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Preface 

ICRS-10, the 10th International Conference on Residual Stresses, was held at the 
Novotel Sydney Brighton Beach Hotel at Brighton Le Sands, Sydney between the 
3rd and the 7th of July 2016.  

ICRS-10 was the latest of a highly successful series which started in Garmisch- 
Partenkirchen (Germany) thirty years ago and continued in Nancy (France, 1988), 
Tokushima (Japan, 1991), Baltimore (USA, 1994), Linkoping (Sweden, 1997), 
Oxford (UK, 2000), Xi’an (China, 2004) and Denver (USA, 2008) and, again in 
Garmisch-Partenkirchen (Germany, 2012).  

The conference continues to be the key forum for scientists and engineers 
interested in the prediction, evaluation, control, and application of residual 
stresses.  ICRS-10 featured 149 oral and 30 poster presentations given to 206 
predominantly international attendees from 31 countries.  

Publication in these proceedings was voluntary and after peer review a total of 102 
papers are included in these proceedings.  This could not have been achieved 
without the very significant efforts of both reviewers and authors.  Without this 
work these proceedings could not exist and I would like to thanks them on behalf 
of the community. 

I hope that all those who attended would share my opinion that ICRS-10 was a 
vibrant, exciting and productive conference and that these proceedings give some 
sense of the success of ICRS-10 to the reader. 
 
Finally, I would like to thank the members of both the ICRS Scientific Board the 
ICRS-10 Organizing Committee without whose tireless work ICRS-10 would not 
have succeeded 
 
Lyndon Edwards 
Chair, ICRS-10 
 
December, 2016 
Sydney, Australia. 
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Numerical Investigation of Residual Stresses in Chain-die 
Formed AHSS U-Channels 

Yong Sun1, a, Zhen Qian1,b, Vladimir Luzin1,c, William J.T Daniel1,d,  
Mingxing Zhang1,e and Shichao Ding1,f * 

1School of mechanical and Mining Engineering, The University of Queensland, QLD, Australia 
2Australian Nuclear Science and Technology Organization, Lucas Heights, NSW, Australia 
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emingxing.zhang@uq.edu.au, fs.ding@uq.edu.au 

Keywords: Residual Stresses, AHSS, U-Channel, Chain-Die Forming, Finite Element 
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Abstract. Advanced high-strength steel is increasingly being used in automotive structural 
components due to its excellent strength-to-weight ratios. However, the variations of residual stresses 
magnitude in AHSS products are usually very complex and unpredictable due to the fabrication 
process and the material’s high strength. Consequently, unbalanced residual stresses are responsible 
for a series of product defects. Chain-die forming is a novel AHSS fabrication method which has the 
characteristics of preserving the material’s ductility maximally and also reducing the residual stresses 
in the product. In this study, the finite element method is employed to investigate the equivalent 
residual stresses (Von Mises) in Chain-die formed AHSS U-channels. Finite element simulation of 
roll forming of the same type as AHSS U-channel forming is performed to make a comparison of the 
residual stresses distribution characterizations in AHSS U-channels which are fabricated by roll 
forming and by Chain-die forming. The results indicate that the residual stresses in Chain-die formed 
U-channels stay at a very low level and are almost negligible. In the meanwhile, due to the bending, 
reverse bending and other unpredictable redundant deformation types in the roll forming process, the 
residual stresses are more significant than those of Chain-die formed AHSS channels. The 
comparison of the longitudinal strain developments of flange edges of roll formed and Chain-die 
formed U-channels is given to explain the differences between the residual stress distributions in the 
roll formed and Chain-die formed U-channels. This paper gives a comprehensive understanding of 
the characteristics of the residual stress distribution in Chain-die formed AHSS U-channels. It 
provides a clear evidence to illustrate the superiority of Chain-die forming in reducing the residual 
stresses in AHSS products. 

Introduction 
Advanced High-Strength Steel (AHSS), especially dual phase steel, is more and more frequently 
being employed by automakers for structural parts of a motor vehicle due to its advantages for 
weight reduction and safety improvement. AHSS has the required high strength but the elongation is 
not large enough. The characteristics bring more challenges in fabricating AHSS products. 

Roll forming is a highly efficient fabricating method for mass production of long and straight 
metal products. It can be understood as a continuous bending operation which the metal strips are 
progressively formed through consecutive sets of rolls into various profiles [1]. Although roll 
forming has been developed over a century, there are still unsolved issues in predictability and 
control of the redundant plastic deformation occurring during a roll forming process due to relaxation 
between roll stands [2]. Consequently, this becomes a bottleneck which greatly restricts the 
development and application of roll forming. Specifically, the non-uniform permanent plastic 
deformation results in the residual stresses in a roll formed product. The distributions of residual 
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stresses are responsible for a series of typical roll formed product defects and/or distortions from the 
desired product shapes, such as curvature, end flare, edge wave, torsion, springback and so on [3]. It 
should be also noted that the existence of longitudinal residual stresses would adversely affect 
structural stability, fatigue performance, stiffness and other properties [4].  

Chain-die forming, as a novel sheet metal forming method, was therefore proposed by Ding et al. 
[5] to break the bottleneck of fabricating AHSS products. It is considered to have a high potential to 
be a more economical and energy-saving method compared to conventional roll forming, due to its 
technical characteristics of both bending and stamping. Ding et al. [5] performed a series of 
experiments of Chain-die forming AHSS U-channels with pre-made holes. They proved that the 
technology has the advantage of conserving the material’s ductility. This shows that Chain-die 
forming can be used to fabricate AHSS products, even though some of them have poor ductility, as 
there is almost no redundant plastic deformation and low residual stresses in the non-deformed areas.  

As Ding et al. [5] introduced, the principle of Chain-die forming is to prolong the effective 
forming distance by extending the virtual roll radii. Specifically, the technology introduces a series of 
discontinuous forming tools moving on a track board to implement the virtual large rolls, as seen in 
Fig. 1 (a). The increase of deformation length shown as in Fig. 1 (b) results in the reduction of the 
peak longitudinal strain and the residual longitudinal strain. That is, the large roll radii can 
significantly reduce or even eliminate the redundant plastic deformation occurring in roll forming. 
Consequently, the corresponding residual stresses are significant reduced. The typical defects of roll 
formed products can be therefore theoretically removed, thus improving the quality of products.       

        
(a) Schematic diagram of Chain-die forming   (b) Comparisons of the deformation lengths of roll forming and 

Chain-die forming 
Fig 1.The principle of Chain-die forming. （Note: 𝑅 are the radii of the top and bottom rolls of 
Chain-die forming and 𝑅′ is the radius of a roll of conventional roll forming） 

The structure of the paper is as follows. A brief background of residual stresses in roll forming 
and the principles of Chain-die forming are introduced in this section firstly, followed by the 
clarifications of finite element (FE) modeling of roll forming and Chain-die forming AHSS U-
channels. Then the equivalent residual stresses (Von-Mises) in the non-deformation areas of roll 
formed and Chain-die formed AHSS U-channels are investigated. The comparison of the longitudinal 
strain developments of the flange edges of roll formed and Chain-die formed AHSS U-channels are 
then studied and discussed. Finally, some important concluding remarks are summarized. 

FE modeling 
The FE modelling of roll forming and Chain-die forming the U-channels with same product 
parameters are introduced in detail in this section. Then the material properties of the working piece 
adopted in this study are illustrated followed by the clarifications of the contact properties employed 
between the forming tools and the workpiece. 

Simulation set-up. 
The simulation verifications were carried out in ABAQUS/Standard. Specific python scripts were 
imported to ABAQUS/CAE to complete the FE modelling processes. The implicit solution algorithm 
is employed to improve the accuracy of results. The forming tools are defined as the rigid shell 
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bodies and the workpiece is defined as a deformable body. Taking advantages of symmetry to 
improve the computing efficiency, only one half of the workpiece and rolls have been modelled.  

In FE modelling of the roll forming process, all the base radii of the forming tools are 0.30m. The 
center points of the rolls were assigned as the reference rotation points of the corresponding forming 
tools respectively. The angular velocities,𝜔, of the rotations of the forming tools were set as the 
0.5rad/s, and in meanwhile the horizontal forward velocity of the working piece ,𝑣, was set as 
15mm/s (𝑣 = 𝜔𝜔). As the main plastic deformation occurs in the bend corners, the initial flat blank 
had been meshed using different mesh sizes. A very fine mesh has been adopted in the bend corners 
and flange edge portions and a coarse mesh had been applied in the web of the blank. The workpiece 
was meshed with 97500 eight node linear brick elements with reduced integration and hourglass 
control (C3D8R). There were 5 mesh layers (elements) along the thickness direction to guarantee a 
good convergence. To avoid penetration into the sheet, the mesh type of the forming tools was the 
four node 3D bilinear rigid quadrilateral element (R3D4).  

In FE modelling of Chain-die forming process, the forming tools were part of the rolls with 35 
meter radii. A workpiece identical to the one applied in FE modelling of roll forming process was 
adopted in FE modelling of Chain-die forming process. The same meshing strategies and similar 
boundaries conditions were applied in the FE model of Chain-die forming process. The details of the 
FE models of roll forming and Chain-die forming processes and the mesh of the workpiece are 
shown in Fig.2 (a) and (b) respectively. 

 

    
                  (a) FE model of Roll forming                                (b) FE model of Chain-die forming  
Fig 2.FE models of roll forming and Chain-die forming 

Material properties of the workpiece. 
Material used in the FE models is an elastic-plastic strain hardening material. The true plastic stress-
strain curve of the sheet metal can be calculated and interpolated using Swift’s isotropic strain 
hardening law, as shown in Eq.1. As isotropic hardening is applied in all simulations, Von Mises 
yield function is sufficient to describe the yield criteria of the material. 

  𝜎𝑒 = 𝐾 (𝜀𝑒 + 𝜀0)𝑛                                                         (Eq.1) 

where 𝜎𝑒 is the equivalent stress, 𝜀𝑒 is the equivalent strain, 𝜀0 is the initial strain, 𝐾 is the strength 
coefficient and 𝑛 is the strain hardening exponent. Those values are given in Table 3. 

Contact and friction properties between forming tools and workpiece. 
The types of interaction are set as ‘surface-to-surface’ (implicit) contacts between the deformable 
surfaces (sheet metal) and the rigid surfaces (forming tools). The penalty method and the Coulomb 
friction model are applied to the contact constraints. The friction coefficient of the FE models is 
assumed as 0.1. The details of the parameters of the FE models have been summarized in Table 1. 
  

http://dx.doi.org/10.21741/9781945291173-1


Residual Stresses 2016: ICRS-10  Materials Research Forum LLC 
Materials Research Proceedings 2 (2016) 1-6  doi: http://dx.doi.org/10.21741/9781945291173-1 

 

 

 4 

Table 1.   Summary FEM simulation parameters 

Simulation Parameters Chain-die forming Roll forming 
Product width - 𝑓 (mm) 80 80 

Roll radius (mm) 35000 30 
Blank thickness - 𝑡 (mm) 1.2 1.2 

Blank length - 𝐿 (mm) 300 300 
Tensile strength of blank - 𝑇𝑇 

(MPa) 1180MPa 1180MPa 

Algorithm method Implicit Implicit 
Mesh number (blank) 13050 13050 

Span space (mm) --- 200 
Yield strength – 𝜎𝑠 (MPa) 845 845 

Strength coefficient – 𝐾 (MPa) 1864 1864 
Young’s modulus – 𝐸 (GPa) 206 206 

Poisson’s ratio – 𝑣 0.3 0.3 
Initial strain – 𝜀o 0.000367 0.000367 

Strain hardening exponent –  𝑛 0.11 0.11 
Elastic Strain 0.45% 0.45% 

 
In the FE model of roll forming and Chain-die forming processes, the whole simulations include 

the loading and unloading processes. Specifically, the workpiece was firstly pulled into the former 
followed by being gradually formed to a U channel by the friction forces with the rotations of the 
forming tools, the same as the real forming process. The accumulated stress-strain of the workpiece 
starts to be released by springback while the forming tools move away from the workpiece. The 
workpiece with the last stress-strain state in the previous model is finally imported into a new 
simulation model with an implicit solution algorithm. The stress-strain of the workpiece is further 
released by springback until it reaches a steady state in the new FE model. 

Results and discussions 
The equivalent residual stresses (Von-Mises) in AHSS U channels induced by roll forming and 
Chain-die forming are presented and discussed in details in this section. The comparison of the 
longitudinal strain developments of flange edges of roll formed and Chain-die formed U channels is 
also clarified to explain the phenomenon. 

Equivalent residual stresses comparison. 
The residual stresses in AHSS U-channels induced by roll forming and Chain-die forming are 
presented in Fig.3 (a) and Fig.3 (b) respectively. As shown in Fig.3 (b), the residual stresses in non-
deformation areas of Chain-die formed U-channels are negligible while there are significant and 
uneven residual stresses distribution in non-deformation areas of roll formed AHSS channels.        

 
    

                                    (a) Roll formed U-channels                         (b) Chain-die formed U-channels    
Fig 3.Equivalent residual stresses comparison 

As the Chain-die forming process can be considered as a gradually stamping process, there are 
nearly no redundant deformations in Chain-die forming process. Consequently, the low residual 
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stresses in Chain-die formed U-channels are accumulated and the product defects induced in roll 
forming process can therefore be avoided, as seen in Fig.4. 

