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The wire arc additive manufacturing with cold metal transfer (WAAM-CMT) technique is one of the
3D printing methods that enables the manufacturing and repairing of complex 3D metal structures.
However, the physical processes occurring during WAAM-CMT are challenging to model as they depend
on multiple technological parameters such as the material used, welding current, voltage, wire feed rate,
travel speed, and cooling. One of the important drawbacks of this technique is the introduction of resid-
ual strains into the produced structures. The experimental methodology for determining residual strains
in samples manufactured on substrates with di�erent thicknesses is examined to optimise the process
and minimise residual strains. The method employs 3D digital image correlation to measure strains
released during the stepwise unloading of samples produced on pre-clamped substrates. Example ex-
periments were conducted for 316L stainless steel samples with two di�erent substrate thicknesses. The
evaluated data were correlated with technological parameters, potentially identifying optimal WAAM-
CMT parameters. Moreover, the results were compared to the �nite element method model of the
manufacturing process to gain a deeper understanding of the physical processes and to improve �nite
element method modelling. This hybrid approach helps to identify key technological parameters and
plan cooling strategies to minimise residual stresses in WAAM structures.

topics: digital image correlation (DIC), wire arc additive manufacturing (WAAM), residual strains
measurements

1. Introduction

Residual stress is the stress that remains in a
material after being manufactured, processed, or
exposed to external loads. These stresses can sig-
ni�cantly a�ect the material's mechanical proper-
ties, durability, and performance. Understanding
and measuring residual stress is crucial in engi-
neering applications to ensure structural integrity
and reliability. Optical measuring techniques are
often employed for this purpose due to their non-
destructive nature, high precision, and capability to
provide detailed stress pro�les.
Residual stresses arise during manufacturing pro-

cesses like welding, casting, and machining, or
through service conditions such as load cycling.
They can be bene�cial, as in the case of compres-
sive residual stresses introduced by shot peening, or
detrimental, leading to crack initiation and propa-
gation.

Accurate measurement of residual stress is vi-
tal for predicting the life and performance of com-
ponents, especially in critical applications such as
aerospace, automotive, and structural engineering.
It helps in the validation of manufacturing pro-
cesses, quality control, and in the development of
repair strategies.
Currently, the main techniques utilised for resid-

ual stress measurement can be divided into de-
structive and non-destructive. Destructive testing
results in damaging the sample or removing a
section of material, meaning that the specimen
may no longer be used. Among the destructive
methods, traditional ones can be mentioned, like
slitting and measuring the elongation [1], centre-
hole or ring core drilling [2] combined with strain
gauges or optical methods (digital image cor-
relation (DIC), grating interferometry, electronic
speckle pattern interferometry (ESPI)) [3] and con-
tour method supported by �nite element method
(FEM) [4].

536

http://doi.org/10.12693/APhysPolA.146.536
mailto:adam.styk@pw.edu.pl


Digital Image Correlation to Assess Residual Strains in. . .

Among the non-destructive techniques, neutron
di�raction [5], synchrotron di�raction, and mostly
X-ray di�raction (sin2(ψ) method) [6] are dom-
inating. Other experimental methods that are
also worth mentioning are magnetic (Barkhausen
noise) [7], acoustic emission [8], and ultrasonic
methods [9]. They are fast, reliable and can measure
complex shapes. The main disadvantages are speci-
men size and weight restrictions, high cost, limited
access, and the accuracy a�ected by texture and
grain size [10, 11].
Experimental methods are based on displacement

measurements in selected areas of the tested mate-
rial. They enable recording the displacements be-
tween an undeformed and deformed element or af-
ter releasing stresses formed in the material during
manufacturing processes. The values of strains and
stresses in the material are determined from the
relationships between displacements, strains, and
stresses. It is important to emphasize that in each
case, the indication obtained from a non-destructive
measurement depends on many parameters, only
one of which is the sought stress.

2. WAAM-CMT manufacturing

Wire arc additive manufacturing (WAAM) is an
advanced manufacturing process that combines tra-
ditional welding techniques with rapid prototyping
technology to create large metal components layer
by layer. This technology is mainly known for its
e�ciency in fabricating large-scale parts with less
material waste compared to traditional subtractive
manufacturing methods.
WAAM uses an electric arc, typically from gas

metal arc welding (GMAW) or tungsten inert gas
(TIG) welding, as the heat source to melt metal
wire feedstock. The melted metal is deposited
layer by layer to build a three-dimensional object
(see Fig. 1) [12].
The choice of material, often in wire form, in-

cludes steel, aluminium, titanium, and nickel-based
alloys. The deposition process involves controlling
the path of the welding torch and wire feeder to
create successive layers, following a predetermined
path based on the CAD model of the part.
Localised heating and uneven cooling during the

WAAM process introduce large thermal gradients,
causing distortion and residual stresses, which can
a�ect the topology and global integrity of a WAAM
component.

3. DIC for residual stress measurement

Digital image correlation (DIC) is a non-contact
optical method applied for full-�eld measurements
of the displacement and the deformation of solids.

Fig. 1. Diagrammatic sketch of the WAAM pro-
cess [12].

