
H oss ain,  Moh a m m a d  S aye e d,  Al  H a r t hy,  Tariq,  N ave e d,  Nid a  
a n d  Ga rz a,  Ca rlos  (2024)  Develop m e n t  of  a c c u r a t e  con tou r  
r e sid u al  s t r e s s  m e a s u r e m e n t  t e c h niqu e  for  s u s t ain a ble  
s t r uc t u r al  in t e g ri ty  a s s e s s m e n t  in  a d di tive  m a n ufac t u ring.  
Jour n al  of  P hysics:  Confe r e n c e  s e ri e s,  2 8 1 1  (0120 3 3).  ISS N  
1 7 4 2-6 5 9 6  

Downloa d e d  fro m: h t t p://su r e . s u n d e rl a n d. ac.uk/id/e p rin t /17 9 5 7/

U s a g e  g u i d e l i n e s

Ple a s e  r ef e r  to  t h e  u s a g e  g uid elines  a t  
h t t p://su r e . s u n d e rl a n d. ac.uk/policies.h t ml  o r  al t e r n a tively  con t ac t  



s u r e@s u n d e rl a n d. ac.uk.



Journal of Physics: Conference
Series

     

PAPER • OPEN ACCESS

Development of accurate contour residual stress
measurement technique for sustainable structural
integrity assessment in additive manufacturing
To cite this article: Mohammad Sayeed Hossain et al 2024 J. Phys.: Conf. Ser. 2811 012033

 

View the article online for updates and enhancements.

You may also like
Unified monitoring and online maintenance
technology of substation secondary
equipment
Faliang Su, Suisheng Zheng, Rongrong Ji
et al.

-

Active Resonance Fitting Energy
Harvesting from Spinning Objects
Mohamed Hedaya, Mohamed Elhadidi and
Mahmoud Z. Ibrahim

-

A Low voltage AC fault arc detection
method based on multi-feature fusion
Zhaoqiang Li, Yang Liu, Zhihua Liang et
al.

-

This content was downloaded from IP address 94.1.142.86 on 11/08/2024 at 13:17

https://doi.org/10.1088/1742-6596/2811/1/012033
https://iopscience.iop.org/article/10.1088/1742-6596/2814/1/012035
https://iopscience.iop.org/article/10.1088/1742-6596/2814/1/012035
https://iopscience.iop.org/article/10.1088/1742-6596/2814/1/012035
https://iopscience.iop.org/article/10.1088/1742-6596/2811/1/012036
https://iopscience.iop.org/article/10.1088/1742-6596/2811/1/012036
https://iopscience.iop.org/article/10.1088/1742-6596/2814/1/012030
https://iopscience.iop.org/article/10.1088/1742-6596/2814/1/012030
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjssKNuj81IkMcPO7BuKDwG8iUpVuIFEXFYcrPUF9PkCRjwXDcs8j8UlP051U1-voim4V2LcsKo-5pHyOMEHlvM71wN_GPuGZnnMaTYaL7xDj_XL59ltTpro6EoFM29gDTYGTav7kZUPZRDcEiifqYJuNpEpzlsylR7Z8L_xNqVYX2EQ31CfA0lGfNtCv2vZVH5CcTovEYF351B55EBPXdePXqWeJyYbL5tAl6lSEQ9xAbhoY88XmP0zjFA5O2VWh883IByX5DIg8-6fHopTzmZxIlJLQON7EMGc38-ar0P6gjQkO9sEvwVH6Wz4sfKRaM7PqnmQqWRB3u5BBJvl8Wg&sig=Cg0ArKJSzFLQ8PGgewws&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/prime2024/registration/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_prime_early_reg%26utm_id%3DIOP%2BPRiME%2BEarly%2BRegistration


Content from this work may be used under the terms of the Creative Commons Attribution 4.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

21st International Conference on Applied Mechanics and Mechanical Engineering
Journal of Physics: Conference Series 2811 (2024) 012033

IOP Publishing
doi:10.1088/1742-6596/2811/1/012033

1

 

 

 

 

 

 