 

  
 
                                    (a) Roll formed U channels                         (b) Chain-die formed U channels               
Fig 4.Equivalent residual plastic strain comparison (PEEQ) 

Longitudinal residual strains comparison. 
As the longitudinal strain development indicates the severity of the relevant forming process, it can 
be used to explain the characteristic differences of the residual stress distributions in two types of 
AHSS U-channels. The comparison of the longitudinal strain developments of flange edges of Chain-
die formed and roll formed the AHSS U-channels is shown in Fig.5. It is found that the longitudinal 
strain developed during Chain-die forming is much smoother, the peak strain and residual strain are 
smaller than in roll forming, even just in one forming pass rather than 4 passes of roll forming. The 
unavoidable redundant plastic deformation in a roll forming process can also be avoided in Chain-die 
forming. 

 
Fig 5.The longitudinal strain development between roll formed and Chain-die formed U-
channels 

As shown as in Fig.5, the peak longitudinal strain in the roll forming process is nearly 2 times 
larger than that in the Chain-die forming process. It should be noted that the bending on the flange 
phenomenon in Chain-die forming is much lighter and gentler than in roll forming, the corresponding 
bending strain is much smaller than in roll forming. That is, the surface longitudinal strain 
superposing the membrane strain and bending strain on the flange during Chain-die forming is well 
below the material’s elastic limit but not in roll forming. It is therefore hard to predict and control the 
quality of a roll formed product due to its complicated longitudinal strain development. On the 
contrary, it is possible to make a product with zero residual stress in the non-deformed area by 
Chain-die forming and give a better quality product than in roll forming.  
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Concluding Remarks 
The residual stresses in Chain-die formed AHHS U-channels are investigated numerically in this 
paper. Finite element analysis is employed to simulate the roll forming and Chain-die forming 
processes. The equivalent residual stresses of the roll formed and Chain-die formed products are 
discussed. Experimental investigation of the residual stresses in Chain-die formed U-channels is very 
necessary to verify the simulations. Some conclusions are reached by this study: 

• Using Chain-die forming can achieve much more bending without product defects than roll 
forming in a single pass. Hence Chain-die forming can maximally reserve the material’s 
ductility; 

• Unlike the high residual stresses distribution in the non-deformation areas in roll formed U- 
channels, the low redundant strains accumulated in Chain-die formed forming makes the 
residual stresses in U-channels well below the corresponding material’s yield point; 

• It is hard to predict the residual stresses in roll formed product due to its complicated 
fabrication processes, including bending, reverse bending and other unnecessary deformation 
types. On the contrary, it is possible to make a product with zero residual stress in the non-
deformed area by Chain-die forming and that gives a better quality product than in roll 
forming. 

The determination of residual stresses in Chain-die formed U-channels by the neutron diffraction 
method is currently in progress and the experiments are supported by Bragg Institute beam time 
proposal 4865. The experimental verification of the numerical simulations will be presented in a 
future paper. 
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Abstract. This paper proposes a 3D Finite Element (FE) model for the deep cold rolling process, 
modelled using the commercially available Abaqus/Standard FE software, and used the afore 
mentioned model to study the effects of pressure and tool diameter on the residual stress profile 
predicted. The model was validated with experimental data. The predicted results showed about 20% 
deviation for the measured data in the near surface region, but showed good correlation at the 
compressive-tensile cross-over point. Reasons for this deviation are explored and analysed with 
several recommendations made to improve future FE models.  

Introduction 
Mechanical surface treatment (MST) methods physically alter the surface and near sub-surface 
regions of a component, creating a region of compressive residual stress. This compressive residual 
stress improves fatigue life and foreign object damage tolerance. Deep cold rolling (DCR) is a 
mechanical surface treatment and its main objective is to induce deep compressive residual stresses 
in the surface and sub-surface layers (up to 1 mm) of the component [1]. 

While the high compressive stresses generated by DCR in the near surface layers can extend 
fatigue life, it is crucial that the location and magnitude of the corresponding balancing tensile 
residual stresses are carefully managed and understood, as they can negate the benefits of the near 
surface compressive residual stress and adversely affect the fatigue life of the component [2]. 
However, experimental determination of residual stress distributions by the hole drilling method and 
the X-ray diffraction method is time consuming, expensive and limited to discrete measurement 
points. Hence, FE simulation is a crucial tool in the process optimization of the DCR method as it 
allows the user to analyse and predict the residual stress profile of the component.  

DCR creates different directional stress profiles and is reliant on both plastic deformation at the 
surface and Hertzian stress at the sub-surface region to generate the resultant residual stress profiles. 
Previous quasi-static finite element studies of the DCR process focused on the mechanics of a single 
pass [3]. While useful for understanding the mechanics of the DCR process, modelling of a single 
pass is insufficient to study the broader residual stress distributions. 

The objective of this study is to propose and validate a FE model to simulate the DCR process. 
This model will enable a deeper understanding of the broader residual stress distributions caused by 
the DCR process. 

Methodology 
Material Model. The material model attributed to the model is isotropic elastic-plastic with strain 
hardening. A Young’s modulus of 113.8 GPa and a Poisson ratio of 0.342 are prescribed for the 
elastic portion of the material model. The strain hardening portion of the material model was 
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experimentally determined via uniaxial compression of identical Ti-6Al-4V material in cylinder 
geometry measuring 6.75 mm height by 4.5 mm diameter. The machine stiffness is taken into 
account using plate to plate compression. Figure 1 shows the determined yield stress against plastic 
strain. 

 

 
Figure 1: Yield stress against plastic strain for Ti-6Al-4V 
Finite Element Model. The FE DCR model proposed is a 3-dimensional rectangular test coupon 
measuring 35 mm x 30 mm x 10 mm. commercially available FE code Abaqus/Standard V6.14 was 
used to model the test coupon. The 3D deformable element type used was the C3D8R element, an 8-
node linear brick, using 56916 elements to model the test coupon. Uniform elements were used in the 
DCR zone to increase the resolution of the treated area, as shown in Figure 2a. Sensitivity analysis on 
the thickness of the test coupon was carried out to ensure that the thickness did not affect the residual 
stress profile generated. 
To reduce computational time, a treated area of 15 mm lengthwise (LW – parallel to direction of 
rolling) by 10 mm crosswise (CW – perpendicular to direction of rolling) was prescribed. The deep 
cold rolled zone allowed enough area for a strain gage rosette to be applied onto the experimental test 
block for experimental validation. 

The DCR tool is made of tungsten carbide and has a Vickers hardness of approximately 2000 HV. 
Since this is several orders of magnitude harder than the test coupon, the tool was modelled as an 
analytical rigid surface. The centre node of the modelled tool was used as the main reference and 
control point. The equivalent concentrated force can be calculated using the following formula:  

𝐹 = �𝜋
4
∗ 𝑑𝑝𝑝𝑝𝑝𝑝𝑝2 ∗ 𝑃 cos(𝜃)� (1) 

where, dpiston is the piston diameter, P is the applied pressure and θ is the angle of the tool to the 
normal. 

The movement of the ball is controlled via translating the centre node of the ball, in the length and 
breadth direction. The DCR tool has an inner assembly containing the burnishing ball which is free 
floating (as shown in Figure 2b). The force prescribed determines the vertical position of the ball, 
relative to the component surface at equilibrium. Therefore, the displacement of the ball in the Z 
direction (normal to surface of the component) was left free. This is to mimic the operating 
mechanics of the DCR tool where the inner tool assembly is free to move in an up and down motion 
within the outer tool housing up to the limits of the stroke length. This allows the DCR tool to adapt 
to minor variations in geometry.  
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The rotational degrees of freedom of the ball were also left free, ensuring that the ball is able to 
roll across the surface. The penalty formulation with a friction coefficient of 0.2 was used to model 
the surface to surface contact between the DCR ball and the work piece [4]. This also ensures that the 
ball rolls rather than slides across the component surface. 

The boundary conditions were imposed such that the bottom surface of the test coupon is pinned. 
Since the test coupon is of sufficient thickness, it was assumed that the spring back of the coupon 
after treatment is negligible. The dimensions of the test coupon, the mesh, elements used and the 
boundary conditions are illustrated in Figure 2. 

 

 
Figure 2: (a) Finite element model and set-up and (b) schematic of DCR tool 
 

Experimental Setup and DCR Tool. Experiments were carried out to validate the proposed FE 
model. A flat rectangular test coupon of Ti-6Al-4V, measuring 35 mm x 30 mm x 20 mm was 
mounted on a work piece holding fixture and deep cold rolled. The DCR tool (6.35 mm ball 
diameter), supplied by Ecoroll AG®, at 20.0 MPa and 38.0 MPa of pressure was used to perform the 
treatment. The test coupon was orientated such that the rolling direction of the DCR process is 
identical to the rolling direction that was used in the manufacturing of the test coupons. Figure 3 
shows the DCR process experimental set up.  

The residual stress profile of the test coupon was determined at the centre of the treated area using 
the central hole drilling method (CHD). The strain relaxation via the incremental drill method was 
measured and the residual stresses were back calculated as described in ASTM 837. A final hole 
depth of 1.4mm was drilled in order to determine the stresses up to a depth of 1024µm. 

Results and Discussion 
FE Model Validation. The finite element model was validated using experimental CHD data. In this 
study, the experimental and finite element data was normalized against the absolute maximum 
residual stress determined experimentally in the CW direction. The normalized graph is presented in 
Figure 4. 
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Figure 3: Experimental DCR set-up on a 3-axis CNC mill 

 
 

 
Figure 4: Normalized residual stress against depth for experimental and simulation data for 20.0 
MPa  

From Figure 4, it can be seen that there is some divergence of the residual stress in the near 
surface region. The FE model over-predicted the surface stress in the LW direction (parallel to 
rolling) at -0.43 MPa/MPa measured against -0.63 MPa/MPa predicted, and under predicted the 
surface stress in the CW direction (perpendicular to rolling) at -0.87 MPa/MPa measured against -
0.78 MPa/MPa predicted. Figure 5 shows the residual stress profiles when the pressure is increased 
to 38.0 MPa. There is a similar deviation between the measured and predicted residual stress profiles 
for both cases.  

 

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

200 400 600 800 1,000 1,200

N
or

m
al

iz
ed

 S
tr

es
s 

(M
Pa

/M
Pa

) 

Depth (μm) 

FE - LW
FE - CW
CHD - LW
CHD - CW

http://dx.doi.org/10.21741/9781945291173-2


Residual Stresses 2016: ICRS-10  Materials Research Forum LLC 
Materials Research Proceedings 2 (2016) 7-12  doi: http://dx.doi.org/10.21741/9781945291173-2 

 

 
 11 

 
Figure 5: Normalized residual stress against depth for experimental and simulation data for 38.0 
MPa 
Deeper into the material, both FE models are able to predict the general trend of the residual stress 
profile and the Compressive-Tensile Cross-Over point (CTCO). The CTCO point is of particular 
importance as the location of the balancing tensile stress needs to be able to be understood and 
predicted.  

Regarding the deviation between the FE and CHD data, the material model used assumed that the 
material was isotropic. Further compression tests taking into account the rolling direction of the 
manufacturing process should be carried out to determine if this simplifying assumption holds valid. 
A more detailed model, such as the Johnson-Cook model, could be considered for future FE 
simulations. 

In this study, the implicit FE code is used and it does not take time into consideration when 
performing iterations. The time step used in the code relates to the relative position of the 
components and forces applied rather than actual time as a parameter. The implicit code does not 
take strain rate into consideration 

Another potential cause of the deviation could be the measurement method used to determine the 
experimental residual stress profiles. While CHD is an affordable and quick way of determining 
residual stress depth profiles, it has limited resolution in the near surface region (up to about 200 
μm). This can be seen in the error bars shown in Figure 4 for the experimental graphs. At the near 
surface region, CHD has an error of about 10 – 15% σmax. X-ray diffraction (XRD) or Focused Ion 
Beam (FIB) methods could potentially be used to attain more accurate data in the near surface region. 

A final source of error that may have resulted in the deviation is the concentrated force applied 
based on equation (1). The equation calculates the theoretical force exerted by the DCR ball element 
on the component based on the pressure applied and the projected area of the pressure piston. A 
dynamometer could be placed under the component fixture to determine the actual force applied on 
the test coupon. This measured force can then be used to further improve the FE model. 

The motivation behind process modelling the DCR process can be seen in the stress plots of the 
component shown in Figure 6. There is a zone of tensile residual stress that was formed near the 
boundary region at 1.0mm in depth for the 38.0 MPa case that was not present for the 20.0 MPa case. 
Knowledge of this zone of tensile stress will assist the process engineer in designing of the DCR 
zone and ensure that the component does not prematurely fail due to the tensile stress. 
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Figure 6: FE stress plot for HG 6, 20.0 MPa and 38.0 MPa, cut at x = 17.5 cm (centre of treated 
zone) 

Conclusion 
This paper proposed a 3D FE model to simulate the DCR process. There is a maximum deviation of 
0.2 MPa/MPa at the surface region between the predicted FE results and the CHD measured data. 
There is good agreement between the FE and CHD data beyond 400 µm. Some causes of the 
deviation between the FE predicted values and the experimental data have been proposed and will 
need to be verified. Different material models will be studied in order to better understand the effects 
of the material models on the accuracy of the FE simulation. 
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Abstract. The present study highlights the effect of cooling and post-machining surface treatment of 
shot peening on the residual stresses and corresponding fatigue life of milled superalloy Inconel 718. It 
was found that tensile residual stresses were created on the milled surface, regardless of the use of 
coolant, however, the wet milling operation led to a lower surface tension and a reduced thickness of the 
tensile layer. The shot peening performed on the dry-milled specimens completely annihilated the 
surface tensile residual tresses and introduced a high level of surface compression. A comparable fatigue 
life for the wet-milled specimens was obtained as compared with the specimens prepared by dry milling. 
This is very likely attributed to that the milling-induced surface damage with respect to cracked non-
metallic inclusions is the predominant cause of the fatigue failure. The presence of the compressive 
layer induced by shot peening resulted in a significant increase of the fatigue life and strength, while the 
extent to which the lifetime was prolonged was decreased as the applied load was increased. 

