion results. Discs with lower initial 

hardness demonstrate a smaller hardening depth and greater distortion magnitude, which 

raises the apparent contradiction.  

In addition, a two-dimensional schematic disc distortion contour has been constructed. It 

displays a general symmetric distortion profile with a convex-shape pattern near the outer 

edge while gradually approaches zero towards the center of the disc’s top and bottom 

faces. The extension and size of this distortion pattern of each disc sample are related to 
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the applied IH recipe. Besides, for the circumferential face there is no specific distortion 

shape tendency that can change according to the experimental conclusions: a 

convex-shape can be always observed from the samples with higher initial hardness, 

where the apex is located around the disc mid-thickness. Considering the discs with lower 

initial hardness, however, an irregular distortion profile on the circumferential face was 

usually observed. 

For the same initial hardness, hardening depth supports the distortion results. The larger 

distortion is always accompanied with a greater hardening depth. However, when probing 

the effect of sample initial hardness for a given recipe, an opposite conclusion is drawn: 

larger distortions are related to smaller hardened case. This can be attributed to the 

increase of Martensite transformation temperature with decreasing the initial hardness.  

The d0 radial and hoop results both indicate a relatively large value near the disc surface, 

within the transformed zone. A smaller and constant d0 is measured towards the core. The 

hoop residual stress distribution along the disc radius displays a compressive value near 

the surface changing into tensile at approximately the transition zone, followed by a 

nearly constant value in the core material. This is quite normal for induction hardened 

steel due to the martensitic transformation happening in the hardened layer. The disc 

residual stress profile in axial direction is similar to that in the hoop direction in the area 

near the surface and shows the same constant value in the core, except that it only has a 

very small tensile stress region. With respect to radial residual stress, however, it is 
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always compressive and demonstrates a relatively large variation along the radius but 

also shows the same constant value in the core material as that of the hoop and axial 

directions.  

Since the uncertainty of residual stress measured by ND is relatively large due to the 

larger sampling gauge volume compared with XRD, especially in the near surface area 

due to the heterogeneous microstructure of the newly-formed Martensite, the noticeable 

variation of the disc radial residual stress is unreliable to some extent. Therefore, for 

sample near surface residual stress investigation, XRD technique is considered as an 

alternative choice instead of ND. However, for deeper stress measurement by XRD, since 

a series of layer removal process is required and its corresponding stress relaxation 

correction may also cause significant errors, the reliability of stress data obtained by 

XRD is also under question. Accordingly, other methods, such as the contour approach, 

are suggested to probe the residual stress in depth to validate the ND-based stress result 

in present study.       

The over-tempered zone located between the hardened and core region. This kind of 

hardness profile has been further documented by the FWHM distributions obtained by 

ND which also demonstrated a groove-shape at the same depth range. Furthermore, the 

mid-thickness hardness profile and the relevant residual stress distribution are in good 

agreement. The hoop residual stress transformed from compressive to tensile in the same 

hardness transition region. Interestingly, hardness displays a constant value after 2.5mm 
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from the surface until the core whereas the residual stress seems to level off at deeper 

values. Relating this to the corresponding distortion profile, it has been noted that the 

distortion magnitude also gradually approaches zero after 2 or 3mm away from the edge 

of the disc.  

 

5.2 Contributions 

A coordinate measuring machine (CMM) and the neutron diffraction (ND) technique are 

employed in present work to characterize the distortion pattern and the residual stress 

distribution of the induction hardened discs. The contributions of this work can be 

summarized as: 

 The relationship between the IH parameters (time and power) applied to discs and 

the resulting distortion size as well as the hardening depth has been established. 

 The influence of the initial hardness of the discs on the IH distortion size and the 

hardening depth has been found. 

 3-dimensional residual stress distribution in depth of the induction hardened disc has 

been documented by non-destructive ND method. 

