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A B S T R A C T   

The formation of residual stresses is inevitable during the additive manufacturing of metallic parts due to 
thermo-mechanicals effects, but the chaotic nature of printing processes makes it impossible to have a 
comprehensive understanding about the magnitude and distribution of these residuals. The voxel-based eigen-
strain (inherent strain) reconstruction method is capable of the full-field reconstruction of residual stresses in 
discontinuous processing bodies at a scale that depends on the resolution of experimental data without using 
simplifying assumptions and regularisation functions. This advanced method firstly maps the distribution of 
eigenstrains and then quantifies corresponding residual stresses, residual elastic strains, and displacements by a 
cost-effective linear elastic computational framework. The reliability of this process solely depends on the quality 
of experimental data and the availability of computational power. The motivation behind this study is the use of 
the voxel-based eigenstrain reconstruction method for the full-field mapping of complex residual stress fields, 
that cannot be predicted by regularizing assumptions, in discontinuous processing additive manufacturing parts. 
The height Digital Image Correlation (hDIC) technique satisfied the need for high-quality experimental data by 
calculating triaxial displacements, corresponding to the elastic response of CM 247 LC powder bed fusion (PBF) 
additive manufacturing part after changes in the boundary conditions due to separation from the base, using 
optical profilometry measurements at a resolution adjusted in a way to reconstruct Type I residual stresses. Three 
components of displacements calculated by the hDIC were used to map the distribution of three components of 
eigenstrains for the reconstruction of six residual stress, six residual elastic strain and three displacement 
components that belong to the before and after separating from the base states. The reliability of calculations has 
been validated by monochromatic synchrotron X-ray beams in powder diffraction mode from the same surface of 
optical profilometry measurements and in transmission mode from the sampling volumes.   

1. Introduction 

Nickel based alloys have been the preferred raw material for the 
manufacturing of parts at industries such as aerospace [1,2], chemical, 
nuclear, energy generation [3] because of their creep resistance, 
strength and toughness at extreme conditions with high temperature 
and pressure. However, these excellent mechanical properties and high 
γ′-phase content [4] create difficulties on the machinability of these 
materials by conventional subtractive manufacturing techniques [5,6] 
and necessitates the use of alternative ways of processing like PBF 

additive manufacturing. The application of this manufacturing tech-
nology on the productions of nickel-based super alloy parts has been 
increasing drastically since the beginning of third millennium [7]. By 
the use of this technique it has been possible to design and optimise 
complex forms for specific applications with mesoscale features [8]. 

CM 247 LC is chemistry the modified version of MAR M 247 super-
alloy [9] designed for directionally solidified applications to achieve 
single crystal casting [10]. Although optimised post processing tech-
niques allow improvements in already outstanding mechanical proper-
ties and stability of this alloy [11], boundary cracking problems during 
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Fig. 1. CM 247 LC additive manufacturing part with dimension of 18.46 × 19.40 × 3.20 mm and blue and red diagonal paths located in the model domain.  

Fig. 2. Coordinate system for the calculation of residual stresses where xx- and yy-components are parallel to, and zz-component is normal to the part surface (left). 
The illustration on the right presents the measurement points along with averaging directions. 

Fig. 3. Surface profilometry coordinates belonging to CM 247 LC additive manufacturing part before (left) and after (right) non-contact cutting.  
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directional solidification [12] and tendency to hot cracking [13] were 
reported. Weldability of nickel-based alloys can be estimated depending 
on the γ′-phase volume fraction [14] and alloys with Al and Ti compo-
sition, that contribute to γ′-phase formation, higher than 4.5 wt% are 
stated to have poor weldability [15,16] due to high tendency to crack 
initiation because of sensitivity to high thermal gradients [17]. Similarly 
LPFB process leads to rapid heating and cooling cycles that causes nickel 

alloys with high Al and Ti content to be prone to microcracking [18–20]. 
Different strategies have been developed to prevent cracking such as 
fractal scan strategies [17] and pulsed wave laser deposition [21] in CM 
247 LC superalloys. Studies on nickel based super alloys that contain 
high Al and Ti composition also presents techniques to control crack 
formation by analysing fabrication process parameters [22–26]. 
Consequently, the reason of cracking behaviour of such alloys can be 

Fig. 4. Displacements calculated by the hDIC (left column) and by the voxel-based eigenstrain reconstruction method (right column).  
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stated to be residual stresses formed because of complex thermal history 
during the manufacturing. The movement of thermal gradients formed 
by high energy laser beam causes inhomogeneous rapid heating and 
cooling cycles that results in complex residual stress fields withing the 
bodies produced by PBF processes. The minimisation of microcrack 
density or eliminating the formation of mesoscale cracks can only be 

achieved by minimising the magnitude of residual stresses left within 
the body because in the case of availability of high magnitude residual 
stresses the body will be prone to cracking even after the manufacturing. 
However, the analysis of residual stress fields is a real challenge espe-
cially in the case of chaotic processing conditions of lased based additive 
manufacturing techniques. 