Introduction 
Fatigue is one of the main causes of failure to various structures in turbine engines. The fatigue life of a 
component strongly depends on its surface condition produced by machining since in most cases fatigue 
crack initiation starts on free surfaces. Residual stress is one of the most relevant practical parameters to 
assess the surface quality of a machined surface; it is superimposed on the applied cyclic loads, altering 
the driving force for crack initiation and propagation during fatigue. Generally, tensile residual stresses 
are perceived to be detrimental to the fatigue performance, whereas compressive residual stresses have a 
beneficial effect. The formation of residual stresses in machining processes is essentially dominated by 
the plastic deformation in subsurface of the workpiece material together with the thermal impact at 
surface [1]. The thermally-induced residual stresses are usually in tension, thus sufficient cooling could 
effectively reduce the surface tension on a machined surface by lowering the cutting temperature, or 
even introduce compressive residual stresses [2].  

On the other hand, mechanical surface treatments, such as shot peening, are nowadays widely used 
on machined components by which compressive residual stresses are induced as it produces a work-
hardened layer and misfit strains between the bulk and surface material. An enhanced fatigue life and 
strength by shot peening have been found for a variety of engineering materials [3-5]. 

Inconel 718 is a polycrystalline nickel-based superalloy and has wide applications in aerospace and 
power generation industries because of its superior mechanical properties and good resistance to 
oxidation/corrosion environments. A great number of studies have been conducted to improve the 
surface integrity of machined Inconel 718 by approaches with process optimization or post-machining 
surface treatments (like shot peening) [6]. However, further investigations on the effect of changes in 
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surface integrity on the fatigue properties of the components are somewhat limited although it has a 
great practical importance for the assessment of the component life and also the knowledge obtained can 
be used backwards to guide the surface integrity modification. The purpose of the current study is to 
characterize the residual stresses generated on milled Inconel 718 as influenced by the use of coolant 
and a subsequent shot-peening treatment. Meanwhile, the fatigue performance of the specimens 
corresponding to the different surface conditions has also been studied in a four-point bending mode.  

Experimental work 
The material used in this study was taken from a disc forging of Inconel 718 with chemical composition 
given in Table 1. The forging was solution annealed at 970 ˚C followed by air cooling to room 
temperature, and then a two-stage ageing was performed first at 720 ˚C for 8 h, further at 620 ˚C for 
another 8 h, and finally air cooled to room temperature. 
Table 1. Chemical composition [wt%] of the Inconel 718 disc forging. 

 Fe Ni Cr Mo Nb Ti Al C 
Min. (%) Bal. 50 17 2.8 4.75 0.65 0.2  
Max. (%)  55 21 3.3 5.5 1.15 0.8 0.08 

Fatigue test bars with a dimension of 10 × 10 × 80 mm3 were pre-manufactured from the heat-treated 
forging by wire electric discharge machining. The surface to be loaded in tension during fatigue was 
then machined by face milling using a 20 mm diameter cutter with two uncoated cemented carbide 
inserts. The cutting speed was fixed at 30 m/min (corresponding spindle speed was 382 rpm) and the 
depth of cut was 0.5 mm. The feed direction was along the longitudinal direction of the bar with a feed 
rate of 76 mm/min. Chamfers on the tensile side were introduced in order to avoid corner crack 
initiation. Three groups of specimens were prepared; the specimens of the first two groups were dry 
milled and milled under coolant respectively, while for the last group, the surface that has been 
machined by dry milling was subsequently shot peened using spherical S170 H cast steel shots with 150 
to 200 % surface coverage, while the shot-peening intensity was varied from 0.2 to 0.3 mmA.  

The microstructure beneath the dry-milled, wet-milled and shot-peened surface was characterized on 
polished cross-sections prior to fatigue testing using a scanning electron microscope (SEM) together 
with electron channeling contrast imaging (ECCI). In addition, the In-depth residual stresses created by 
milling and shot peening were measured by using X-ray diffraction, combined with layer removal by 
electrolytical polishing. Cr-Kα radiation was chosen, giving a diffraction peak at 2θ ~ 128˚ for the {220} 
family of lattice planes of the nickel-based matrix. Peaks were measured at nine ψ-angles between ψ = ± 
55˚, and residual stresses were calculated based on the “sin2 ψ” method [7] with an X-ray elastic 
constant of 4.65 × 10-6 MPa-1. Deviation in the measured residual stresses due to the layer removal were 
corrected in the case of a flat plate.  

All fatigue tests were conducted at room temperature under load control using a sinusoidal waveform 
at a load ratio of 0.1 and a frequency of 20 Hz. The distance between the two loading and two 
supporting rollers was 12 mm and 60 mm, respectively. For each group of the three, four specimens 
were tested at different peak loads in the range of 8 kN to 16 kN. The corresponding peak stress at the 
surface, calculated assuming pure elastic loading, were approximately 600 MPa to 1200 MPa. The yield 
strength of the Inconel 718 forging at room temperature, on the other hand, is slightly above 1000 MPa. 
All specimens were fatigued until rupture and the specimen deflection at the maximum/minimum load 
versus the number of cycles was recorded. A line was fitted to the initial linear part of the deflection 
range-number of cycles curve and extrapolated to the larger cycle region. The number of cycles 
corresponding to 1% increase of the deflection range from the fitted line was then defined as the fatigue 
life in the present study. Accordingly, the lifetime of the specimens is largely dominated by the fatigue 
cycles spent on crack initiation. The failed specimens were examined under SEM in order to identify the 
preferential sites where fatigue cracks may initiate.  
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Results and discussions 
Fig. 1(a) and (b) shows the in-depth residual stresses induced by dry milling and wet milling. Stress 
components in two in-plane directions, i.e. transverse direction (TD) and longitudinal direction (LD) 
(corresponding to the cutting direction and feed direction), were measured. In general, tensile residual 
stresses were created on the milled surface, regardless of the application of coolant, but it is clear that 
the wet milling operation led to a lower surface tension and a reduced thickness of the tensile layer. As 
the depth increases, the residual stresses gradually shift to compression until stabilizing at ~ 0 MPa.  

Figure 1. In-depth residual stresses generated by (a) dry milling, (b) wet milling, and (c) shot 
peening; (d) A comparison of the full width at half maximum intensity (FWHM) obtained from the 
measured diffraction peaks. 

The post-milling surface treatment by shot peening annihilated the high tension on the dry-milled 
surface and introduced a surface plateau, extending to a depth of 100 μm, with great compressive 
residual stresses in both TD and LD, see Fig. 1(c). The high level of surface compression was created as 
a consequence of the mechanically-induced plastic deformation during shot peening. This can be seen 
from the dramatically increased broadening of the diffraction peaks, i.e. full width at half maximum 
intensity (FWHM), measured in the shot-peened surface layer, see Fig. 1(d). The formation of the 
tensile residual stresses on the milled surface is most likely to be of thermal origin associated with the 
great heat generation during machining [1]. From Fig. 1(d), one can see that the wet-milled surface 
underwent less plastic deformation compared with that in the case of dry milling. A very likely 
explanation is that the coolant could contribute to lowering the friction and dissipating the generated 
heat, leading to a relatively low cutting temperature. As an effect of the reduced cutting temperature, the 
thermally-induced residual stresses became less in tension on the surface produced by wet milling. The 
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reduced thermal impact during wet milling can be further supported by the microstructural 
characterization beneath the milled surfaces. Instead of a continuous thick white layer, approximately 4 
to 5 μm, as observed on the dry-milled surface (Fig. 2(a)), the surface white layer appeared 
discontinuously with a thickness less than 1 μm on the wet-milled surface (Fig. 2(b)). As suggested by 
Bushlya et al. [8], the development of white layers takes place in machining of Inconel 718 normally 
when the cutting temperature is increased, e.g. at high cutting speeds, cutting with worn tools or in dry 
machining operations. The shot-peened surface compared with the dry-milled surface showed 
significantly increased plastic deformation in microstructure, see Fig. 2(c), which is consistent with the 
greatly higher FWHM measured in the shot-peened layer.  

 

Figure 2. Electron channeling contrast imaging (ECCI) micrographs showing the microstructure 
beneath (a) the dry-milled surface, (b) the wet-milled surface, and (c) the shot-peened surface. In 
(a) and (b), dash lines are drawn to compare the thickness of the superficial white layer formed in 
dry and wet milling. 

A comparison of the fatigue performance as influenced by the use of coolant and post-machining 
surface treatment of shot peening is presented in Fig. 3. Although relatively low surface residual stresses 
were obtained by wet milling, the fatigue life was observed to be comparable with that for the specimens 
prepared by dry milling. However, in the high-cycle regime with a lower applied load, it showed a slight 
increase in fatigue resistance for the wet-milled condition which is very likely due to a stronger effect of 
residual stresses. The shot peening, on the other hand, led to a great increase of the fatigue life, 
particularly in the high-cycle regime; the enhancement could be up to roughly two orders of magnitude 
compared with the lifetime of the dry-milled specimens.  

Fracture surface examinations can offer insights into the fatigue failure mechanism of the specimens 
with different surface conditions. Shown in Fig. 4 is an example of the typical fracture appearance 
observed on the fatigued specimens with either a dry-milled or wet-milled surface. It can be clearly seen 
that multiple cracks were initiated at the milled surface during fatigue loading and the coalescence of the 
cracks led to a macroscopic fluctuant fracture surface. Close examinations further revealed that the 
initiation of fatigue cracks took place primarily associated with the cracking of surface non-metallic 
inclusions (Nb-rich carbides and/or Ti-rich nitrides). Previous studies by the authors [9] have shown that 
the giant plastic work during machining of Inconel 718 could cause cracking of non-metallic inclusions 
on the machined surface. In this study, substantial cracked carbides as well as a few cracked nitrides 
(due to the much lower amount of nitrides in the alloy) were also observed after the milling operations. 
These pre-existing surface defects provide multiple sites where fatigue cracks preferably initiate, or 
could even start to grow without an incubation of nucleation. Based on such predominance of the failure 
mechanism, the comparable fatigue life of the specimens prepared by dry and wet milling is very likely 
attributed to the similar damage on the milled surfaces with respect to the non-metallic inclusion 
cracking. The effect of residual stresses in this case appears to be less significant. 

In the case of the shot-peened specimens, the surface compression was deep and strong enough to 
shift the crack initiation sites to subsurface regions corresponding to the depth of the compressive layer, 
see Fig. 5. The surface microstructure of the shot-peened specimens still consists of a large amount of 
cracked inclusions, however, the development of fatigue cracks from these flaws was retarded due to the 
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presence of the great compressive residual stresses. As a result, an enhanced fatigue life and strength 
were obtained, as shown in Fig. 3. The beneficial effect of compressive residual stresses in terms of 
retarding surface cracking during fatigue and increasing the resistance of the component to fatigue 
failures is well consistent with the previous findings in shot peening of other metallic materials [3,4]. 
The extent to which the lifetime was prolonged was decreased as the applied load was increased due to 
the residual stress relaxation in low cycle fatigue resulting from significant cycling strains [10].   

 
 

 

 

 

 

 

 

 

 
 
Figure 3. A comparison of the obtained 
fatigue life as influenced by the use of 
coolant as well as the post-machining 
surface treatment of shot peening. 
 
 

 

Figure 4. Typical fracture appearance after the fatigue of the milled specimens regardless of the 
use of coolant where multiple crack initiation sites at the milled surface were observed; some of 
them are located by dash lines.  

Conclusions 
The present work investigated the residual stresses generated on milled Inconel 718 as influenced by the 
use of coolant in machining or by post-machining surface treatment with shot peening. The 
corresponding fatigue performance of the specimens was also investigated. The results showed that the 
wet milling led to reduced tensile residual stresses on the machined surface compared with that in the 
case of dry milling. However, a comparable fatigue life was obtained for the specimens milled with or 
without the use of the coolant. This is very likely due to that for both conditions the milling-induced 
surface damage with respect to cracked non-metallic inclusions dominated the crack initiation during 
fatigue. The shot-peening treatment annihilated the surface tension induced by milling and introduced 
high compressive residual stresses. The presence of the compressive layer retards surface cracking from 
the pre-existing cracked carbides and/or nitrides and shifts the crack initiation sites to sub-surface 
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regions, leading to a significant increase of the fatigue life and strength for the shot-peened specimens. 
The extent to which the lifetime was prolonged was reduced as the applied load was increased. 