 The relationship between the residual stress field and the corresponding hardness 

profile has been characterized.  
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5.3 Suggestions for Future Work 

Based on the research performed in this thesis, the following issues are suggested for 

future work: 

 Distortion Measurement 

Since the distortion measurements carried out in present studies are all based on the 

touch-probe CMM technique, the sample surface could be more or less impacted by the 

touching movement which probably leads to increasing the uncertainty in the distortion 

measurements. Accordingly, it is better to use laser-scan CMM technique to study 

distortion.  

In addition, as mentioned in the distortion result of Chapter IV, the paradox effect of 

initial hardness on the distortion results is worthy to be further studied. This could be 

based on a series of distortion measurements on different samples with various initial 

hardness levels. 

 Residual Stress Measurement 

ND method is applied for disc sample residual stress investigation at the depth from 

0.2mm to 5mm, but for the near-surface stress distribution within 0.2mm from the surface, 

there is no data. Therefore, XRD technique is recommended to investigate the residual 

stress distribution within 0.2mm. This should be combined with the ND result to uncover 

the entire residual stress profile.  
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Moreover, considering only one disc sample was examined by ND in this study, the 

relationship between the residual stress and various applied IH recipes were not 

established. Hence, more hardened disc specimens with different IH parameters should 

be further investigated by ND in the future work. 

 Other method to investigate RS 

Destructive methods, for example the contour method could be used on the same disc to 

compare with the non-destructive ND approach. 

 Modeling of IH 

Complete IH process modeling is needed and the obtained ND residual stress result can 

be applied to validate the effectiveness of this simulation works.  

 Improvement of the RS determination by ND technique 

Firstly, for improving the RS measurement by ND, more accurate and reliable stress-free 

lattice spacing (d0) values are needed. This, on the one hand, requires an appropriate 

manufacturing process for the reference sample. In the present study, the wire-EDM 

machining is employed for reference sample (comb) preparation. However, a slight bend 

and deflection appeared on the comb teeth, which could be a source of error of the 

residual stress result. Therefore, an alternative technique should be selected carefully to 

avoid or at least reduce the machining effect on reference sample to a large extent. 

Besides, on the other hand, the accuracy of the d0 measurement is also expected to be 
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improved. This could be achieved by increasing the neutron counting time or by adjusting 

the sampling gauge volume to obtain a better diffraction peak with lower background, for 

example.      

Secondly, a successful residual stress determination also depends on the accuracy of the 

stressed lattice spacing (d) measurement. As mentioned in the present ND study, the 

double-peak (overlapped peaks) diffraction pattern appeared at the near surface area of 

the disc sample is treated as the single peak, which can be a source of error. Therefore, 

one improvement can be made to figure out the precise center location of the double-peak 

diffraction pattern. 

Furthermore, the ND equipment set-up prior to the experiment also affects the residual 

stress result. However, since the sample positioning and the apparatus alignment of the 

present ND experiment have been proved to be good enough, the significant 

improvement of the stress measurement cannot be expected only by improving the 

equipment set-up.  

In addition to above, the characters of the investigated sample itself such as the grain size, 

the texture, the plastic anisotropy and the inhomogeneous attenuation [27, 28] are all 

capable to influence the stress outcomes obtained by ND. Nevertheless, these factors are 

material-dependent and therefore hardly to be controlled to improve the accuracy of 

stress measurement. 
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Appendix I 

SGV (sampling gauge volume) Determination 

The SGV determination is important for ND stress measurement since the inappropriate SGV 

selection can result in a big error in stress result. The SGV dimensions chosen are generally 

based on two considerations: the stress scan step used and the sufficient grains involved in 

the SGV.  

In present ND studies, the IH case depth (1.25mm) of disc sample is in between 1mm and 

2mm and therefore the relatively smaller stress scan step of 0.2mm near the surface was used. 

The three principal directions for stress measurement are shown in Fig 1. 