Development of accurate contour residual stress measurement 

technique for sustainable structural integrity assessment in 

additive manufacturing 

Mohammad Sayeed Hossain1, 4, Tariq Al Harthy1, Nida Naveed2 and Carlos 

Garza3 

1 Department of Aeronautical Engineering, Military Technological College, Muscat, 

Oman 
2 Faculty of Technology, School of Engineering, University of Sunderland, United 

Kingdom 
3 Centro de Investigación e Innovación en Ingeniería Aeronáutica (UANL) Apodaca 

México 

Abstract. Accurate analysis of residual stress present within an engineering component plays a 

fundamental role to its sustainable structural integrity assessment. This is particularly 

important for a safety critical component within the power generation sectors, aerospace, and 

oil and gas industries. The accurate stress analysis not only allows operators to determine the 

life remaining in a component but also avoid over-conservative estimates and thereby 

contribute to life extension of engineering plants and components. By utilizing and unifying 

multiple residual stress analysis tools of different nature a robust and more accurate method of 

stress analysis is achieved. The main aim of the current study focusses on the development and 

optimization of a robust residual stress tool based on the contour technique to accurately 

analyse inherent stress in an engineering component. 

1.  Introduction 

Worldwide there is a year-on-year increase in consumption of energy, whilst at the same time there is 

increasing pressure to reduce carbon emissions. Reduction of carbon footprint is also a key concern 

within air travel. By specialized thermal treatment of aerospace grade aluminum alloys they are 

strengthened so that various aerospace parts can be manufactured using thinner section resulting in 

weight reduction in aircraft construction with reduced fuel consumption and carbon footprint. Thermal 

treatment of aluminum alloys, however, results in residual stress generation which is a major 

contributor to part distortion during the manufacture of aerospace components [1]. Attempts to avoid 

or remedy distortions cost the aerospace industry tens of millions of Euros a year [2]. Considering the 

impact of residual stress in design of aircraft components, engineers were expected to optimize 

geometric profiles and fabricate lighter aircraft [2]. 

The benefits derived from this study are fed directly into engineering plants including power 

generation, petro-chemical and aerospace industries. Accurate stress analysis can aid in life extension 

of ageing plants and assist in understanding how residual stress affects aerospace parts distortion and 

investigate ways to reduce it. More recently, additive manufacturing (AM) is being used for 

sustainable fabrication of complex and specialized parts, especially within oil and gas industries. The 
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AM process, which is a form of welding, gives rise to undesired residual stress resulting from thermal 

cycles, temperature gradients and localized plasticity. The robust residual stress analysis technique 

proposed will be applied to analyze the residual stress generated by the different thermal cycles within 

additive manufacturing processes of a specialized component and assess its quality. 

2.  Residual Stress Analysis 

Self-balancing interior stresses which exist within a free body at constant temperature and free from 

exterior loads or temperature gradients are termed residual stress (RS) [3]. The term “residual stress” 

is commonly used as it remains from a previous manufacturing process. Residual stresses are 

essentially stresses trapped in a structure. Knowledge of residual stress is important to structural 

integrity assessment, performance, and life extension of ageing engineering components. 

 

 
Figure 1. Classification of RS method 

 

Several techniques [4] are available ranging from non-invasive to totally destructive, summarized 

in Figure 1. Diffraction, magnetic and ultrasonic (US) techniques belong to the non-invasive 

technique. In the application of semi-invasive methods, the part undergoes limited damage thereby 

maintains its integrity. Semi-invasive methods comprise incremental center hole drilling [5, 6, 7] and 

deep hole drilling [8, 9, 10] techniques. In a fully destructive method, the part gets completely 

damaged, thus compromising its integrity; techniques include Sachs technique [11, 12], layer removal 

method and contour technique [4, 13]. The RS methods are also classified by length scale. While X-

ray diffraction (XRD) techniques [14, 15] measure near surface residual stress, the deep hole drilling 

and contour techniques measure RS fields deep into engineering parts. 