Figure 5. Fatigue fracture surface of a shot-
peened specimen where it shows a transition of 
the crack initiation site from surface to subsurface 
regions (pointed by the arrow) compared with the 
observation in Fig. 4. 
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Abstract. The current paper presents the results of neutron diffraction measurements of the through-
thickness residual stress field at the toe of a T-butt weld, made from 10mm thick A350 grade black 
mild steel plates, after successful ultrasonic peening. A single ultrasonic peening treatment was 
carried out at the weld toe. Residual stresses were measured using the KOWARI instrument at 
ANSTO. The neutron diffraction technique was chosen for this study because of its ability to 
measure three-dimensional residual stress deep within the component at high resolutions. 
Although the nominal yield stress of the A350 grade plate is 350 MPa the actual yield stress is 
generally higher, in this case averaging out to about 400 MPa. Ultrasonic peening was highly 
effective, leading to a residual stress redistribution with a maximum compressive stress of about 
250 MPa at the weld toe surface and a maximum tensile stress of 220 MPa, at a depth of almost 
3mm into the base plate. The resulting compressive residual stresses at the weld toe surface will 
almost certainly increase substantially both the fatigue initiation and propagation lives, or may 
prevent fatigue completely. Since A350 steel is widely used in buildings, bridges and offshore 
structures, ultrasonic peening shows great promise as an in-situ peening method in order to 
improve weld fatigue performance. 

Introduction 
A350 grade black mild steel is one of the most widely used structural materials in the world, being 
commonly found in buildings, bridges and offshore structures. Welding is typically used to join two 
plates of structural steel and this often takes the form of a T-butt weld. In addition, other more 
complex geometrical joints are often simplified for stress analysis purposes by approximating them 
as two-dimensional T-butt plate models (e.g. skewed T-joints, tubular welded joints, pipe–plate 
joints, etc.). However, all such welds are potentially susceptible to fatigue crack initiation and slow 
but accelerating growth arising as a result of fluctuating service loads, often eventually resulting in 
fast fracture. 

Ultrasonic peening, more properly known as ultrasonic impact treatment (UIT), is a recent 
development of the well-established shot peening process. It was originally invented in 1972 in the 
former USSR to improve the fatigue and corrosion performance of ship and submarine hulls. UIT is 
similar to conventional needle or hammer peening in many respects. An important difference is that 
rather than using a pneumatic tool, which causes the needles or a single hammer-like rod to impact 
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the weld surface at a frequency of 25-100 Hz, with UIT, the weld is impacted by a small number of 
rods vibrating at a much higher frequency on the order of 18,000-27,000 Hz. This makes it a much 
quieter device, which vibrates at a lower intensity, so that the operator can use it for longer periods of 
time before tiring [1]. Ultrasonic peening is relatively cheap, can be applied in-situ and offers 
significant improvements in the lifespan of welded components when applied correctly. This occurs 
for three different reasons: removal of weld defects; reduction of stress concentration; and 
redistribution of tensile stresses and/or introduction of compressive stresses [2]. 

Experimental Methods 
Welding. Dimensions were 800×160×10mm for the base plate and 100×160×10mm for the 
attachment plate of each T-butt. During fabrication two base plates were tack welded back-to-back 
prior to welding of the double-beveled attachment plate to each, in order to minimize distortion. 
Balanced full-penetration GMAW fillet welding was employed, with six passes on each side. All 
welds passed ultrasonic testing (UT) for internal flaws and magnetic particle inspection (MPI) for 
surface flaws. Fig. 1 shows the weld detail of a typical T-butt joint before buffing. 
 

 
Fig. 1. Weld detail of typical T-butt joint before buffing. 

Ultrasonic Peening. Ultrasonic peening treatments were carried out at the base plate and attachment 
plate weld toes on both sides of one of the T-butts using an Applied Ultrasonics Esonix UIT 
apparatus. The impact pins were oriented 45° from the treated weld area (perpendicular to the toe 
line) and the tool was continuously moved in an oscillating motion in a path parallel to the direction 
of the weld. In order to develop the desired groove, the tool was worked back and forth between a 
30° and a 60° angle while maintain the oscillating motion described above. Groove formation was 
continuously observed during the application process. A properly formed, shiny groove at the weld 
toe was obtained; this is the main quality assurance inspection point for treatment verification [3]. 
Neutron Diffraction. It was attempted to measure through-thickness residual stresses from the weld 
toe into the base plate for both as-welded and ultrasonically peened specimens using the KOWARI 
instrument at the ANSTO Bragg Institute. The (non-destructive) neutron diffraction technique was 
chosen for this study because of its ability to measure three-dimensional residual stress deep within 
the component at high resolutions. For the neutron measurements a 0.5×0.5×1mm3 gauge volume 
was used for the longitudinal, transverse and normal components. The experimental measurements 
on the ultrasonically peened sample were successful but those on the as-welded sample were 
unfortunately shown to be incorrect, as the scan was made slightly inside the weld rather than exactly 
at the weld toe. 
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Parametric Equations. Brennan-Dover-Karé-Hellier (BDKH) parametric equations [4] are available 
for the stress intensity factor (SIF) geometric Y-factor at the deepest point of a semi-elliptical flaw at 
the toe of a T-butt weld, accurate for a wide range of geometric parameters under both tension 
(membrane) and pure bending loadings. These were derived from the results of eighty 8-noded shell 
finite element analyses in conjunction with the Niu-Glinka weight function [5]. From the models 
studied, the geometry validity limits for the equations developed are: 

Weld angle:   30°<α<60° 
Crack aspect ratio:  0<a/c<1.0 
Crack depth:   0.01<a/T<1.0      (1) 
Weld toe radius:  0.01<ρ/T<0.066 
Attachment width:  0.3<L/T<4.0 

Fig. 2 shows the geometry of the T-butt weldments studied including the crack geometry, with all the 
geometric parameters above defined. 
 

 
Fig. 2. (a) Local weld geometry studied (b) Geometry and loading used to derive stress intensity 
factors (c) Crack geometry (semi-elliptical crack). 
Recently developed and unique Hellier-Brennan-Carr (HBC) T-butt weld toe surface stress 
concentration factor (SCF) [6] and stress distribution parametric equations [7] through the base plate 
thickness (i.e. the potential Mode I crack plane) are also available for similar ranges of geometric 
parameters and tensile (membrane) loading. 
Crack Growth Equations. The Paris Law [8] is commonly used to predict the (Stage 2) fatigue 
propagation life for a component or structure containing a sharp initial crack. It does not take into 
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account the influence of mean stress. Another equation which does incorporate the (second order) 
influence of mean stress on the propagation rate is the Forman Equation [9]. 
Computer Programs to Predict Fatigue Life. Two FORTRAN computer programs were written to 
predict the remaining fatigue life for a T-butt welded joint containing a semi-elliptical crack at the 
weld toe under tension (membrane) loading. The first of these programs uses the BDKH tension 
parametric equation in conjunction with the Paris Law, and is applicable to a stress-relieved joint. 
The second program uses the BDKH tension parametric equation together with the HBC tension 
parametric equation and the Forman Equation, and is applicable to both the as-welded and 
ultrasonically peened conditions where residual stresses are present. 

Experimental Results 
Residual Stresses. Although the nominal yield stress of the A350 grade plate is 350 MPa the actual 
yield stress is generally higher, in this case averaging out to about 400 MPa. Ultrasonic peening was 
highly effective, leading to a residual stress redistribution with a maximum compressive stress of 
about 250 MPa at the weld toe surface and a maximum tensile stress of 220 MPa, at a depth of 
almost 3mm into the base plate (refer to Fig. 3). 
 

 
Fig. 3. T-butt weld toe residual stresses through the base plate after ultrasonic peening. 

Since there are no measurements in the as-welded state, a typical as-welded residual stress 
distribution from the literature [10] was used instead, as shown in Fig. 4. The sample investigated 
using neutron diffraction with a 2×2×2mm3 gauge volume was a T-plate fillet weld, joining two 
25mm thick plates. The plate material was BS 7191 grade 355 EMZ structural steel, which is very 
similar to A350 grade steel, and represents a large group of steels commonly used in the nuclear and 
offshore industries. SMAW welding with standard filler metal was used. Both welds consisted of 
four weld passes in an alternating sequence between the two sides. For the purpose of this work, the 
residual stress distribution at the T-butt weld toe centre line was scaled horizontally to fit a 10mm 
thick base plate. 
Geometric, Material and Loading Parameters. Table 1 contains values of the geometric 
parameters selected for the present analyses. 

The fatigue threshold, ∆KIth, was taken as 3.2 MPa√m. The Paris Law crack growth coefficient 
and exponent were C = 8.57 × 10-12 (SI units) and m = 3, respectively. Applied membrane stress 
varied from 0 to 100 MPa. The number of crack increments employed in the modelling was 10,000. 
Preliminary Results. Fig. 5 shows the numerical crack growth results superimposed for: (a) as-
welded; (b) stress-relieved; and (c) ultrasonically peened conditions. The analyses conducted 
assumed that a fatigue crack grows through a static residual stress field. As expected, it is apparent 
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that the ultrasonically peened T-butt exhibited a longer fatigue life than the stress-relieved specimen, 
which in turn had a longer fatigue life than the as-welded specimen. It should be noted that the 
ultrasonically peened specimen had an initial crack depth of 1mm; when it had the same 0.1mm 
initial crack depth as the other two specimens it exhibited no fatigue crack growth at all. 

 

 
Fig. 4. Through-thickness residual stresses at T-butt weld toe centre line and surface of the 
sample as a function of base plate depth [10]. 
Table 1. Geometric parameters of T-butt joints. 

Geometric Parameter Value 
Weld angle [α] 45° 

Weld toe radius [ρ] 0.1mm 
Plate thickness [T] 10mm 

Welded attachment width [L] 30mm 
Initial semi-elliptical crack depth [ai] 0.1mm or 1mm 
Initial semi-elliptical crack width [2ci] 2mm or 20mm 

 

            
Fig. 5. Fatigue crack growth curves (a) As-welded (b) Stress-relieved (c) Ultrasonically peened 
specimens. 

Conclusions 
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Ultrasonic peening was found to be very effective at modifying the residual stress distribution. As 
expected the as-welded residual stresses shortened the fatigue propagation life, whereas ultrasonic 
peening extended it or completely prevented fatigue crack growth. 
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Abstract. It has been demonstrated in our past studies that neutron diffraction can be an alternative 
method to conventional strain gauges for measuring the stress distribution along rebar embedded in 
concrete. The current study investigated the possibility of the bond stress evaluation using neutron 
diffraction in order to find a further capability of neutron diffraction for the structural engineering 
study on the reinforced concrete structure. Several peaks appeared in the bond stress distribution 
measured by neutron diffraction, showing the inhomogeneous bond variation along the embedded 
rebar. This result suggests that the neutron diffraction technique with high spatial resolution makes it 
possible to investigate local bond resistance caused by the transverse ribs. The bond stress 
distribution measured by the neutron diffraction technique is expected to bring detailed 
understanding of the bond mechanism between rebar and concrete for the reinforced concrete 
structure.  

Introduction 
The reinforced concrete (RC), which is widely utilized for various architectural and civil engineering 
structures, is well known as a composite structure, in which concrete with relatively low tensile 
strength and ductility is strengthened by reinforcements such as steel rods (rebars) with high tensile 
strength and/or ductility. In general, quantitative evaluation of bond resistance between rebar and 
surrounding concrete is important to discuss the performance of the RC structures [1-4]. In our 
previous studies, we have investigated the potential of the neutron diffraction technique for the stress 
measurement of rebar embedded in concrete as an alternative method to the conventional strain 
gauge. Our first relevant work was carried out using the engineering diffractometer RESA-1 in JRR-
3 (Japan Research Reactor No. 3), and we demonstrated that the neutron diffraction technique can be 
a novel strain measurement method for rebar embedded in concrete [5, 6]. More recently, three-
dimensional deformation behavior of the embedded rebar including the axial and transverse strains 
was successfully measured under pull-out loading using Time-of-Flight (TOF) neutron diffraction 
with the engineering diffractometer, TAKUMI  in MLF (Materials and life Science Experimental 
Facility) of J-PARC (Japan Proton Accelerator Research Complex) [7]. Furthermore, it was 
demonstrated by some application studies using TAKUMI that the neutron diffraction technique is 
available to assess the bond deterioration due to rebar corrosion and crack generation in concrete [8]. 
As described above, our previous studies commonly discussed on the bond condition between rebar 

http://dx.doi.org/10.21741/9781945291173-5
mailto:asuzuki.hiroshi07@jaea.go.jp
mailto:kusunoki@eri.u-tokyo.ac.jp
mailto:manabu@rs.noda.tus.ac.jp
mailto:t_mukai@kenken.go.jp
mailto:stefanus.harjo@j-parc.jp


Residual Stresses 2016: ICRS-10  Materials Research Forum LLC 
Materials Research Proceedings 2 (2016) 25-30  doi: http://dx.doi.org/10.21741/9781945291173-5 

 

 
 26 

+90
o  Detector Bank

Radial Collimator (5mm width)

Radial Collimator (5mm width)

-9
0o

De
te

ct
or

 B
an

k

Gauge volume
(5 x 5 x 10 mm3)

Gauge definition slit
(5 mm width x 10 mm height)

Reinforced concrete specimen

45o

10
55

(c)

110mm
(un-bonded region)

320mm (Bonded region)

460mm

~φ
50

m
m

>250mm
>545mm

>1005mm

D10 rebar D13 rebar

Weld joint

Concrete

Pressure plate 

Hydraulic center-hole jack
Center-hole load cell

Coil spring (1245 N/mm)

Pressure 
plate Specimen

(a)

(b)

X=0
X Strain gauge

Axial

Transverse

Fig. 1 Schematic illustrations of (a) sample 
used in this stidy, (b) load frame and (b) 
measurement configulation of TAKUMI.  

and concrete based on a change in the axial stress distributions along the embedded rebar measured 
by neutron diffraction. However, most of the papers investigating the bond strength for the RC 
structures have rather discussed on a change in the “bond stress distribution” rather than the axial 
stress distribution [9, 10].  