Fig. 5. Line plots of six stress components, that distribute along the red and blue paths illustrated in Fig. 1, belonging to before and after the non-contact cut-
ting states. 

Fig. 6. Contour plots of xx- and yy-components of residual stress in the planes that are located at the origin and parallel to x- and y-axes respectively along with line 
plots that distribute along the z-axis starting from the origin. 
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The quantification of residual stress fields can be achieved by 
correlating the measurements of destructive or non-destructive experi-
ments with stress magnitude according to mechanical elasticity or by 
solving elastic-plastic numerical models that simulate the 
manufacturing process. Destructive techniques rely on measurement of 
elastic response of the material corresponding to unrecoverable pro-
cesses like hole drilling [27], surface stripping [28], crack compliance 
[29] and non-contact cutting [30–35]. On the other hand, 
non-destructive techniques aim measuring physical properties such as 
lattice spacing [36–38], velocity of elastic waves [39,40] and Raman 
effect [41] corresponding to the magnitude of elastic impacts. FIB-DIC 
technique [42–44] that meets ring cores drilled by focused ion beam 
[45] with digital image correlation of scanning electron microscopy 
images can be represented as a semi-destructive technique. Destructive, 
and non-destructive techniques provide information about residual 
stresses or residual elastic strains within a limited region of the parts. 
However, all these techniques are feasible on the mapping strain state 
within a limited region on the outer surface of parts. Full-field mapping 
can be possible by neutron diffraction technique [46–51], but the low 
density of measurement points because of high labour and energy cost 
makes this technique unfeasible. Accordingly, current experimental 
techniques are preferred to be used to determine hot spots of residual 
stress fields. Thermal-structural coupled numerical models also helps 
understanding the full-field distribution of stress fields [52–55]. These 
models are based on continuum mechanics for solving partial differen-
tial equations in a domain divided into elements. Although calculations 
of these models can be improved by calibrating model parameters using 
thermal history measurements, results only provide a rough estimation 
about the distribution of residual stresses. Different than experimental 
techniques, numerical models also provide information about the 

distribution of plastic strains within the domain. 
The eigenstrain theory provides an alternative for the determination 

of distribution of both residual stresses and permanent plastic strains 
corresponding to a set of experimental data from destructive or non- 
destructive sources. The use of pre-determined distribution and 
magnitude of permanent plastic strains for the calculation of corre-
sponding deformations and residual stresses dates back to 1987 [56]. 
This process is called as reconstruction [57] and the reliability of the 
calculations depends on the quality of experimental data and the nu-
merical approaches used to create the link between experimental data 
and permanent plastic strains. In the case of eigenstrain theory, recon-
struction is achieved using experimentally determined elastic de-
formations and accordingly eigenstrain is defined as the permanent 
plastic strain that are responsible for the measured deformation. The use 
of profilometry data [58,59] increased the abundance of experimental 
data used for this process and allowed eigenstrain reconstruction of 
residual stresses based on simplifying assumptions. Although the 
reconstructed residual stress fields show a great match with the mea-
surements of diffraction techniques, the distribution of corresponding 
eigenstrains was dubious until the development of new numerical ap-
proaches [58] and principles of artificial intelligence [60–62] for the 
creation of the link between experimental data and eigenstrain fields for 
the purpose of understanding the real source of welding residual stress. 
These achievements allowed the determination of full-field residual 
stress distribution as a result of complex thermally induced processes, 
but the proposed numerical techniques rely on simplifying assumptions 
and regularisation functions [63]. In the case of welding process, it is 
obvious that eigenstrains must be collected in the vicinity of heat 
affected zone but in the case of PBF additive manufacturing process the 
whole printed body is under the influence of high magnitude thermal 

Fig. 7. The transparent three-dimensional view of distribution of xx- and yy-components of residual stresses at before and after separation (cut) from the base states.  
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cycles that result in highly complex distribution of eigenstrains that is 
impossible to predict for defining simplifying assumptions and formu-
lating regularisation functions. Accordingly, for the eigenstrain recon-
struction of residual stresses in PBF additive manufacturing parts, it is 
compulsory to formulate the link between experimental data and 
eigenstrain fields without relying on simplifying assumptions and reg-
ularisation functions. The voxel-based full-field eigenstrain reconstruc-
tion method introduced by Uzun and Korsunsky in 2023 [64] satisfies 
this requirement by creating the link between experimental data and 
eigenstrain fields solely using radial basis functions that are distributed 
in a voxel grid. According to the numerical experiments presented in 
that study, highly reliable full-scale reconstruction of residual stresses is 
possible with negligible deviation from the reference state. However, 
these achievements are valid in the case of perfect experimental data of 
numerical experiments. In order to achieve such accuracy, collection of 
high quality of experimental data is compulsory. 