Fig. 2. The scheme of 3D digital image correlation
measurement [14].

It uses a sequence of digital images of the sample
with a random speckle pattern on its surface. The
most signi�cant advantages of this method are the
independence of the material of the tested sample
and the length-scale of interest [13]. Due to that
fact, over the past two decades, the number of vari-
ous applications of these techniques has rapidly in-
creased [14].
Stereo-DIC, also known as 3D DIC, is a digital

image correlation technique used to measure the 3D
displacement components and the shape of a sample
with various geometries [13].
The calibration of 3D DIC systems is done with

�at charts containing a speci�c grid of markers.
During the measurement, a series of image pairs
is captured by synchronised cameras. The collected
images are then stereo-correlated and triangulated,
and the specimen 3D surface shape coordinates for
every load are obtained [15]. From that set of ob-
jects' 3D shapes, the full displacement vector may
be calculated. The scheme of the 3D DIC system is
illustrated in Fig. 2 [14].

4. Experiment

During the experimental works, the samples with
di�erent process parameters were studied. Two
main pre-optimised manufacturing process param-
eters were considered, namely the welding current
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Fig. 3. 3D DIC measurement setup for residual
strain measurements.

and the thickness of the base plate on top of which
the structure was deposited. A robotic welding sta-
tion consisting of a cold metal transfer (CMT)
source, Fronius TPS 2700 and a ZAP-Robotyka
IRp-6 robot [16] was used for sample preparation.
The 3D DIC measurement setup for residual

strain measurements is presented in Fig. 3. It con-
sists of two cameras (GRAS-50S5M-C Point Grey,
2448 × 2048 pixels, square pixel size of 3.45 µm)
mounted rigidly on an aluminium rod and a com-
puter equipped with appropriate software (VIC-3D)
for recording and processing of the experimental
data. The angle between the cameras was 25.6◦.
The spatial resolution of the DIC imaging system
corresponds to 147 µm with an approximate mea-
surement volume of 200× 100× 200 mm3.
Preparing test samples using WAAM technology

required using a substrate made of a material com-
patible with the deposition material. The applied
substrate, namely sheet metal, will partially sti�en
the deposit (accumulate stresses), reducing the de-
formations recorded in the deposit.
To ascertain the in�uence of substrate thick-

ness on the distribution and magnitude of residual
stresses, deposition tests were conducted on sub-
strates with a thickness of 4 and 8 mm, employing
constant WAAM process parameters. On each of
the plates, models were constructed in the form of
vertical walls with a height of approximately 40 mm
and a length of 110 mm. The wall thickness was
equivalent to a single bead (approximately 4 mm).
All of the investigated samples were made of stain-
less steel 316L. The speci�c WAAM deposition pa-
rameters are detailed in Table I.
The samples were manufactured in a specially

prepared holder equipped with a lever mechanism
enabling rigid mounting of the substrate plate (at
the manufacturing stage) with the possibility of

TABLE I
WAAM deposition test parameters.

No.

Arc

voltage

[V]

Welding

current

[A]

Travel

speed

[mm/s]

Substrate

thickness

[mm]

1 13.4 78 6.75 8

2 13.4 78 6.75 4

controlled change in the position of the clamp
placed at one end of the sample. Upon completion
of the manufacturing process, the holder and the
�nished sample were transferred to the DIC mea-
suring station.
The holder allows the step-wise release of residual

stresses from the sample manufactured on the pre-
clamped substrate. The micrometric dial indicator
ensures control over the subsequent step determi-
nation. The samples were additionally prepared for
the measurement by depositing the black and white
random pattern.
The measuring station (Fig. 3) was equipped

with a digital dial gauge indicating the displace-
ment value caused by the release of stresses ac-
cumulated in the sample. Before undertaking the
measurement, the sensor reading was set to zero.
The DIC measurement was performed each time the
sensor reading increased by 0.1 mm. The measure-
ment was completed when the sensor reading did
not change (all accumulated stresses were released).
For each WAAM sample measurement, three

unloading�loading cycles were performed. During
the unloading and loading cycles, the speci�cally
chosen measurement points indicated by the micro-
metric dial values were tracked. For each measured
sample, we have acquired 211 stereo-pairs of images
to be further processed in the VIC-3D software. In
the processing stage, the maps of displacements in
�u�, �v�, and �w� were calculated. Further, these dis-
placements were used for the calculation of absolute
displacement maps, which were applied for compar-
ison with the numerical model. Also, it should be
mentioned that we could extract the single point in
the displacement map and analyse its displacement
variations in time.
The 2D displacement maps calculated for each

measured point along the unloading�loading cycle
were used to track the changes in displacements that
can be correlated with residual strains.

5. Numerical simulation

The studies on assessing residual stresses were
also extended to simulation studies. The simu-
lation of the model manufacturing process using
the WAAM method and subsequent simulations of
the release of accumulated stresses were performed
in the Simufact Welding software based on �nite
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Fig. 4. DIC measurement results distribution of total displacements after releasing all stresses of the sample:
(a) on 4 mm substrate, (b) on 8 mm substrate.