The current study was, therefore, undertaken to evaluate the bond condition of the RC structure 
based on the bond stress distribution along the embedded rebar, in order to find further capability of 
neutron diffraction for the structural engineering study of the RC structure.  

Experimental Procedure 
RC Specimens. Figure 1 (a) shows a schematic illustration of the RC specimen used in this study. 

A ferritic steel deformed-bar with 9.53 mm in a nominal diameter, so-called D10 rebar, was 
embedded in cylindrical concrete with approximately 50 mm in diameter and 460 mm in length. The 
length of the bonded region is 320 mm, and an un-bonded region with 110 mm in length was 
artificially introduced at the loading edge of the specimen. This un-bonded region was utilized for 
determining the reference lattice parameter with stress-free condition. The boundary between bonded 
and un-bonded regions was defined as the origin of length scale (X=0). The maximum size of the 
mixed aggregates in the concrete was 13 mm in diameter. This specimen was cured in air for total 29 
days before the neutron experiment, i.e. first 14 days at ambient condition and last 15 days in a 
constant temperature (20±1 oC) and humidity 
(60±5 RH%) room. The compressive and 
tensile strengths of concrete cured in air for 50 
days under the same condition as the 
reinforced concrete specimen were measured 
as a reference to be 34.6 MPa and 2.79 MPa, 
respectively. The specimen was mounted on 
the pull-out loading device which consists of a 
hydraulic center-hole jack, a center-hole load 
cell and coil spring, as shown in Fig. 1 (b).  

Neutron Experiment. The engineering 
diffractometer, TAKUMI [11], installed at 
BL19 in MLF of J-PARC was employed in 
this study. Figure 1 (c) shows the schematic 
layout of TAKUMI for the stress measurement 
of rebar embedded in concrete. This is an 
energy dispersive neutron engineering 
diffractometer, which measures energy 
spectrum diffracted from a sample when 
irradiating with white pulsed neutrons at 25 
Hz generated in the mercury target. The 
incident neutron beam was formed into a 
rectangular shape with 5 mm in width and 10 
mm in height by using a gauge definition slit, 
irradiating the reinforced concrete specimen 
mounted on the loading device settled on a 
XYZθ positioner. The specimen with the 
loading device was oriented 45° to the incident 
beam, and therefore allowed us to measure the 
strains of rebar in the axial and transverse 
directions simultaneously using both detector 
banks installed at ±90°. The radial collimators 
for 5 mm gauge width were installed in front 
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of each detector bank, resulting in the gauge volume of 5×5×10 mm3. The diffraction patterns were 
measured at 5 mm intervals in minimum along rebar over the length of 250-300 mm including the 
first 50 mm un-bonded region under different pull-out loadings, i.e. approximately 125 MPa and 
248.5 MPa. The detailed descriptions of the experimental condition including the sample preparation 
can be found in the reference [7].  

Data Analysis. The average lattice constants, a in the axial and transverse directions were 
determined by multiple-fitting over 15 peaks from the 110 to 431 reflections by the Rietveld 
refinement software, Z-Rietveld [12]. The axial stress in a rebar axis, σA was calculated using the 
strains in the axial and transverse directions of rebar in assumption of equiaxial-stress condition [7]. 
On the other hand, the bond stress, τ is equivalent to the shear stress acting at the boundary between 
rebar and concrete, expressed by following equation, 

4
A Ad dA D

D dX dX
σ στ

π
= ⋅ = ⋅ ,    (1) 

where, A and D indicate a nominal cross-sectional area and a nominal diameter of rebar, respectively. 
According to Eq (1), the bond stress distribution can be obtained by making a differential curve of 
the axial stress distribution. In this study, the binomial smoothing was, at first, applied to the 
measured axial stress distribution to reduce the influence of data scattering, and then the bond stress 
distribution was obtained by plotting slopes fitted within a range of neighboring data in the smoothed 
axial stress distribution, as a function of the axial position of rebar. 

The average bond stress was, in our previous studies [5-8], roughly calculated by Eq (1) with the 
slope of the axial stress distribution within a range of 
the anchorage region, approximately estimated by 
eye. In contrast, it was obtained accurately in this 
study normalizing the area of the bond stress 
diagram in the anchorage region by its length.  

Results and Discussion 
Figure 2 shows the axial stress distributions and 

corresponding bond stress distributions along the 
embedded rebar in concrete under two different pull-
out loadings, i.e. σap=125 MPa and 248.5 MPa. 
Figure 2(a) exhibits the axial stress distribution with 
a spatial resolution of 5 mm in minimum, showing 
typical stress variation for the RC structure under 
pull-out loading as an increase in the tensile stress 
towards the end of the bonded region (X=0 mm). In 
addition, compressive residual stresses generated due 
to drying shrinkage of concrete can be found in the 
bonded region. The bond stress distribution derived 
from the smoothed axial stress distribution is shown 
in Fig. 2(b). Lengths of the anchorage region can be 
predicted to be about 85 mm for σap=125 MPa and 
about 145 mm for σap=248.5 MPa, and the average 
bond stresses are calculated to be about 6.4 MPa and 
5.9 MPa, respectively. These values are different 
from rough estimation in our previous study [7], but 
more reliable since the bond stress distribution 
obtained here assists to determine these values 
accurately. On the other hand, several peaks can be 
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found in the bond stress distribution with about 20 mm in intervals. Since the error bars of the bond 
stresses are estimated to be more than ±10 MPa, the oscillations in Fig. 2(b) is suspected to be given 
by the scatter in the axial stresses. However, the cyclic variation showing similar pattern regardless 
of the applied stresses may be rather associated with ribs regularly distributed along rebar. To know 
the reason why several peaks appear in the bond stress distribution, therefore, following discussions 
are made based on the geometrical relationship between the transverse rib and measurement 
positions.  

Figure 3 (a) shows the axial stress distribution with 10 mm in a spatial resolution, extracted from 
the original axial stress distribution shown in Fig. 2(a). The bond stress distribution obtained here 
looks similar pattern to the variation of Fig. 2(b), but showing some broader peaks.  The average 
bond stresses are calculated to be about 5.8 MPa for both applied stresses, which are slightly smaller 
than those derived from the bond stress distribution with 5 mm in a spatial resolution. On the other 
hand, Fig. 4 (a) shows the axial stress distribution with the same spatial resolution of 10 mm, but it is 
5mm offset from that in Fig. 3(a). As shown in Fig. 4(b), the bond stress distribution derived from 
the axial stress distribution has no peaks, which is clearly different from the variations shown in Figs. 
2(b) and 3(b). The average bond stresses are calculated to be about 5.8 MPa for σap=125 MPa and 
about 5.6 MPa for σap=248.5 MPa, which are similar value to those in former case with 10 mm in a 
special resolution. Comparing the average bond stresses for all cases with different special 
resolutions, it can be confirmed that they agree within less than 1.0 MPa, regardless of the special 
resolution. 
The results showing different trend of the bond stress distribution can be explained by the position 
relationship between the transverse ribs and measurement positions, as represented in Fig. 5(a). The 
distance between transverse ribs of D10 rebar is approximately 6.7 mm. If the rib position coincides 
with the measurement position at X=10 mm, they are approximately overlapped every 20 mm when 
measuring the axial stress distribution with 5 mm in a spatial resolution, as shown in (i) in Fig. 5(a). 
Simply assuming a step-like axial stress distribution along the embedded rebar, the axial stress 
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Fig. 3 (a)  Axial stress and (b) bond stress 
distributions with 10 mm in a spatial 
resolution. 

Fig. 4 (a)  Axial stress and (b) bond stress 
distributions with 10 mm in spatial 
resolution, but it is 5mm offset from that in 
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distribution measured with 5 mm in a spatial resolution can be represented by the red line in the 
bottom figure of Fig. 5(a). In this case, unchanged flat variation can be observed every 20 mm, which 
brings a decrease in the bond stresses at corresponding positions. This simple model can 
approximately demonstrate the bond stress distribution shown in Fig 2(b). On the other hand, if the 
stress distribution is measured with 10 mm in a spatial resolution starting from X=5 mm, the 
measurement positions cannot be overlapped with the rib positions at all (see (ii) in Fig. 5). In this 
case, the axial stress distribution fluctuates every 10 mm, showing similar trend to the case (i) in Fig. 
5(a) but lower resolution, resulting in broader peaks in the bond stress distribution as shown in Fig. 
3(b). If starting measurement from X=0 mm with 10 mm in a spatial resolution, on the other hand, the 
measurement positions can be overlapped with another ribs every 20 mm, as shown in (iii) in Fig. 5. 
In this case, the axial stress distribution behaves similar trend to the case (ii) in Fig. 5(a), but seems 
to be shifted by 5 mm. Therefore, the bond stress distribution in Fig. 4(b) shows slightly different 
from that in Fig. 3(b). Considering above mechanisms, neutron diffraction can investigate local bond 
resistance taking advantage of higher spatial resolution than the strain gauge method. According to 
Fig. 5(b), the horizontal bearing force, FH on the rib face is estimated to be smaller than the friction 
force, fH on a straight part of rebar because of higher axial restriction of deformation around the 
transverse rib by the surrounding concrete. Therefore, lower and higher bond stresses in Fig. 2(b) are 
considered to be derived from the friction force, fH and the horizontal bearing force, FH, respectively. 

Summary 
In the present study, the capability of the neutron diffraction technique for the structural engineering 
studies on the reinforced concrete structure was discussed based on the bond stress evaluation 
between rebar and concrete. Several peaks appear in the bond stress distribution measured by neutron 
diffraction, showing the inhomogeneous bond variation along the embedded rebar. The horizontal 
bearing force on the rib face might increase the bond resistance around the transverse ribs, increasing 

the bond stresses locally. On the other hand, lower bond stresses are considered to be derived from 
weaker friction force acting at the straight part of rebar between transverse ribs. This result suggests 
that neutron diffraction technique with high spatial resolution can investigate local bond resistance 
caused by the transverse ribs. The bond stress distribution measured by the neutron diffraction 
technique is expected to bring detailed understanding of the bond mechanism between rebar and 
concrete for the reinforced concrete structures. 

Fig. 5  (a) Schematic relationship between transverse rib and measurement positions and 
schamtic diagram of the axial stress distribution estimated for each spatial resolution. (b) 
Schamtic illustration of force working around a transverse rib. 
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The absorption coefficient of concrete is approximately 0.5 cm-1 which is about a half of iron one 
[5]. For the future, to use deuterated concrete would decrease the transmission and allow higher 
spatial resolution and allow us to see more detailed cyclic variation associated with the ribs. 

The neutron diffraction experiments were performed using the TAKUMI engineering 
diffractometer at the J-PARC/MLF with the approval of the J-PARC Center as Proposal No. 
2012B0058. 
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Abstract. The “Shrink-fit ring and plug” system is known in the residual stress neutron community 
mostly due to the VAMAS Round Robin specimens, that were measured by most of the neutron 
residual stress instruments worldwide. This standard, however, can be challenging for some low flux 
instruments and considerable beamtime and efforts are required to accomplish measurements 
accordingly to the measurement protocol. Theoretically, the residual stress distribution is not simple, 
being neither plain stress nor plain strain, and essentially it is a 3D distribution with a large gradient 
toward the flat cut, especially for the axial component. Another “shrink-fit ring-and-plug” system is 
being considered, namely bi-metallic coins. With an easier zero plane stress state, they represent 
another potential candidate for a standard. Bi-metallic coins are in current circulation in many 
countries of the world. In the given study we report on an assessment of the residual stress state of 7 
different bi-metallic coins measured by means of neutron diffraction to reconstruct the full stress 
state. The magnitudes of the stresses in the specimens were different obviously due to differences in 
the coinage process and materials in use. While in some cases residual stresses are weak and 
therefore difficult to measure accurately, in some cases stresses reach ~100 MPa. Although question 
in variability of the coinage process through years and within series is still debatable, tight standards 
and tolerances of the mint industry suggest the probability of consistency in the residual stress state 
making bi-metallic coin an interesting alternative to the VAMAS ring-and plug standard.. 

Introduction 
The so-called VAMAS shrink-fit “ring-and-plug” sample [1] has been used over the last decade as a 
standard round-robin sample by the neutron community for the purpose of standardization and 
instrument calibration. The idea was so successful that all existing, newly built, or upgraded stress 
scanners made measurements of this sample, usually during commissioning. Collected data is 
commonly among the very first results, as in the case of residual stress diffractometer KOWARI at 
ANSTO [2]. Despite this success, there were few drawbacks with this approach: 
o There were only two samples made and although they can become available within reasonable 

time, the associated logistics and mailing samples around the world without risk of losing them is 
problematic.  

o Although aluminium barely activates during a normal neutron diffraction experiment 
(transmission tomography can be different!) moving samples that have been irradiated across 
borders can be problematic. 

o The samples were produced in one single and unrepeated process, there is a seriously challenging 
problem if someone wishes to reproduce them exactly; there were some unsuccessful attempts in 
the past to make copies. 