2.1.  Contour Technique 

This technique is an invasive mechanical strain relief (MSR) method that gives a full uniaxial map of 

RS fields normal to a two-dimensional plane sectioned across the test-piece [16, 17]. The technique is 

built on modified Bueckner’s elastic principle of superposition [18]. It involves carefully sectioning a 

sample into two pieces applying wire-EDM (electric-discharge machining) and measuring the 

resulting cut surface deformations due to redistribution of the original residual stresses. It is well-

suited for spatially varying residual stress fields, with measurement size limited only by the size of the 

cutting machinery. The measured contour surface is examined in detail with a 0.1µm resolution 

surface probe. The deformations are applied as boundary condition in a finite element analysis (FEA) 

to reconstruct the initial residual stress field that was present within the specimen before being 

sectioned. As with all MSR methods the contour method endures plastic redistribution due to the 

sectioning of the stressed specimen [19, 20]. Much work has been carried out to mitigate the 

sectioning-related plasticity [21, 22, 23] by optimizing the cutting direction and the clamping strategy.  
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2.2.  Neutron Diffraction Technique 

The neutron diffraction (ND) method non-invasively measures the interior RS field in an engineering 

part [24, 25]. Variations in the crystals' lattice spacings, with a neutron beam incident on a part, are 

used to measure the strain components. There is a constructive interference, i.e., a subsequent intensity 

peak, when Bragg’s law (Eq. 1) is satisfied. 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝜆      (1) 

where 𝑑ℎ𝑘𝑙 is the interplanar spacing between planes of Miller indices (ℎ𝑘𝑙), and 𝜃 is half the angle 

between the diffracted and incident beams shown in Figure 2.  

 

 
Figure 2. Schematic layout of a neutron diffractometer 

 

A reference sample is required in the ND technique to measure the stress-free lattice spacing 𝑑0
ℎ𝑘𝑙 

which is used to determine the absolute values of residual elastic strain. Through Eq. (1) the strain 

component 𝜀𝑖 is determined in a direction defined by the geometry of the incident and diffracted beam. 

 

𝜀𝑖 =
𝑑𝑖

ℎ𝑘𝑙−𝑑0
ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 =

Δ𝜆

𝜆
− 𝑐𝑜𝑡𝜃Δ𝜃     (2) 

 

The use of pulsed beam instrument ENGIN-X at Rutherford Appleton Laboratory, UK in the 

present study meant ∆𝜃 = 0 in Eq. 2 and 𝜀𝑖 = Δ𝜆/𝜆 = Δ𝑡/𝑡. These measured strain components 

through Hooke’s law provide the residual stress components. 

 

𝜎𝑥𝑥 =
𝐸

(1+𝜈)(1−2𝜈)
[(1 − 𝜈)𝜀𝑥𝑥 + 𝜈(𝜀𝑦𝑦 + 𝜀𝑧𝑧)]   (3) 

 

where 𝐸 is Young’s modulus, and 𝜈 is Poisson’s ratio of the material. Similar equations hold for 𝑦𝑦 

and 𝑧𝑧 components. 

3.  Finite Element Analysis 

Rapid spray water quenching induces a well-defined RS field within a test sample [26]. By simulating 

the contour technique on such water quenched specimen how the plastic redistribution of the initial as-

quenched RS influences the RS field analyzed by contour method can be studied. The sample included 

a solid cylindrical body fabricated by type 316H stainless steel with a diameter of 60mm, and a length 

of 60mm, shown in Figure 3. 
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Figure 3. Schematic of the quenched cylinder. 

 

 
Figure 4. Type 316L stainless steel physical, mechanical and thermal properties. 

3.1.  Quenching Residual Stress 

Residual stress in a water-quenched solid cylinder was predicted using the commercial ABAQUS 

version 6.12 FEA code [27]. The FEA comprised an uncoupled heat transfer with subsequent thermal 

stress analysis. Although quenching of the cylinder is itself axi-symmetric the subsequent model of 

contour method is 3D. However, due to symmetry a half model was considered. The material was 

assumed to be elastic with strain hardening plasticity similar to that of 316H austenitic stainless steel 

[28]. The material properties are temperature-dependant and are provided in Figure 4. Material 

properties were defined in ABAQUS input file through material data table as function of temperature 

[27]. The effect of phase transformation on RS and distortion was neglected for the stainless-steel 

material. 