Digital image correlation have been used for the determination of 
elastic deformations for the purpose of calculation of corresponding 
residual stresses [65–67]. However, the correlation of digital images 
provides only information about planar deviations of surface properties 
from the reference state. Three dimensional digital image correlation is 
possible but it provides either very low resolution that is not useful for 
measuring micro-scale [68–70] displacements or limited to very high 

resolutions at nano-scale [71–73]. The hDIC developed by Uzun and 
Korsunsky [74,75] provided a novel approach to the correlation be-
tween two states of a material using optical profilometry data [76] for 
the determination of three axial displacements. This approach allows the 
quantification of displacements in macro-, meso-, micro- and 
nano-scales depending on the resolution of profilometry data. Applica-
tions of this technique for the determination of displacements and cor-
responding residual elastic strains in the case of in situ tensile test [74] 
and operando three point bending [77] presents good match with the 
other residual stress quantification techniques and satisfy the reliability 
of the hDIC. 

In this study, a novel approach was developed to determine the full- 
field distribution of six residual stress components along with six re-
sidual elastic strain, three eigenstrain and three displacement compo-
nents in CM 247 LC additive manufacturing part. The approach involved 
tracking the elastic response of the printed body, after non-contact 
cutting by electric discharge machine (EDM) from the boundary be-
tween the base and print, in terms of three axial displacements, using the 
hDIC. The availability of rich data and a well-designed algorithm 
allowed the full-field mapping of the eigenstrain field corresponding to 
the elastic response. The eigenstrain field was then used to calculate the 
residual stresses after different processing conditions, that cause 
changes in the boundary conditions, using a linear elastic finite element 

Fig. 8. The contour plot of distribution of xx- and yy-components of residual stresses within the top plane for before and after separation (cut) from the base states.  
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model. The eigenstrain field determined for the after non-contact cutting 
state of the printed body was used to calculate the residual stresses 
before non-contact cutting state and validated by highly reliable X-ray 
diffraction residual stress quantifications. Additional validation was 
achieved by obtaining displacements that have perfect match with hDIC 
correlations. The results of this study showed that the voxel-based 
eigenstrain reconstruction method is a promising technique for map-
ping the full-field distribution of residual stresses in additive 
manufacturing parts. 

2. Methodology 

The voxel-based eigenstrain reconstruction method allows mapping 
the full-field distribution of residual stresses by creating a link between 
experimental data and eigenstrain fields using radial basis functions 
without the requirement of simplifying assumptions and regularisation 
functions. The only requirement of this modelling approach is rich 
experimental data. Digital image correlation (DIC), a well-established 
technique for measuring the displacement of points on a surface using 
digital images, has the potential to satisfy data requirement. The hDIC is 
a variant of DIC that has been shown to be capable of determining three 
axial displacements with high accuracy. In this study, eigenstrain 

reconstruction of residual stresses was performed using three compo-
nents of displacements determined by the hDIC using the optical pro-
filometry measurements of Alicona InfiniteFocus microscope that is a 
high-resolution optical microscope and capable of investigating inter- 
and intra-granular deformations. Measurements were conducted using 
this microscope, achieving a resolution of 100 µm in-plane and 1 µm 
out-of-plane, aligning with the goal of determining Type I stresses. 

The additive manufacturing part illustrated in Fig. 1 was first scan-
ned using X-ray diffraction beams to quantify residual stresses for vali-
dation of model calculations. The scanning was conducted prior to the 
separation of the part from the base by non-contact cutting using EDM. 
Optical profilometry measurements were performed on the top surface 
of the printed part before and after the separation from the base. The 
data collected from optical profilometry measurements were used to 
quantify three components of displacements using the hDIC and to 
reconstruct three components of eigenstrains, six components of resid-
ual elastic strains along with corresponding residual stresses, and three 
components of displacements using the voxel-based eigenstrain recon-
struction method. Additionally, the match of the hDIC displacements 
with reconstructed displacements provided an additional layer of 
validation. 