There are also problems of a scientific nature and related to the experimental process: 
o The samples are made of aluminium alloy AA7050. Although this has the advantage of providing 

high penetration and low stiffness, both good for neutron strain measurements, aluminium is a 
weak scatterer, therefore for some residual stress diffractometers with moderate performance it is 
a challenging task to carry out the prescribed measurement programme in full. As a consequence 
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incomplete data sets were collected on some instruments, while on other beamlines spatial 
resolution or accuracy was sacrificed to have measurements done within reasonable experimental 
time. 

o Another drawback of AA7050 alloy is that it is anisotropic and special efforts must be made to 
keep it under control and separate measurements of a specially made d0 sample (a stand-alone 
plug sample) should be performed slowing down the overall experiment. 

o With overall dimensions 50 mm diameter and 50 mm height, the residual stress state is not simple, 
neither plane-strain state, nor plane stress state. In general, a gradient along the axis of the 
cylinder is present for strains and stresses. It is especially pronounced for the axial stress 
component which changes from a maximum value in the mid-height to exact zero at the top and 
bottom surfaces. Thus, results of the measurements, in principle, depend on the experimental 
setup and how measurements were executed, e.g. on the exact shape and size of the gauge volume  

In an attempt to overcome these drawbacks, a much simpler standard sample can be envisaged. It 
should be made of a better neutron scatterer, still with sufficiently low stiffness and it should have a 
highly symmetric shape, like the VAMAS sample, cylindrical. If the sample is to comply with the 
plane stress condition, then to have a 2D shrink ring-and-plug system made of copper (or steel), a 
few mm in thickness and 30-40 mm in diameter would be a good candidate. Such systems are 
available in mass-production and they are bi-metallic coins. They are produced in almost all 
countries around the world from similar materials in similar size, though technologies of their 
production are expected to be different and undisclosed. 

The aim of this study is to investigate residual stress in bi-metallic coins, using several easily 
obtainable candidates, and to assess how reasonably they can be used as standard specimens. The 
issues to investigate are 
o How strong are the residual stresses in the coins? It is difficult to measure weak stresses since 

very small strain/stress error bars should be experimentally achieved. 
o Is the material very anisotropic and should a special d0 be a part of the measuring programme? 
o How uniform is the material? Since stamping of the surface image (relief) is not uniform, it can 

potentially induce non-uniformity in the stress state that should be avoided. 
o Although there are expectations of tight standards and tolerances in the mint industry, can the 

consistency of minting technology and variability in the residual stress state (through years of 
minting and within the same year) be addressed and satisfactorily resolved in an experimental 
manner? 

This is a first of the kind study on bi-metallic coin residual stress since no experimental results are 
available up to now. Beyond the particular consideration of bi-metallic coins as a stress standard, this 
work brings a new characterisation of these every-day objects. 

Principles of bi-metal coin production (minting) 
The production process starts with punching coin 
blanks to be the ring and core/plug. A hole is also 
punched through a blank to produce a ring, whose 
diameter is accurately sized to fit inside the ring. 
The blank of the plug is also treated specially by 
adding a groove all the way around the edge e.g. by 
milling. The stamping (or double stamping) finally 
fixes the two parts of the assembly together and the 
force of the stamping plunger is adjusted to provide 
conditions for material of the inside edge of the ring 
to be pressed into the groove, locking the two parts 
into place (Fig. 1).  

The different materials with different elastic and 
plastic properties, different sizes of ring and plug, 
different groove designs and tolerances are 

 
Fig. 1. Structure of a generic bi-metallic coin. 
A variable groove design is shown in two 
options.  

http://dx.doi.org/10.21741/9781945291173-6


Residual Stresses 2016: ICRS-10  Materials Research Forum LLC 
Materials Research Proceedings 2 (2016) 31-36  doi: http://dx.doi.org/10.21741/9781945291173-6 

 
 33 

reflected in different accumulated stresses. Although the locking mechanism by groove is partially 
responsible for the integrity of a bi-metallic coin, the residual stress should be generally present and 
also play a role.  

Samples and materials 
A number of bi-metallic coins were selected for the current study of the residual stresses and their 
details are given in Table 1. All selected coins are made from copper alloy of a certain kind (with few 
exceptions for the ring material) and all fall into a very narrow interval of sizes: 26 – 28 mm 
diameter. 

Experimental: principles 
Due to the plane stress condition the stress state of a bi-metallic coin with outer radius b and inner 

Table 1. Bi-metallic coins and their characteristics (data collected from multiple sources) 
Coin Description 

 

UK2: 2 pound coin (UK) 
Mass = 12 g; Diameter = 28.4 mm; Thickness = 2.5 mm 
Outer ring: Nickel-brass (76% Cu, 20% Zn and 4% Ni) 
Centre: Cupro-nickel (75% Cu , 25% Ni) 
Years of minting: 1997-present 

 

CAN2: 2 dollar coin, “toonie” (Canada) 
Mass = 7.30 g; Diameter = 28 mm; Thickness = 1.75 mmOuter ring: 
99% Ni 
Inner core: aluminium bronze (92% Cu, 6% Al, 2% Ni) 
Years of minting: 1996–present 

 

SA5: 5 Rand coin (South Africa) 
Mass = 9 g; Diameter = 26 mm;  Thickness = 2.8 mm 
Outer ring : Copper-Nickel 
Inner core: brass  
Years of minting: 2004–present 

 

TW20: 20 Yuan coin (Taiwan) 
Mass = 8.5 g; Diameter = 26.85 mm; Thickness = 2.15 mm 
Outer ring: Aluminium-bronze 
Inner core: copper-nickel 
Years of minting: 2001–present 

 

MEX10: 10 Pesos coin (Mexico) 
Mass = 10.329 g; Diameter = 28 mm; Thickness = 2.3 mm 
Outer  ring Aluminium-bronze 
Inner core: Copper-nickel-zinc (65% Cu, 10% Ni, 25% Zn) 
Years of minting: 1997–present 

 

Rus10: 10 Rouble coin (Russia) 
Mass = 8.4 g; Diameter = 27 mm; Thickness = 2.1 mm 
Outer ring: Brass 
Inner core: Copper-nickel 
Years of minting: 1992–present 

 

AUS5: 5 dollar coin (Australia) 
Mass = 10.6 g; Diameter = 28.12 mm; Thickness = 2.6 mm 
Outer ring: Austenitic stainless steel 
Inner core : Aluminium bronze 
Years of minting: 1988–Present 
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radius a is extremely simple 
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where K =b/a and apart from the geometric dimensions is characterized by only one parameter p, a 
pressure on the plug. Stress-strain relationships are also simplified to 
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In principle, for full reconstruction of the stress state, the stress measurement of the inner core is 

sufficient. Experimentally, the measurement programme might vary depending on assumption 
regarding d0 anisotropy: 

(EXP1) If a d0 isotropy assumption is made, the experiment can be carried out non-destructively. 
The measurements of the central core involve detection of the two principal directions, hoop/radial 
and axial, from which by applying the condition of the axial component to be zero, the hoop/radial 
stress component and d0 can be resolved.  

(EXP2) If, however, d0 is assumed to be anisotropic, the stresses can be resolved only in a 
destructive way. The experimental programme of the central core then involves detection of the two 
principal directions, hoop/radial and axial, each measured in loaded (intact coin) and unloaded (the 
central core is removed from the ring). Thus two principal elastic strains can be derived from the pair 
of measurement and the hoop/radial stress component can be calculated. 

In both cases, due to the uniform stress state in the plug (Eq. 1, no radial dependence, only 
uniform pressure p), measurements with an elongated gauge volume can be used reducing overall 
measurement time in this way and/or improving counting statistics. With the thickness range of the 
coins of 1.75 to 2.6 mm, and core diameters at least 15mm, a gauge volume with dimensions 1×1×10 
mm3 seems the most adequate. Thus, measurements of the two directions (in transmission and 
reflection geometry) are easily possible, even for moderate performance neutron stress scanners. 

Experimental: neutron diffraction setup 
Neutron residual stress measurements of bi-metallic coins were performed on the KOWARI neutron 
diffractometer at OPAL research reactor at ANSTO [2]. For all coins the Cu(311) reflection was used 
at 90°-geometry employing a neutron wavelength of λ = 1.54 Å. Because different alloys had slightly 
different lattice spacings, there was a natural variation in the exact position of the diffraction peak, 
but all of them they were within range of ±1°. 

A gauge volume with size of 1×1×10 mm3 was consistently used since it could be positioned 
within each and every coin central core. Not just one, but 5 locations (exact centre, ±3 mm, ±6 mm) 
were systematically measured for each coin to assess uniformity and statistical variations of the 
material of the plug with measurement times of 3 minutes. The high flux of KOWARI, optimised for 
this wavelength, yielded 50 - 60 µstrain accuracy on average or ~7-8 MPa in terms of calculated 
stresses. 

Experimental: results and data analysis 
The study has been performed in several steps: 
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First, the attempt was made to conduct a non-destructive experiment (EXP1), i.e. the inner core 
part was measured in two directions, hoop/radial and axial, to assess elastic strain anisotropy. The 
experimental results are presented in Fig. 2. As can be seen from the diagram, three out of seven 
coins demonstrate tension of the core. As this is a non-physical result, but rather an artefact of the 
data treatment, the assumption of isotropic d0 is not viable for the majority (if not all) of the coins.  

Secondly, a full, but destructive analysis (EXP2) was performed next. The two principal 
directions, hoop/radial and axial, were measured in two states, intact and free, where the central core 
is removed from the ring. Stresses were calculated with properly measured d0 and are shown in Fig. 
3. They are quite different from those shown in Fig. 2: with d0 taken correctly into account, all 
stresses are compressive, as expected. 

Due to the significant anisotropy in coin UK2, 
additional measurements were made on it to assess in-plane anisotropy, uniformity and 
reproducibility. The dependence of the lattice d-spacing on the in-plane direction is shown in Fig. 4 
(left) and indicates no in-plane anisotropy and non-uniformity, thus the cylindrical symmetry of coin 
is confirmed for this specimen. In comparison, the aluminium alloy AA7050 exhibits much larger 
degree of in-plane d0 anisotropy presented in Fig. 4 (right) inherited from the plate rolling process. 
To address the question of reproducibility, two UK2 coins were compared in intact conditions, from 
minting years 2002 and 2008, and within error bars they provided the same result. However, this coin 
is not the best sample to be used to check reproducibility of stress since the magnitude of stress 
turned out to be close to zero.  

 
Fig. 2. Measure of the appeared anisotropy in 
strain and stress scale for seven bi-metal coins.  
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Fig. 3. Residual stress (negative pressure) for 
seven bi-metal coins.  
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Fig. 4. In-plane isotropy of coin UK2 (left) in comparison with anisotropic angular dependence 
of AA7050 aluminium alloy used in the VAMAS sample (right). 
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Discussion 
A big discrepancy between Fig. 2 and 3 clearly shows that the anisotropy in d0 must be taken into 
account to obtain correct stress values and obtain physically meaningful results. Only then stress 
calculations result in the compressive state of the central core. 

The selected set of seven coins revealed a significant variability of stresses ranging from near to 
zero stress in UK2 and AUS5 coins, to very low stress of ~ 5-10 MPa for coins CAN2, MEX10, SA5 
and RUS10, to the highest stress of -22 ± 4 MPa for TW20 coin. Based on the results collected from 
this coin selection, coin TW20 can be considered the best candidate providing high stresses that can 
be easily measured. Considering the bi-metallic system as a whole, the stresses in the ring reach even 
higher values which can be demonstrated within the elastic model expressed in equations (1)-(2). The 
results of these calculations are given in Fig. 5. 

The following considerations may suggest using the TW20 
coin as a local/alternative standard: 

o Stress measurements in the plug can be done extremely 
fast with an elongated gauge volume, e.g. 1×1×10 mm3, 
achieving a good accuracy of 5-7 MPa. Only two directions are 
required to be measured and anisotropy of d0 is reduced to 
only two values. This cylindrical symmetry is more 
advantageous than the angular dependence of d0 for the 
VAMAS sample. 

o More advanced and complete measurements can be 
also considered as a part of the measurement programme with 
measurements of the ring requiring longer measurement times 
while using 1×1×10 mm3 gauge volume. However, with 
stresses ~150 MPa, the accuracy of stress determination can be 
reduced to 10-15 MPa which is still within easily achievable 
measurement times. 

o On KOWARI, the total measurement time of one coin, 
both central coin and outer ring, takes (approximately) one day versus one week of beamtime to 
measure the VAMAS sample. 

Overall, the material of coin TW20 (copper), its dimensions (Ø27 mm and thickness 2.1 mm), the 
magnitude of stress, the uniformity and in-plane isotropy of the material, makes it the best candidate 
for being an alternative “ring-and-plug” standard suitable for fast neutron measurements. 

Summary 
Several bi-metallic coins were studied using neutron diffraction and their residual stress state was 
determined. For the coins the stress varied between a few MPa to -22 MPa in the TW20 coin. 

Due to the nature of the material and its thermo-mechanical treatment during processing, the d0 
anisotropy consistently occurs for all coins. Therefore, a ring and plug measurement, in the 
disassembled condition is required for a proper d0 measurements and an overall stress analysis. 