 

Thermal model: The solid cylinder was originally at constant temperature of 850°C and presumed 

stress-free. The outer surface was quenched in water at 20°C. Boundary conditions consisted of a 

convective heat transfer on the exterior surface, and adiabatic condition on symmetric planes. A 

thermal analysis was conducted with a uniform heat transfer coefficient 7000 𝑊𝑚−2𝐾−1 independent 
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of temperature. Cooling continued until the entirety of cylinder reached 20°C. ABAQUS result file 

stored the temperature distributions during thermal analysis. Figure 5 shows half model with contour 

plot of temperature distribution during cooling.  

 

 
Figure 5. Half-model of the thermal model showing the temperature distribution during quenching of 

a solid cylinder. 

 

Mechanical model: Temporal temperature distributions generated in each node of the thermal model 

was applied as input to the mechanical model. The transient stresses were substantial to produce 

considerable plastic flow, so that residual stresses remained after the cylinder reached the quenchant 

temperature. An isotropic material hardening behaviour was assumed. Figure 6 presents the x-

component of the quenched RS, 𝜎𝑥𝑥. As expected, the inner core is in tension balanced by 

compression on the outer ends. Also, along x-axis the stress component on the exterior surface is zero 

due to free surface. 

 

 

 
Figure 6. Half model of the mechanical model showing x-component of the quench residual stress. 
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3.2.  Simulating Contour Technique 

Contour model: The cutting (sectioning) process in the contour technique was modelled by removing 

a region of thickness 0.5mm, height 5mm. This was attained by utilizing the keyword “model change, 

remove” in ABAQUS [29]. Thus, the sectioning procedure was completed in 12 steps. Figure 7 

presents the redistribution of x-component of RS on the 𝑥-𝑦 symmetry plane with the progress of 

cutting. 

 

  
 

(a) Cutting Step 1     (b) Cutting Step 12 

 

Figure 7. Contour plots showing the 𝑥-component of residual stress at the 𝑥-𝑦 symmetry plane during 

different stages of cutting, (a) cutting step 1, (b) cutting step 12. 

4.  Results and Discussions 

4.1.  Validation of Quenching Model 

The predicted FEA temporal temperature during cooling closely correlates well with earlier 

measurements, see Figure 8. Figure 9 shows predicted and measured residual stress distributions 

across mid-section of an as-quenched 316H SS cylinder. In general, an excellent correlation can be 

noticed. Note that a large flight path-length (~85mm) while measuring the axial strain component at 

the center of the cylinder produced highly noisy data which coupled with limited count time resulted 

in unreliable axial strain at the cylinder center. Consequently, the ND measured RS at this position 

were significantly erroneous and removed from dataset. Nevertheless, since the measured residual 

stresses correlate well with the predicted RS about the rest of the cylinder, it is rationally assumed that 

a highly triaxial RS field exists near the central zone of the quenched cylinder of 20mm diameter.  
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Figure 8. Temporal temperature during quenching, FEA vs measured. 

 

 
Figure 9. RS distribution across midsection of an as-quenched cylinder (diameter 60mm, length 

60mm), FEA vs measured. 

4.2.  Reconstructed Contour Simulated Residual Stress Field 

The contour method provides the stress component on the surface of the cut and normal to the surface. 

This surface is 𝑦𝑧 plane in Figure 7. The stress component obtained in the contour method is then 𝜎𝑥𝑥. 

Following ‘cutting’ process the distortions 𝑢𝑥 perpendicular to the cut surface are obtained, see Figure 

10. There are two planes (left and right sides of the cut) from which 𝑢𝑥 components of distortions 
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were extracted. In practical measurements these distortions from the two surfaces are averaged in the 

subsequent contour residual stress reconstruction. 

4.2.1.  Influence of plasticity. Figure 10(a) shows the surface plot of 𝑢𝑥 distortion under elastic-plastic 

analysis. The negative of these distortions were imposed on the surface of a FEA model to reconstruct 

residual stress fields in the contour method. Following an equilibrium step, the stress component 𝜎𝑥𝑥 

was obtained, see Figure 11. A good correlation between the contour reconstructed and the original 

stresses exists. However, along z axis near the free surface the reconstructed compressive stress was 

lower in magnitude. This is thought to be due to the presence of plasticity. To verify the influence of 

plasticity the analysis was repeated under elastic case. The corresponding distortion 𝑢𝑥 under elastic 

analysis is shown in Figure 10(b). The effect of plasticity on reconstructed contour residual stress 

distribution can be seen in Figure 12.  