Fig. 9. The contour plot of distribution of xx- and yy-components of residual stresses within the middle plane for before and after separation (cut) from the 
base states. 
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2.1. Sample preparation 

This study presents the use of rich experimental data obtained using 
the hDIC for the full-field eigenstrain reconstruction of residual stresses 
in a part with unpredictable residual stress state. This type of parts 
prevents the use of simplifying assumptions and the derivation of reg-
ularization functions. To this end, a CM 247 LC part was prepared using 
powder bed fusion PBF additive manufacturing technique that creates 
chaotic thermal effects at the nano- and micro-scales and results in a 
highly complex and unpredictable residual stress state. This 
manufacturing was performed without using planned process parame-
ters that could allow having predictions about the distribution of re-
sidual stresses. The blind state between specimen design and 
reconstruction process satisfied by performing these two stages of this 
project in separate labs located in The University of Sheffield and The 
University of Oxford respectively. The dimensions of the printed rect-
angular part are given in Fig. 1 and the origin of the Cartesian co-
ordinates is placed in the middle of the bottom plane of the part. 

2.2. hDIC 

The Alicona InfiniteFocus microscope is able to measure surface 

profilometry with micron-level in-plane and nanoscale out-of-plane 
resolution. The hDIC is capable of correlating this optical surface pro-
filometry information, which provides three axial cartesian coordinate 
information, in contrast to the two-axial distribution of image intensity 
used in conventional DIC. This property of the hDIC allows the deter-
mination of the complete displacement vector of planar surfaces. The 
correlation is accomplished in two steps that are integer-pixel level 
cross-correlation and sub-pixel level correlation. Two step correlation 
process makes it possible to determine large discontinuous displace-
ments due to cracks [75]. The ability to determine large displacements 
plays an important role because the removal of the printed body from 
the base is accomplished in operando conditions of the optical profil-
ometry measurement. The profilometry measurements were performed 
in operando conditions by aligning the sample position using the me-
chanical fixtures on the base of the optical microscope and by moving 
the centre of the x-, y-, and z-coordinates to the centre of the Cartesian 
coordinate system. 

The integer-pixel cross-correlation stage of the hDIC correlates pixel 
subsets with dimension of (2N+1)× (2N+1), where N represents an 
integer value that defines the size of the subset, using the zero-mean 
normalised cross-correlation technique [78]. After the determination 
of coordinates of matching pixels in the target plane, gradient descent 

Fig. 10. The contour plot of distribution of xx- and yy-components of residual stresses within the bottom plane for before and after separation (cut) from the 
base states. 
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based sub-pixel level correlation is performed to determine matching 
coordinate in the target plane starting from the target plane coordinates 
determined during the integer-pixel level cross-correlation. Detailed 
explanation of the hDIC correlation steps can be found in the study of 
Uzun and Korsunsky [74] that was published by the International 
Journal of Mechanical Sciences in 2019. The same correlation procedure 
explained in that paper was used for the correlation of profilometry data 
corresponding to the two states of the CM 247 LC additive 
manufacturing part. 

2.3. Eigenstrain theory 

Eigenstrain theory defines eigenstrains as permanent plastic strains 
that distribute irregularly in a way to cause formation of residual elastic 
strain fields. According to this theory, the calculation of residual stresses 
is possible using eigenstrain fields determined by solving the inverse 
problem of eigenstrain based on the principle of superposition [58]. In 
the case of calculation of Type I residual stresses, elastic deformations in 
a material can be measured using destructively or non-destructively for 
creating a relation between the measured deformations and independent 
solutions of basis functions. In this study, all the same formulation of 
solution to the inverse problem of eigenstrain given in the premier study 
of Uzun and Korsunsky [64] was used for the calculation of three 
components of eigenstrain and six components of residual stress along 

with three components of displacements from three components of 
experimental data. Weights of independent solutions of the modified 
radial basis function were calculated without introducing any parame-
ters that influence the distribution. As the model aims to capture all 
complexities in the distribution of eigenstrains solely based on the res-
olution of the voxel domain and the distribution and magnitudes are not 
guided or modified by any supporting function depending on the de-
cisions of the user, this approach does not involve any regularization. 
Smoothing appears depending on the voxel density of the domain, but 
this aspect of radial basis functions is out of the scope of this study. 

The Voxel-based Eigenstrain reconstruction method enables the 
mapping of all eigenstrain components using a limited set of experi-
mental data components. The accuracy of the eigenstrain distribution is 
highest for components that match the experimental data components. 
Therefore, in this study, only the matching eigenstrain components were 
mapped to quantify residual stresses using rich experimental data that 
accommodate information about triaxial displacements corresponding 
to the elastic response of the printed body as a consequence of the 
removal from the base. 