Although questions of anisotropy and uniformity and reproducibility were addressed, at least for 
coins of the UK2 types, a more systematic research is still required, namely for coins TW20, which 
so far are considered the best candidate for an alternative standard sample for fast and easy stress 
calibrations. 
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Fig. 5. Stress distribution 
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Abstract. A new X-Ray diffraction (XRD) goniometer has been specially developed to 
nondestructively measure residual stress (RS) on the inner diameter (ID) of small holes in metal and 
ceramic components. The major advantage of this novel goniometer is its ability to perform RS 
measurements on the ID of small holes without the need to section the component, thus maintaining 
the integrity of the residual stress field inherent to the component of interest. This new patented XRD 
goniometer has been used on a wide variety of aerospace components on features such as holes in 
airframe/structural components, as well as fastener/bolt holes, air holes, and confined areas on 
rotating and non-rotating turbine engine components. In many instances, measurements can be 
performed at 2θ angles much lower than the widely accepted lower limit of approximately 130°. 
The selection of the actual Bragg angle used depends upon the material itself, the hole ID, and 
the thickness of the component. Results obtained indicate that the new goniometer can be used to 
measure RS on the ID of small holes with good accuracy and precision even at relatively low 2θ 
angles in the vicinity of 100°.  

Introduction 
Since the discovery of RS and its measurement early in the last century, measurement techniques 
have been evolving steadily [1]. Many techniques have been developed thanks to industry demand 
and specific needs [2]. Many RS measurement techniques exist and each generally requires a 
different experimental setup; laboratory equipment is often suitable for small parts, whereas portable 
systems are generally required for oversized parts. Moreover, the geometry of the XRD goniometer 
may vary to facilitate access to the measurement locations of interest on a component. Both Psi and 
Omega modes have been widely implemented on most current XRD RS measurement instruments. 
Omega mode is suitable for tight geometries such as grooves as may be found in the root of a gear 
tooth when measuring along the groove (i.e. parallel to the teeth), whereas Psi mode in turn is more 
adapted to measurements in the direction normal (perpendicular) to the groove (such as the opening 
of the groove permits). Each geometry has its advantages and disadvantages and each may be 
complementary in certain instances. 

In this study, RS analysis will be extended to measurements on the ID of bolt holes in the hoop 
direction.  Such measurements are applicable for both automotive and aerospace materials; this study 
includes examples on a Ni-Base super-alloy. For these applications, a new XRD instrument and 
goniometer were designed and fabricated that operate in Psi mode [3]. 
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Figure 1: Variation in ∆(2θ) resolution 
with diffraction angle 2θ. 
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Stress Measurement Technique 
Basic Principles. The x-ray diffraction technique uses the distance between crystallographic planes, 
i.e. the d-spacing, as a strain gage in a crystalline material. When the material is in tension, the d-
spacing increases and when the material is in compression, the d-spacing decreases. The presence of 
residual stresses in a material produces a shift in the x-ray diffraction peak angular position that is 
directly measured by the detector [3]. The diffraction angle 2θ is measured experimentally and the d-
spacing is then calculated using Bragg’s law: 

n dλ θ= 2 sin  (1) 

Where: λ is the wavelength of the radiation. 
Diffraction peaks collected should have a sufficient peak/background ratio and a limited noise 

level. These will depend on the {hkl} plane selected, the collection time, the size of the irradiated area 
and the material microstructure. Once the d-spacing is measured for unstressed d0 and stressed d 
conditions, the strain is calculated using either of the following relationships:  

or      )2()cot(
2
1 θθε ∆⋅−=    (2) 

To improve measurement accuracy when 
determining ∆(2θ),  the θ angle selected should be 
close to 90º (i.e. 2θ ~ 180º). The widely published and 
agreed upon low limit for 2θ is 130°; using 2θ values 
below this will diminish ∆(2θ) resolution and as such 
will result in a loss in RS measurement accuracy and a 
concomitant increase in experimental error. The plot 
in Figure 1 demonstrates the relationship between 
∆(2θ) for various 2θ values.  As 2θ deceases so does 
the slope, indicating a reduced resolution in peak 
separation.  
 
Sin2ψ Method. For the sin2ψ method, where a number 
of d-spacings are measured, stresses are calculated 
from an equation derived from Hooke’s law for 
isotropic, homogeneous, fine grain materials, ψ is the 
angle subtended by the bisector of the incident and 
diffracted beam and the surface normal, and φ is the 
direction of stress measurement [4]. 

( ) ( ) ψτσσσσψσσ φφ
φψ 2sinsin 22

1
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Where: εφψ is the strain at a given ψ, φ tilts, ½ S2
hkl and S1

hkl are the x-ray elastic constants of the 
material. 
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Figure 2: Determining optimal 2θ 
for use on the ID of a hole using 
new Psi mode instrument. 
 

Materials and Measurement Conditions 
The material of interest for this study is a Ni-base super-alloy. Three examples of surface conditions 
that can be found on the ID of machined holes were investigated as follows:  

1. Hole drilled with no coolant. 

2. Hole drilled with coolant. 

3. Drilled, honed and shot peened hole.   

 
Residual stress versus depth profiles were collected on 

the face of each of the machined holes using conventional 
XRD instrumentation and on the ID of the same holes using 
a new XRD instrument. The measurement conditions were 
as follows: 1) for the conventional instrument operating in 
Omega mode, the {311} diffraction plane was selected for 
measurements at 2θ=151.9° using Mnkα  
radiation (λ=2.1034 Angstroms), and 2) for the new 
instrument operating in Psi mode, the {311}diffraction 
plane was selected for measurements at 2θ=111.3° using 
Cokα radiation (λ=1.7902 Angstroms).  Selection of the 
diffraction angle 2θ to be employed using the new 
instrument is predicated upon the diameter of the hole (D), 
and the thickness of the component (W).  A geometric 
relationship can thus be established as seen in Eq. 4 and in 
Figure 2: 

 

 
W
D2)tan( max =θ  (4) 

For Ni-base super-alloys where the actual collimator and the detector size are taken into account, 

the optimal 2θ to use is 111.3°.  In this case, the ratio is: 42
=

W
D , 2θmax = 152°,which is widely 

sufficient for this experiment. For other materials, the ratio may vary according to the Bragg 
conditions available for use and the component geometry. 

In Figure 3, the RS on a Ni-base super-alloy turbine engine disk is being measured using: a) a 
conventional Omega mode instrument on the face of the hole, and b) using the new instrument in Psi 
mode on the ID of the same hole.  
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Figure 3: Measuring RS a) on the face of machined holes using a conventional XRD instrument 
and b) on the ID of machined holes using the new XRD instrument 

Results and Discussion 
Prior to performing RS measurements, the alignment of the instrument was verified using a stress 
free Ni powder as per ASTM E915 [5], as well as a known high stress proficiency standard. 

Microstructure characterization of the different processes revealed the following: 

1. The hole drilled with no coolant exhibited severely distorted grains and undesirable 
microstructure near the hole ID surface. 

2. The hole drilled with coolant exhibited only slightly distorted grains near the hole ID surface. 

3. The drilled, honed and shot peened hole showed no signs of abusively machined material. 
 

 
(a)  (b)   (c)     

 
Figure 4 – Hole cross sections (ID to the left) of holes machined as follows: a) drilled with no 
coolant, b) drilled with coolant, and c) drilled, honed and shot peened. 
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The RS vs. depth results obtained on both the face of the hole, and the ID of the hole, can be seen 
in Figure 5. The results obtained on the ID of the machined holes were found to be much more 
effective for detecting the relatively thin tensile stressed layers inherent to the various machining and 
cold working processes applied.  In the case of the hole drilled with coolant, RS that appeared 
compressive on the face of the disk, was found to be tensile on the hole ID.  In the case of the hole 
drilled without coolant, the magnitude of the tensile RS found on the ID was much greater when 
compared to tensile RS found on the face of the disk.  Thus, the very steep stress gradients produced 
by machining demand nondestructive measurement of RS on the ID. 
 

 
a)       b) 

Figure 5:  Stress vs. depth profiles a) on the face of machined holes using a conventional XRD 
instrument, and b) on the ID of machined holes using a new XRD instrument. 
 

Clearly, the new XRD instrument adapted for measurements on the ID surface was more effective 
in revealing the actual stress gradients present i.e., it was more effective in revealing the effect of 
each machining and cold working processes applied as well as the associated depth, sign and 
magnitude of undesirable tensile RS [6]. This ability is critical for the aerospace industry where 
accurate RS measurements are needed to help improve and optimize the machining and cold working 
processes applied to life limiting components so as to insure a long service life of such components. 
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The experimental errors associated with the 2θ angles selected should be higher for low 2θ and 
vice versa [1].  The magnitude of the experimental errors obtained in this study was deemed good 
given the magnitude of the RS present and the associated RS gradients observed [7].  The magnitude 
of the experimental errors were found to be dependent upon the RS levels measured, as well as the 
material condition and microstructural effects present in the hole that were investigated.  A detailed 
methodology to successfully measure RS at a suitable Bragg angle (2θ) was developed prior to 
applying it to real components. This methodology also employs a statistical approach where each 
measurement is reproduced to guarantee its accuracy. 

Summary 
New goniometer head geometry has been developed and successfully applied to a new instrument 
that can be used to measure RS on the ID of small holes nondestructively.  Such measurements were 
heretofore impossible to execute without sectioning the component. The application of this technique 
on real components presented many challenges that were addressed using a new, high accuracy 
instrument (and associated methodology) to reliably measure RS on the ID of small holes.  
Moreover, the new instrument provided RS results that correctly characterized the actual RS state 
present on the disk hole ID where a conventional instrument failed.  This new instrument thus opens 
the way to the accurate evaluation of RS on the ID of small holes which is of great interest to both 
industry in general, and to the aerospace industry in particular.  
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Abstract. Regardless of the particular residual stress (RS) measurement technique being used, all are 
based on the same basic principles when using x-ray diffraction (XRD).  Every technique has both its 
advantages and disadvantages, many of which are well known to engineers and scientists however, 
some of the important “finer points” are unfortunately not widely discussed or known by those not 
well versed in the subject.  This paper will try to bring to light many of these commonly 
misunderstood issues by comparing the different techniques and attempt to illuminate the associated 
problems a user may encounter when measurements become challenging i.e. when RS measurements 
are to be performed in tight grooves or on textured materials for example.  In this study, different 
techniques including the: Cosα technique, MET (used in Psi, Omega, or Modified Psi mode) have 
been evaluated and tested on a variety of materials and geometries. 

Introduction 
RS measurements using XRD techniques were first performed as early as 1925 [1].  Since then, 
measurement techniques and equipment slowly evolved in the following decades and major 
improvements were realized in the 1970s and the 1980s.  Many RS measurement techniques based 
on XRD have been developed and implemented on a variety of instruments that are widely used in 
industry and academia today.  As the use of XRD became more widespread in the 1950s, a technique 
called the Single Exposure Technique (SET) was commonly used however, it had very limited 
accuracy and did not work well on materials that did not possess a near random grain orientation 
distribution.  Furthermore, the SET used only 1 data point, and relied on precise knowledge of the 
unstressed lattice spacing which was often difficult to determine experimentally with sufficient 
accuracy on the actual components or samples under investigation.  As such, the quality of the data 
was very difficult to assess because non-linear relationships cannot be observed with only 2 data 
points.  Due to the inherent limitations of the SET, scientists and engineers developed a new 
technique called the Multiple Exposure Technique (MET) which uses many more data points 
resulting in high confidence RS measurement results that do not rely on knowing the unstressed 
lattice spacing a priori [2].  Since then, many related standards have been developed, accepted and 
applied to the measurement of RS via XRD worldwide.   

In this study, different techniques including the: Cosα technique, MET (used in Psi, Omega, or 
Modified Psi mode) will be evaluated and tested on a variety of materials and geometries.  This paper 
will emphasize the different findings and the limitations associated with each of the techniques 
evaluated. 

Principles 
Generalized technique: these principles apply to MET when used in either Omega or Psi mode. The 
XRD technique uses the distance between crystallographic planes, i.e. d-spacing, as a strain gage and 
can only be applied to crystalline, polycrystalline and semi-crystalline materials [2]. When the 
material is in tension, the d-spacing increases and when the material is in compression, the d-spacing 
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Figure 1: Definition of the axis 
and the direction of measurement. 
 

 
a)    b) 

Figure 2: Goniometer geometries: a) Omega mode and b) 
Modified Psi mode. 
 

decreases. The presence of RS in the material produces a shift in the XRD peak angular position that 
is directly measured by the detector [3]. For a known x-ray wavelength λ and n equal to unity, the 
diffraction angle 2θ is measured experimentally and the d-spacing is then calculated using Bragg’s 
law: 

n dλ θ= 2 sin  (1) 

Where λ is the wavelength of the radiation. Once the d-spacing is measured for unstressed (d0) and 
stressed (d) conditions, the strain is calculated using the following relationship:  

00 )( ddd −=ε  (2) 

For the sin2ψ method where a number of d-spacings are measured, stresses are calculated from an 
equation derived from Hooke’s law for isotropic, homogeneous, fine grain materials: 

( ) ( ) ψτσσσσψσσε φφφψ 2sin
2
1

2
1sin

2
1

23322111332
2

332 SSSS +++−+−=   (3) 

Where, ½ S2 and S1 are the x-ray elastic constants of the 
material, σφ is the stress in the direction of the measurement φ, 
ψ is the angle subtended by the bisector of the incident and 
diffracted x-ray beam and the surface normal, and εφψ is the 
crystallographic strain at a given ψ tilt, see figure 1. 