 

 
(a) Elastic-plastic Contour Analysis 

 
(b) Elastic Contour Analysis 

Figure 10. Cut surface distortions 𝑢𝑥 imposed on a FEA model to reconstruct contour residual stress 

field. 
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Figure 11. Comparison of (a) reconstructed residual stress x-component after imposing the ux 

distortion with (b) the initial stress field. 

 

 
Figure 12. Comparison of reconstructed with initial 𝜎𝑥𝑥 stress components for elastic and elastic-

plastic case. 

4.2.2.  Influence of cutting dimension. The contour technique simulation was repeated using a reduced 

EDM cutting diameter of 0.1mm under elastic-plastic analysis. The results in Figure 13 clearly shows 

that there was no influence of the cutting dimension on the reconstructed stresses. There were no 

improvements by reducing the cutting diameter.  
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Figure 13. Comparison of reconstructed with initial 𝜎𝑦𝑦 stress components for elastic and elastic-

plastic case and using 0.1mm edm cutting. 

4.2.3.  Influence of cutting direction. The contour technique simulation was further repeated with 

different cutting direction. This is shown in Figure 14(a) where the cutting was carried out in radial 

direction again in 12 steps. The distortions 𝑢𝑧 normal to the cut surface are presented in Figure 14(b). 

Figure 15 provides the surface plot of 𝑢𝑧 distortion. The negative of these distortions were imposed on 

the surface of FEA model to reconstruct the residual stress field. The line plot shown in Figure 16 

shows a good correlation between the initial and the reconstructed 𝜎𝑧𝑧 stress components. The noise 

shown is due to the influence of plasticity. To verify the influence of plasticity the analysis was 

repeated under elastic case. The reconstructed stress under elastic analysis compares very well with 

the initial stress as illustrated in the figure.  

   

Figure 14. Contour plot showing the 𝒖𝒛 distortion at the end of cut 12 on 𝒙-𝒚 plane for radial cut, 

direction shown above. 
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Figure 15. Distortion 𝑢𝑧, for radial cut at the cut surface, negative of which is imposed on the FEA 

model to reconstruct the contour residual stress fields. 

 

 
Figure 16. Comparison of reconstructed and initial 𝜎𝑧𝑧 stress components for elastic and elastic-

plastic case. 

 

4.3.  Development and optimisation of contour method 

The contour method provides a contour map of RS field in an engineering component mock-up that 

can be used to benchmark other essential measurement techniques such as hand-held US/XRD 

portable device. The novelty and originality of the current research includes applying a non-contact 

digital image correlation (DIC) method to gage surface deformation in a sectioned surface in the 

contour technique. DIC has successfully been utilized in other MSR methods, e.g., hole drilling 

method [30, 31] but has never been applied in contour method. The application of DIC in contour 

method is novel and can advance the knowledge of the conventional contact based CMM technique to 

non-contact DIC technique. 
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5.  Conclusions and Future Work 

A knowledge of through-thickness RS distribution is vital for precise structural integrity assessment. 

An accurate estimate of the stress can avoid over-conservative assessment and extend the life of an 

engineering component. The contour technique like any MSR technique also suffers from plastic 

redistribution during its application. The present study showed the FEA to be a powerful tool for 

optimizing the strain relief RS measurement techniques. 

To test and validate the development of residual stress measuring tool, benchmark samples will be 

carefully designed and manufactured as future work, and include: 

• A well characterized residual stress in as-quenched specimen of stainless steel. 

• A well characterized residual stress in as-welded stainless-steel specimen. 

• A well characterized residual stress in as-quenched aluminum specimen. 

Residual stresses generated within these quenched and welded samples will be modelled and predicted 

in FEA and measured using other techniques such as the ND technique. These results may be used to 

validate the DIC-assisted contour technique developed in the present study.  
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