 

Fig 1 Three principal directions for stress measurement by ND 
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 SGV determination in radial direction 

For disc radial residual strain investigation, the stress scan step is limited by the dimension of 

the two slits (incident and diffraction beam slits) used, as shown in Fig 2(a). Therefore, the 

wide of slit was decided as 0.3mm. Now, considering the requirement of sufficient grains 

covered in the SGV, the dimension of gauge height should not be too small. However, since 

the sample used in present study is disc sample, the increase of gauge height is accompanied 

with the increase of error. For example, as shown in Fig 3, the 10mm gauge height covers 

point A, D and C. However, the stress value at point A equals to that at point C but different 

from the one at point D. Therefore, the error comes from the stress difference between point 

A (same as C) and D, that is, BD. Clearly, the length of BD increases with the increasing of 

gauge height adapted. The calculation of such error (BD) based on different gauge height is 

summarized in the table of Fig 3. 

 
Fig 2 SGV determination in radial direction: (a) the SGV used for radial stress measurement; 

(b) the sampling area decided by two slits    
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Fig 3 Stress measurement error variation with different gauge height value 

The finally gauge height used for radial direction is 4mm, with a relatively smaller error 

close to 40µm. This selection is because for those gauge heights smaller the 4mm, although 

the resulting measurement error is much smaller, the resulting SGV size is also very small. 

Too small SGV cannot include enough grains and therefore the diffraction signal will be 

weak.  

Hence, based on all above, the SGV used in radial direction was determination by 0.3mm 

width of two slits with 4mm gauge height, was 0.36mm
3
 (0.3×0.3×4). 

 

 SGV determination in hoop and axial directions 

For disc hoop and axial strain exploration, the stress scan step is limited by the dimension of 

the gauge height instead of slits in radial direction, as shown in Fig 4 and Fig 5.  
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Fig 4 SGV determination in hoop direction 

 
Fig 5 SGV determination in axial direction 

Therefore, the gauge height in these two cases is chosen as 0.3mm. In comparison to the 

SGV determination in radial direction, the SGV dimensional error now is related to the wide 

of slits. Similarly as previous error analysis (see Fig 3), 3mm slits with relatively smaller 

error (4mm is also acceptable, but 3mm is enough to generate a larger SGV) was adopted for 

stress measurements.  

Hence, the SGV dimensions for hoop and axial direction was determination by 3mm width of 

two slits with 0.3mm gauge height, was 2.7mm
3
 (3×3×0.3).  
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Appendix II 

IH Distortion Results of Three Testing Groups at Measuring 

Angles of: 90˚ (-X-axis), 180˚ (+Y-axis) and -90˚ (+X-axis) 

 

 Group I (disc #1 to #5 with initial hardness of 43HRC) 

1. At measuring angle of 90˚ (-X-axis): 
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(e) 

Fig 1 (a) to (e): axial (left) and radial (right) distortion profiles of disc #1 to #5 at measuring 

angle of 90˚ 
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2. At measuring angle of 180˚ (+Y-axis): 

42 44 46 48 50 52 54
-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

 Top  Bottom 


Z

(m
m

)

R(mm)
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20

0

1

2

3

4

5

6

7  Lateral face

Z
(m

m
)

R(mm)  

(a) 

42 44 46 48 50 52 54
-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

 Top  Bottom


 Z

(m
m

)

R(mm)

-0.008 -0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008

0

1

2

3

4

5

6

7  Lateral face
Z

(m
m

)

R(mm)  

(b) 

42 44 46 48 50 52 54
-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

 Top  Bottom 


Z

(m
m

)

R(mm)
-0.008 -0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008

0

1

2

3

4

5

6

7

Z
(m

m
)

R(mm)

 Lateral face

 

(c) 



 

139 

 

42 44 46 48 50 52 54
-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

 Top  Bottom 

Z

(m
m

)

R(mm)
-0.008 -0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008

0

1

2

3

4

5

6

7

Z
(m

m
)

R(mm)

 Lateral face

 