The main difference between the Omega and Psi modes can 
be seen in the defocusing effects observed at high ψ angles. RS 
measurements performed in Psi mode are relatively insensitive 
to defocusing errors when compared to Omega mode.  The 
increased defocusing effect and associated errors observed in 
Omega geometry can be mitigated by employing two detectors 
which can be used to minimize the magnitude of negative ψ 
angles employed in a RS measurement and thus minimize 
defocusing errors. At the same time, 
care must be taken in the selection of 
the incident x-ray beam size to limit 
both defocusing and beam 
divergence errors [2].  Moreover, Psi 
mode offers a constant absorption of 
x-rays for all ψ tilts due to the 
constant x-ray path whereas, in 
Omega mode the absorption varies 
with the ψ tilt angle and requires a 
correction. The depth of penetration 
is very similar for both modes except 
at high ψ tilt angles [4]. 
Modified Psi. When working in 
Modified Psi mode which is a special 
geometry set-up convenient for 
vertical beam direction, the x-ray 
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beam is perpendicular to the surface of the sample and the diffracting {hkl} planes lie in a plane with 
an angular offset of (180-2θ)/2 and the ψ angles for each plane vary with the inclination, see figure 2.  
In this case, for each normal to the {hkl} plane, the φ and ψ are a function of the goniometer tilt 
angle as shown in Eq. 4. The relationship between the β, χ, ψ, and φ angles are shown in Eq. 4 and 
Eq. 5. 

χβψ cos.coscos =  (4) 

ψ
χβφ

sin
cos.cincos =  (5) 

Where β is the tilt angle and χ is the offset angle between the incident beam and the bisector of 
incident and diffracted beams.  The derived Eq. 6 is shown as follows: 
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The technique does not provide a direct measurmeent of the shear stress which is necessary when 
dealing with curved surfaces and non uniform processes applied to heterogenious meaterials. This 
techniques also requires two detectors at opposite φ angles [5].  The most accurate measurement for 
this configuration is a triaxial measurement where tilt angles ψ, φ can be correctly used as in the 
Sin2ψ method [6].  
Cos(α) method. This method uses the diffraction ring (also called the Debye Ring) where the 
position of the peak at each angle α around the ring is measured [7]. This special set-up which 
doesn’t required any change in the incident angle. Using the relationship between the derived strains 
in Eq. 7 and Eq. 8, one can plot the strain as a function of cosα to calculate the normal stress σ11 and 
as a function of sinα to calculate the shear stress σ12.  

The constitutive equations are as follows: 

[ ] [ ] αηψηψσεεεεε απααπαα cos)(sin)(sin.
2
1)()(

2
1

0
2

0
2

1121 +−−=−+−= −−+ S  (7) 

[ ] αψητεεεεε απααπαα sin)sin2.(sin2.
2
1)()(

2
1

01222 S=−−−= −−+  (8) 

Where ψ0 is the inclination of the sample relative to 
the goniometer, 2η is the angle subtended by the 
incident beam and diffracted beam, and εα, επ+α, ε−α 
and επ−α are the measured strains from sectors of the 
ring as shown on figure 3. 

When using Eq. 7 and Eq. 8, it is necessary that 
symmetrically opposite peaks are available on the 
Debye Ring.  It should be noted that ψ0≠0º when using 
this technique.  It is recommended to tilt the head in 
such a way that one side of the Debye Ring represents 
ψ angles close to 0º, and the other side of the ring Figure 3: Principle of Cosα method using 

Debye Ring 
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represents ψ angles as high as possible to better represent the strains present. The shear stress 
σ12 provided by this technique is not of interest at this moment.  

Experiments 
Three samples were selected for RS measurement on the surface employing all of the 

aforementioned techniques. The samples were as follows: 1) a shot peened flat steel sample with a 
grooves that were flat at the bottom with nominal stress of -450±35 MPa, 2) an aluminum plate with 
low stress that exhibits some preferred orientation, and 3) a flat shot peened Ni-base alloy sample 
with a nominal stress of -1040±50 MPa. No measurements were performed with Psi and Modified 
Psi modes on this sample. The error reported is only 1Standard deviation. 

In the case of the steel sample, RS measurements were collected in both the axial direction 
parallel to the grooves, and in the direction transverse to the grooves.  The groove dimensions were 
as follows: Groove 1 (GR1): 2 mm wide by 1.5 mm deep, and Groove 2 (GR2): 2 mm wide by 2 mm 
deep.  The most important parameters that determine the capability of any measurement technique 
and associated goniometer hardware to successfully measure RS in confined areas such as grooves 
are: 1) the angular opening between the incident beam and diffracted beam, and 2) the direction of ψ 
tilting associated with the RS measurement.  RS measurements were performed employing 4 
different goniometers thus using all available geometries. 

All of the RS measurements on the steel and aluminum samples were performed using Cr 
kα (λ=2.291Å) x-radiation diffracting from the {211} plane at 156º 2θ, and the {222} plane at 157º 
2θ respectively.   RS measurements on the Ni-base alloy sample were performed using Cr_kβ 
(λ=2.08487Å) x-radiation diffracting from the {311}plane at 149º 2θ when using the Cos(α) 
technique, and Mn_kα (λ=2.10314Å) x-radiation diffracting from the {311}plane at 152º 2θ when 
using the other techniques. Table 1 lists the available angular tilt range ψ for each technique using 
the diffraction conditions reported above. The aperture size used in the experiment was 1 mm except 
the cos a where the aperture was 2 mm. A mask is applied on the top around the groves to avoid any 
diffraction from those surfaces. 
Table 1: Goniometer capability and ranking for GR1:W:2 mm x D:1.5 mm, GR2:W:2 mm x D:2 
mm 

Goniometer 
Geometry/Mode 

Technique Angular 
opening (°) 

Angle GR1 
@ψ=0 (º) 

Angle GR2 
@ψ=0 (º) 

Selection 
(Groove) 

PSI Sin2ψ 24 33.7 26.5 Transverse 

Omega Sin2ψ 48 33.7 26.5 Axial 

Modified PSI Sin2β 48 33.7 26.5 Transverse 

Debye Ring cosα 48 33.7 26.5 None 
As such, when measuring RS in the bottom of grooves it is desirable to have a goniometer (or 2 

goniometers) that work in both Psi and Omega modes so as to enable RS measurements in two 
directions. 

Results and Discussions 
RS measurements were performed employing the 4 different goniometers. The results reported in 
table 2 indicate that the RS measurements in the axial direction were performed relatively easily in 
GR1 using all of the techniques.  RS measurements performed in the transverse direction in GR1 
were possible using Psi and Modified Psi with reduced accuracy due to the limited ψ tilt range 
available.  RS measurements in the transverse direction of GR1 were not possible using Cosα and 
Omega because of the very limited ψ tilt range available in these geometries. Any result not within 2 
standard deviation for each material is considered failed. 
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Figure 5: Debye Ring data measured in the 
groove 2 and Al sample 

 
Figure 4: Strain vs. Cosα data plot 
observed measuring RS in the groove area 
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Table 2: RS measurement results on different head goniometer geometries and techniques.  

Goniometer 
Geometry/Mode Technique Direction 

Steel sample 
GR1  

(-470±70 MPa) 

Steel sample 
GR2 

(-450±70 MPa) 

Al sample 
Low stress 

<50MPa 

Ni-Base alloy 
sample 

(-1040±100MPa) 

PSI Sin2ψ 
Axial -524±19 -228±36* +28±8 

N/A 
Trans -526±15* -204±26F +1±10 

OMEGA Sin2ψ 
Axial -435±8 -475±5 +12±13 

-1070±50 
Trans F F -21±6 

Modified PSI Sin2β 
Axial -443±5 -596±11 F +18±12 

N/A 
Trans -386±19* -188±46 F +13±8 

Debye Ring 

(2D detector) 
Cosα 

Axial -485±42 -642±234 F -29±31 
-719±50 F 

Trans F F -86±10F 

Note:  * indicates results were corrected after removing bad data points, F indicates a failed measurement 
N/A indicates data not available 

For GR2, the RS measurements failed in all 
directions in all Modes except using Omega Mode 
in the axial direction. Omega-Mode is the only 
one that is capable of accurately measuring RS in 
the bottom of a very narrow, deep groove in the 
axial direction.  In such cases, the beam size must 
be selected carefully and in some instances, a 
mask on top of the groove may be used to obtain 
reliable RS results. The success of Psi-Mode in 
the axial direction is related to the narrow angle 
opening between the beam and the detector (i.e. 
the high back reflection {hkl} selected in this 
particular instance). The Psi-Mode data was 
corrected after removing bad points at high ψ tilt 

angle.  For Cosα, because of the ψ tilt angular range 
necessary to perform a reliable RS measurement, a 
portion of the Debye-Ring is masked (or shadowed) 
and the data obtained is rendered unusable i.e., when 
using the Cosα technique on GR2, high ψ angles are 
not an option so the data missing from the Debye-
Ring renders the strain calculation useless (see 
Figures 4 and 5).  As an analogy, this is equivalent to 
attempting to use Psi or Omega Modes to calculate 
the shear stress when all of the positive (or negative) 
ψ tilts are not available for the calculations.  

One approach to making all the above techniques successful is to remove the material around the 
location of interest (i.e. the bottom of the groove) so as to expose the location of interest. The 
disadvantage to this approach is that the part must be sacrificed at the expense of the RS 
measurements and as such only non-production parts would be analyzed. 

http://dx.doi.org/10.21741/9781945291173-8


Residual Stresses 2016: ICRS-10  Materials Research Forum LLC 
Materials Research Proceedings 2 (2016) 43-48  doi: http://dx.doi.org/10.21741/9781945291173-8 

 
 48 

For the aluminum sample, all methods were capable of producing RS results within an acceptable 
range however, some scatter was observed due to the texture present in the material only, no size 
effect was observed during the measurements. The Cosα technique had more difficulties and the 
measurements were repeated few times before a stress value could be calculated [8]. This is because 
of spotty data on the Debye Ring. This confirms the problem with the shadowing effect observed in 
the grooves. When looking at the slope of the data curve for a given RS value, the Cosα technique 
has a reduced slope when compared to the other techniques [9]. This explains the high experimental 
errors in the RS values.   

When perform RS measurements on the Ni-Base alloy sample, the Cosα technique failed due to 
the weak peak intensity collected using Cr_kβ line.  RS measurements using the Omega technique 
worked well however no measurements were performed with Psi and Modified Psi modes on this 
sample .  

Summary 
The results obtained indicate that amongst the various techniques applied to RS measurement, the 
MET using Sin2ψ was capable of measuring RS on a wide variety of materials with different 
geometries and material conditions whereas the Cosα technique was limited to isotropic materials 
and near flat surfaces.  Moreover, the Omega-Mode was the only one that was capable of measuring 
RS in deep grooves in the axial direction.  The use of Psi-Mode may be advantageous when tight 
constraints related to the geometry of the test specimen become an issue. The Psi-mode goniometer is 
preferred when compared to the Modified Psi-mode goniometer because the latter is more limited in 
terms of sample geometry constraints and the scattering vector is offset from the ψ tilt plane. For 
successful RS measurements on a wide variety of components as well as in confined spaces and 
complex geometries, a combination of Psi and Omega Modes are ideal. For the Cosα technique to be 
viable for RS measurement, more development would be required to deal with scattered data on the 
Debye Ring and its various geometric limitations. 
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Abstract. In order to introduce automatically the residual stresses field into a Finite Element model 
with complex geometry, a PYTHON code has been developed and linked to the software ABAQUS. 
A comparison between modelling and experiment is carried out by using X-ray diffraction analysis to 
determine the in-depth residual stress state of Ni-based alloy samples after shot peening. 

Introduction 
Most manufacturing industries perform mechanical surface treatments at the end of the 
manufacturing chain to reinforce relevant working parts. Shot peening is probably the most common 
of those processes. This treatment modifies the near surface of treated parts by introducing 
compressive residual stresses due to the repeated impacts of shots leading to an enhanced life.  

The objective of this work is to simulate the residual stress state after shot peening, for mechanical 
parts with complex geometries (thin sheets, curved surfaces). It is part of an industrial collaborative 
project which one of the work packages consists in developing a complete simulation model of a 
structure made of a Ni-based alloy and submitted to cyclic loadings in service including the 
manufacturing process history.  

Numerical Model 
Introducing residual stresses in a Finite Element model. Several methods have been developed 

to introduce the stress-free strains into a Finite Element model [1]. Indeed, depending on the 
capabilities of the finite-element codes, it is possible to introduce the plastic deformation field and/or 
the stress field as initial conditions. Nevertheless these methods are not directly applicable if the 
geometry of the part is complex. They require some assumptions: 

- The analytical technique used is available only if the geometry of the treated part can be 
reduced to a semi-infinite body. It means that the treatment is homogeneous, the treated 
surface is regular and the depth affected by the treatment (Δ in Fig. 1) is small (few hundred 
micrometers) compared to the other dimensions of the part (Δ�e, e.g. for sheet of thickness 
e). 

- The computational technique implies that the geometry has to be plane in order to introduce 
in a convenient way the mechanical fields into the model. 
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