2.4. X-ray diffraction 

The interaction between X-ray beams and spacing between atomic 
planes in a crystal lattice, determined based on the Bragg’s Law [79], 

Fig. 11. The comparison of residual stresses quantified by the X-ray diffraction sin2ψ technique and reconstructed by the voxel-based full-field eigenstrain recon-
struction method. 
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allows the quantification of residual elastic strains [80,81] using Eq. 1 
where εϕ,ψ is the strain positioned according to polar coordinates rep-
resented by angles ϕ and ψ, illustrated in Fig. 2, in terms of normal and 
shear strain components defined by εij. i and j in this case are used to 
denote x-, y- and z-axes in cartesian coordinates namely by means of the 
X-ray diffraction sin2ψ technique. 
εϕ,ψ = εxx cos2ϕsin2ψ+ εxysin2ϕsin2ψ  

+ εyy sin2ϕsin2ψ+ εzz cos2ψ  

+ εxzcosϕsin2ψ+ εyzsinϕsin2ψ (1) 
Strain components in Eq. (1) can be redefined in terms of stress 

components, σij, using the compliance form of Hooke’s Law given in Eq. 
2 where E denotes Young’s modulus, v represents Poisson’s ratio, σkk 

defines the sum of normal components of stress and δij is the Kronecker 
delta. 

εij =
1

E

[

(1+ v)σij − vσkkδij

] (2) 

The revised form of Eq. (1) in terms of the stress components, 
Young’s modulus and Poison’s ratio is given in Eq. (3). 

εϕ,ψ =
1 + v

E

(

σxx cos2ϕ+ σxysin2ϕ+ σyy sin2ϕ− σzz

)

sin2ψ+
1 + v

E
σzz

(3)  

Fig. 12. Residual elastic strains quantified using diffraction beams distributed along the profile lines are compared with the planar distribution of xx- and yy- 
components of residual elastic strains calculated by the model at the planes where diffraction beams pass through. 

Fig. 13. EBSD images of (a) equiaxed grains from the top surface and (b) 
elongated grains from the side surface of the CM 247 LC part. 
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−
v

E

(

σxx +σyy +σzz

)

+
1 + v

E

(

σxzcosϕ+σyzsinϕ
)

sin2ψ 

In the case of determination of surface stresses using lattice spacing, 
the stress components normal to the surface, σxz, σyz and σzz, are set to 
zero and strain components, εϕ,ψ and εzz, are redefined in terms of lattice 
spacing for angles ϕ and ψ as dϕ,ψ and for unstressed state as d0 in Eq. (4). 
dϕ,ψ −d0

d0

=
1+v

E

(

σxx cos2ϕ+σxysin2ϕ+σyy sin2ϕ−σzz

)

sin2ψ+
dϕ,ψ=0 −d0

d0

(4)  

σϕ = σxx cos2ϕ+ σxysin2ϕ+ σyy sin2ϕ−σzz (5) 
Rearranging strain terms in Eq. 4 by defining unstressed state as the 

lattice spacing of normal component of strain that is normal to surface 
when the angle ψ is zero, dϕ,ψ=0, and implementing stress component 
corresponding to the angle ϕ as expressed in Eq. (5), provided the liner 
relationship between the strain states corresponding to lattice spacings 
measured at different angles, ψ, and sin2ψ given in Eq. (6). 

σϕ =
1 + v

E

1

sin2ψ

dϕ,ψ − dϕ,ψ=0

dϕ,ψ=0

(6) 

The quantification of this linear relationship at each measurement 
point on the gridded top surface of CM 247 LC additive manufacturing 
part allows the calculation of normal components of planar residual 
stresses using Young’s modulus and Poisson’s ratio. The mapped resid-
ual stress components, σxx and σyy, are averaged through the x- and y- 
axes and distributed along the y- and x-axes respectively as illustrated in 
Fig. 2 for comparing with averaged distribution of model calculations. 

The X-ray sin2ψ technique was practiced using lattice spacing mea-
surements obtained at four angles, ψ = [0.0,15.0,30.0,45.0]. Measure-
ments were taken on the surface of before cut condition of the printed 
body using a beam size with dimensions of 100 × 100 µm. Lattice 
spacings for data from each measurement point at each angle was 
calculated using the GSAS-II Crystallography Data Analysis Software. 
Data set from each measurement point was analysed, by determining the 
slope of linear least squares fit between sin2ψ and strain states corre-
sponding to lattice spacings, and residual stresses are calculated using 
Eq. (6). The standard error of linear least squares analysis is also 
calculated for the determination of error range. 