(d) 

42 44 46 48 50 52 54
-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

 Top  Bottom 


Z

(m
m

)

R(mm)
-0.008 -0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008

0

1

2

3

4

5

6

7

Z
(m

m
)

R(mm)

 Lateral face

 

(e) 

Fig 2 (a) to (e): axial (left) and radial (right) distortion profiles of disc #1 to #5 at measuring 

angle of 180˚ 

 

3. At measuring angle of -90˚ (+X-axis): 
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(e) 

Fig 3 (a) to (e): axial (left) and radial (right) distortion profiles of disc #1 to #5 at measuring 

angle of -90˚ 

 

 Group II (disc #11 to #15 with initial hardness of 35HRC) 

1. At measuring angle of 90˚ (-X-axis): 
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Fig 4 (a) to (e): axial (left) and radial (right) distortion profiles of disc #11 to #15 at 

measuring angle of 90˚ 

 

2. At measuring angle of 180˚ (+Y-axis): 
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(e) 

Fig 5 (a) to (e): axial (left) and radial (right) distortion profiles of disc #11 to #15 at 

measuring angle of 180˚ 
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3. At measuring angle of -90˚ (+X-axis) 
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Fig 6 (a) to (e): axial (left) and radial (right) distortion profiles of disc #11 to #15 at 

measuring angle of -90˚ 

 

 Group III (disc #16 to #20 with initial hardness of 27HRC) 

1. At measuring angle of 90˚ (-X-axis): 
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Fig 7 (a) to (e): axial (left) and radial (right) distortion profiles of disc #16 to #20 at 

measuring angle of 90˚ 

 

2. At measuring angle of 180˚ (+Y-axis) 
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Fig 8 (a) to (e): axial (left) and radial (right) distortion profiles of disc #16 to #20 at 

measuring angle of 180˚ 
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3. At measuring angle of -90˚ (+X-axis) 
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Fig 9 (a) to (e): axial (left) and radial (right) distortion profiles of disc #16 to #20 at 

measuring angle of -90˚ 
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Appendix III 

Repeatability and Surface Roughness Verifications for Distortion 

Measurement 

 

 Repeatability: 

Fig 1 to 3 give an example of coordinate measurement (by CMM) repeatability check on disc 

#1 top surface. Fig 1 is the top face 2D map of disc #1 measured by CMM at first time. Fig 2 

is the top face 2D map of the repeat measurement on the same disc. Fig 3 is the linear 

comparison of top face Z coordinate between first and repeat measurement at the measuring 

angle of 0º. 

It can be seen from Fig 1 to Fig 3 that disc #1 shows a slightly gradual increase of Z on top 

face towards the disc’s center. Based on the 2D map comparison between Fig 1 and Fig 2, it 

is found that the top face profile between two individual measurements is quite similar. Fig 3 

shows a more clear idea of present CMM measurement repeatability. It can be seen from Fig 

3, the difference between two measurements is smaller than 1 E-03mm. Besides, according to 

the statistic analysis based on all data measured on disc #1 top face, it shows the mean 

absolute deviation between two measurements is 6.07E-04, no more than 1 E-03mm. 
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Fig 1: Top face 2D map (first measurement) of disc #1 before IH treatment 
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Fig 2: Top face 2D map (repeat measurement) of disc #1 before IH treatment 
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Fig 3: Comparison of Z coordinates on the top face of disc #1 between the first and the 

repeated measurements, at measuring angle 0º 

 

 Surface roughness investigation: 

Fig 4 and Fig 5 display the variation of Z coordinate on disc #1 top face by 2D map and by 

linear analysis. It can be from both figures that there is a slightly gradual increase of Z 

coordinate on top face. This could be resulted from the sample manufacture process. 
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Fig 4: 2D map of Z coordinate variation on disc #1 top face   
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Fig 5: Linear of Z coordinate variation on disc #1 top face, at measuring angle of 0º  

 

 