In 1998, Korsunsky et al. [82] introduced the use of synchrotron 
X-ray diffraction (XRD) for the two-dimensional mapping of strain dis-
tribution in materials with thick sampling volumes. The diffraction 
patterns recorded as digital images are evaluated for the lateral strain, ε, 
in any chosen direction according to the radial displacement by 
comparing the measured ring diameter with the reference condition 
using Eq. (7). Successful applications of this technique can be found in 
the papers that aim at quantifying residual stresses in the studies 
[83–85] performed after the initiation of this technique in 1998. This 
technique was used for the quantification of residual stresses averaged 
along the beam transmission path in CM 247 LC additive manufacturing 
part. The scans that penetrate along the x- and y-axes were used to create 
residual elastic stress maps over yz- and xy-planes, respectively. Calcu-
lation of residual elastic strains was achieved using the constitutive 
relation between stress and strain components defined by Hooke’s Law 
given in Eq. (2) where D0 and D denote the diameter of Debye-Scherrer 
rings belonging to reference stress free and target states of the material. 

ε =
D0 − D

D0

(7) 

Diffraction measurements for the determination of the radius of 
Debye-Scherrer rings were conducted in the as-printed condition of the 
printed body. The beams that travel through the material provided in-
formation about the average residual stress along the path. Scans were 
performed from two sides, which provided information about the dis-
tribution of the xx- and yy-components of residual stress along the x- and 

y-axes, respectively. Strain values were quantified using Eq. (7), and the 
diameter of Debye-Scherrer rings were determined by the caking 
method. The diameter of the reference stress-free condition is difficult to 
determine, as it was discussed in many other related studies cited in the 
Introduction section. Therefore, the diameter belonging to the reference 
stress free state was determined to be the average of all diameters 
calculated for all measurement points. For the comparison of experi-
mental quantifications with the results of the voxel-based full-field 
eigenstrain reconstruction method, the calculations of the numerical 
model were averaged along the same path of the diffraction beam by 
interpolating residual stress values into the same volume occupied by 
the beam size with dimensions of 100 × 100 µm. 

3. Results 

The three-dimensional plots in Fig. 3 display the surface coordinate 
distribution measured using the optical microscope before and after the 
non-contact cutting process. The observed changes in the coordinates on 
the material’s top surface are solely attributed to the relaxation of re-
sidual stresses formed during the PBF additive manufacturing of the 
body. The noisy distribution of z-coordinates in the profilometry data is 
due to the surface roughness of the printed body. Since hDIC relies on 
the correlation of the z-component of profilometry data, the noisy dis-
tribution caused by surface roughness was not subjected to any regres-
sion analysis. 

The results of regression analysis of displacements, that were 
calculated by the hDIC using optical profilometry data performed using 
cubic polynomial functions, to capture main trends of the two- 
dimensional distribution of displacements are given in the left column 
of Fig. 4. The x-component of displacements, Dx, shows a variation along 
the x-axis while they have slight changes in the y-axis. Similarly, the y- 
component of displacements, Dy, have strong variation along the y-axis 
while they keep a stable form along the x-axis. These results show that 
the rectangular printed body has a concave shape after the non-contact 
cutting process. This claim has been proven by the distribution of the z- 
component of displacements, Dz, that shows the conversion into a 
concave form. Displacements calculated by the finite element method 
(FEniCS) based numerical model, which are given in the right column of 
Fig. 4, show an excellent match with the displacements calculated by the 
hDIC. This self-check property of the voxel-based eigenstrain recon-
struction method provides the first validation in terms of displacements. 
However, this validation is not sufficient because the calculated dis-
placements correspond to the top surface only, and there can be an 
infinite number of combination of eigenstrain states that may result in 
such a distribution of displacements. Therefore, in order to be satisfied 
with the reliability of full-field eigenstrain reconstruction, further vali-
dations were done using other reliable experimental techniques. 

Line plots of six residual stress components are given in Fig. 5 along 
with the distribution of Von Mises yield criterion. Both shear and normal 
components of residual stresses seems to be shirked after cut. Shear 
stresses on the top surface along the red line have invisible magnitude 
while normal components have high magnitudes varying along the di-
agonal path. On the other hand, shear components have visible magni-
tudes along the diagonal blue path that distribute through the thickness 
and higher relaxation after separation from the base is observed in the 
regions closer to the top surface of the printed body. 

The study of Alhuzaim et. al. [21] show that the tensile strength of 
CM 247 LC thin walls manufactured using direct laser deposition (DLD) 
technique has the potential to reach up to 1120 MPa, depending on the 
processing conditions. In the case of eigenstrain-based modelling, the 
resulting residual stresses are expected to be less than or equal to the 
tensile strength of the printed body, as the permanent plastic strains are 
mapped and imported according to the experimental data. The contin-
uum model that solves the direct problem of eigenstrain is structured 
based on the assumption of isotropic distribution of material properties, 
but in a real printed body, it is less likely to obtain a homogeneous 
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distribution of tensile strength. On the other hand, eigenstrain-based 
modelling is structured on isotropic properties of elasticity, and the 
nature of this kind of modelling eliminates the need for isotropic dis-
tribution of plastic properties. Accordingly, the calculations of the pre-
sented model are free from limitations of plasticity, and the peak values 
of the von Mises criterion might reach the local limits of yield or tensile 
strength as illustrated in Fig. 5. 

Line plots along the diagonal blue and red paths also show that the 
magnitudes of the normal components of residual stress are reduced 
after the separation from the base, but they continue to exist in a 
different form with high strength as illustrated in Fig. 5. The reason for 
this transformation is likely due to the bending of the planar printed 
body into a concave form. To investigate this claim, further analyses 
were performed on the planar distribution of the variation of the xx- and 
yy-components of residual stress along the yz- and xz-planes, respec-
tively, passing through the origin. Fig. 6 shows the change in stress state 
after the separation of the part from the base. The magnitude of change 
in the xx- and yy-components of residual stress due to the separation 
shows a significant resemblance to the bending of plates. Both stress 
states have a linear variation along the height, with a distribution from 
compressive to tensile and a neutral state at around the centre. However, 
the chaotic nature of the PBF additive manufacturing process makes the 
classification of bending difficult. 

According to the symmetric variation of the xx-component of resid-
ual stresses along the entire path of the x-axis, it can be stated that static 
equilibrium under the influence of the xx-component of residual stresses 
can be satisfied by corresponding bending moments. On the other hand, 
the influence of the lower magnitude of change in the y-component of 
displacements and related bending moments results in an asymmetric 
variation of the yy-component of residual stresses along the y-axis. 
Accordingly, it can be stated that, similar to the bending of plates, the 
displacements as a result of the relaxation of residual stresses create 
bending moments that are balanced by new forms of residual stresses to 
satisfy static equilibrium. 

The results presented up to this point show that the voxel-based full- 
field eigenstrain reconstruction of residual stress provides valuable in-
formation for understanding the mechanics behind the complex de-
formations that occur due to manufacturing processes that have chaotic 
effects at micro and nano scales. The purpose of this study is to accu-
rately map residual stresses with the help of limited experimental data. 
Therefore, a detailed view of the results of the reconstruction process is 
given in Fig. 7 in the form of transparent three-dimensional plots of the 
xx- and yy-components of residual stress. These illustrations show that 
the dominance of tensile stresses is replaced by compressive components 
with decreasing height in the before-cut condition. After the removal of 
the printed body from the base, the resulting stresses have lower 
magnitude and a visually more homogeneous distribution, but with 
variations due to the influence of bending moments as discussed before. 

Detailed views of the distribution of xx- and yy-components of re-
sidual stress in the top, middle and bottom layers are illustrated, as 
contour plots for both before and after separation from the base, in 
Figs. 8, 9 and 10 respectively. These plots clearly present the symmetric 
nature of the distribution of residual stresses along the hight of the 
printed body. Distribution of residual stresses in the top layer seem have 
a twin with opposite sign in the bottom layer. 

The contour plot of middle layer given in Fig. 9 presents the whole 
picture about neural state of residual stresses. As indicated in the case of 
bending moments, residual stresses in the middle layer do not change 
after the separation from the base. Although the bending of printed body 
cannot be classified as bending to a deployable surface or symmetric 
bending because of inhomogeneities in the distribution of residual 
stresses, it can be stated that mechanical effects of displacements due to 
stress relaxation after separation from the base can be explained by 
bending moments. This understanding is crucial because bending mo-
ments cause formation of new residual stress field that take place the 
stresses in the before cut condition. 

The second validation of calculations of voxel-based full-field 
eigenstrain reconstruction method was achieved by the experimental 
quantification of planar distribution of xx- and yy-components of re-
sidual stresses. Residual stresses quantified by the X-ray diffraction sin2ψ 

technique that were averaged through the x- and y-axes and distributed 
along the y- and x-axes respectively were compared with the averaged 
values of model calculations as illustrated in Fig. 11. The results show 
that there is a very good match between diffraction and model calcu-
lations of residual stresses. Even though the error range of experimental 
results is high, the overall trends of distribution of averaged values show 
excellent agreement, providing a good validation of the eigenstrain 
model by a highly reliable diffraction-based experimental technique. 

The surface of the printed body was not treated before the experi-
mental measurement of lattice spacing, and accordingly, diffraction 
measurements were performed on the as-printed surface. This caused 
the Debye-Scherrer rings to appear in a grainy form, but the Rietveld 
refinement technique combined with the caking method allowed reli-
able determination of the lattice spacings. The high standard error range 
can be a result of this grainy form of experimental data, but measure-
ment in as-printed condition was compulsory in order to prevent crea-
tion of additional shear stress fields due to surface processing. 

The third and final experimental validation of the voxel-based full- 
field eigenstrain reconstruction method was achieved by using high-flux 
diffraction beams that penetrated all the way through the x- and y-axes 
normal to the y- and x-axes, respectively. The comparison between re-
sidual elastic strain quantifications from high flux transmission 
diffraction beam data and numerical model calculations is shown in 
Fig. 12 to understand the changes in stress state based on the underlying 
facts about bending of plates [86]. The left column of the figure shows 
the xx-component, while the right column shows the yy-component of 
residual elastic strains. In addition to the comparison between the model 
and experimental results, the distribution of residual elastic strains on 
the planes that the diffraction beam penetrates is also shown. The planes 
are located at the origin and ± 5 mm away from the origin. 

The quantifications of the xx-component of residual elastic strain 
show a very good match between the voxel-based eigenstrain recon-
struction method and the high flux transmission diffraction beam data. 
This provides evidence of the high reliability of the voxel-based eigen-
strain reconstruction method. However, the model calculations and 
diffraction-based quantifications of the yy-component of residual stress 
in the middle plane do not show a good match. This deviation is likely 
due to experimental errors caused by the cutting plan. In the cutting 
process, the EDM arc elongates along the x-axis while it travels along the 
y-axis. This cutting plan produces a homogeneous elastic response due to 
the non-contact separation of the printed part along the x-axis, while the 
response is gradual along the y-axis. 

Even though the diffraction-based quantifications on the top surface 
of the part show a good match with the yy-component of residual elastic 
strain calculations from the voxel-based eigenstrain reconstruction 
method, the in-volume measurements do not show a similar match along 
one of the axes. This is because the high flux transmission diffraction 
beams used for the in-volume measurements were penetrated away from 
the source of experimental data, which magnified the errors caused by 
the cutting process. This phenomenon needs to be investigated further 
by testing different cutting plans and validating the results with 
diffraction-based experimental residual elastic strain quantifications. 
However, this is beyond the scope of this study. 

During the manufacturing of CM 247 LC additive manufacturing 
part, nucleation is expected to initiate grain formation at the solid base 
and molten liquid metal interface. Complex rapid heating and cooling 
cycles repeated during the PBF process induce heterogeneous nucleation 
as homogeneous nucleation requires these cycles to be expanded into 
large time scales. Grains elongate along the building direction while 
having an equiaxed form parallel to the building plane. The character-
istic form of grains belonging to the PBF additive manufacturing process 
was analysed using electron backscattered (EBSD) images illustrated in 
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Fig. 13. The microstructure map in the top image belongs to the section 
surface normal to the build direction (z-axis) and the bottom map is for 
the section surface normal to the y-axis. Results show that CM 247 LC 
part accommodates this characteristic microstructure that supports the 
reliability of production of this part. 

4. Conclusion 

The voxel-based eigenstrain reconstruction method has previously 
demonstrated its success in numerical experiments, achieving highly 
accurate reconstruction of eigenstrains and residual stresses with mini-
mal triaxial displacement data. This study extends this analysis to real 
case experiments, utilizing data processed by hDIC. Monochromatic 
diffraction was also used to quantify residual stresses in the printed body 
before separation from the base for achieving validation along with the 
validation of the experimentally determined displacements in the post- 
separation state against those calculated during reconstruction. These 
validations underscore the capability of eigenstrain-based modelling to 
determine residual stress after various processing conditions without 
process modelling. 

Residual stresses in additive manufacturing parts represent a critical 
and often complex aspect of the manufacturing process and have a sig-
nificant impact on the structural integrity, dimensional accuracy, and 
overall performance of additive manufacturing parts. Therefore, 
achieving cost-effective prediction of residual stress fields is essential for 
designing components with minimized residual stress. The integration of 
the hDIC technique with the voxel-based eigenstrain reconstruction 
method has been proven to be effective in volumetric mapping of re-
sidual stresses in additive manufacturing parts based on cost-effective 
optical profilometry measurements. Volumetric analysis achieved by 
this approach allows the determination of unpredictable residual stress 
hotspots formed due to the discontinuous processing conditions of this 
manufacturing process that cannot be achieved by currently available 
process modelling and experimentation techniques. 
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