Fig. 5. FEM simulation of distribution of total displacements after releasing all stresses of the sample on the
4 mm (a) and 8 mm (b) substrate.

element method (FEM). This software has a DED
(direct energy deposition) calculation module ded-
icated to welding additive manufacturing deposi-
tion. The developed model, re�ecting the geome-
try of produced samples, considers the incremental

deposition that occurs during the process with a cer-
tain degree of approximation to the actual surfacing
conditions. In particular, the shape of the sample
was simpli�ed (for example, the model surface is �at
and not wavy), and the path of the movable support

539



D. Budiakivska et al.

Fig. 6. FEM calculated equivalent stress distribu-
tion along the length of the sample for the 8 mm
substrate thickness.

TABLE II

Calculated σxx,u stresses in samples tested by DIC
method.

Substrate

thickness

[mm]

Maximal

stress

σxx,u [MPa]

Minimal

stress

σxx,u [MPa]

Typical

stress

σxx,u [MPa]

8 1007 −1900 ±150− 400

4 672 −1580 ±100− 400

is, in reality, curvilinear, while the model employs
a rectilinear path. Some inaccuracies in numerical
calculations may be introduced by the parameters
of the heat source used. In the numerical model, a
heat source (Goldak model) operating continuously
was used, while in reality, in the CMT surfacing
device used, heat is introduced to the material in
intervals (the electric arc ignites for a moment and
then goes out).

6. Results

The results of the total displacement distribu-
tions for the samples welded on 8- and 4-mm thick
plates are shown in Fig. 4 for the DIC measure-
ments and in Fig. 5 for the FEM simulations,
respectively.
In both tests, a similar nature of displacement

distribution is visible. The model's left side expe-
riences the largest deformations, which gradually
decrease towards the right edge of the sample. In
addition, the substrate bending is visible after the
surfacing process and due to stress release by con-
trolled release of the sample holder clamp. The dif-
ferences in the recorded total displacement values
may result from simpli�cations and assumptions of
the calculation model, which did not fully re�ect the
conditions and phenomena during CMT surfacing,
which were mentioned earlier. In the case of the
FEM model, signi�cantly larger displacements for

Fig. 7. FEM calculated equivalent stress distribu-
tion along the length of the sample for 4 mm sub-
strate thickness.

sample 2 (on a 4 mm substrate) are the result of the
lower sti�ness of the substrate, which is more sus-
ceptible to plastic deformation. The displacements
of the model during unloading are the result of re-
leasing the accumulated stresses created during the
manufacturing process. Releasing the sample from
the holder does not mean releasing all the internal
stresses of the sample material.
Figures 6 and 7 show the distribution of equiva-

lent stresses calculated using the FEM method for
samples made on 8- and 4-mm thick substrates. The
samples show a similar trend of stress distribution.
The closer to the substrate plate, the higher the cal-
culated stresses. The lowest stresses were observed
near the centre of the sample and in the area of the
last applied layer.
The increase in stresses in the substrate area may

be caused by a geometric notch at the contact be-
tween the substrate plate and the weld. Over most
of the sample length, stresses reach values of up to
200�250 MPa. However, at the sample edges, near
the substrate, they increase to ≈ 300 and 500 MPa,
which may be the e�ect of stress singularity in this
area (that often accompanies FEM calculations).
In the case of the digital image correlation, where

the results are in the form of displacements and
strains, it is possible to determine stresses in the
plane of the produced wall using the relationship
between strains and stresses for a plane stress state
(longitudinal stress), i.e.,

σxx,u =
E

(1− ν2)
(εxx + ν εyy). (1)

Table II presents the minimum, maximum, and typ-
ical values of the longitudinal stress component σxx
determined from DIC measurements for the ob-
tained strains εxx and εyy, assuming data for 316L
steel (Young's modulus E = 193 GPa, Poisson's ra-
tio ν = 0.25). Most of the calculated stresses σxx,
both tensile and compressive, were in the range of
150�400 MPa, which re�ects the stress values deter-
mined during the numerical simulation.

540



Digital Image Correlation to Assess Residual Strains in. . .

7. Conclusions

Using 3D DIC for the determination of displace-
ments and strains during residual stress release pro-
vided a lot of valuable data, which should enable the
development of a proper FEM model of residual
stresses created under various processing parame-
ters and sample materials.
The measurement system can be enhanced by in-

troducing additional 3D DIC systems to monitor
eventual base and clamping device displacements
and by better de�ning the unloading point.
The σxx stresses derived from measured strains

using the adopted DIC technique were mainly
within the range of 150�400 MPa, both tensile and
compressive. In contrast, the stresses calculated us-
ing the �nite element method (FEM) analysis ex-
hibited lower values, typically within the range of 50
to 200 MPa. This indicates that the stresses within
the simulation model were not fully released, as evi-
denced by the reduced deformation values observed
in the model.
The WAAM deposition performed on the thin-

ner 4 mm substrate revealed elevated stress lev-
els compared to those observed for the 8 mm sub-
strate, mainly in the region close to the substrate
plate. This phenomenon can be attributed to the
reduced thermal capacity of the thinner substrate
plate, which experiences a more rapid and intense
heating process due to the concentrated heat source.
This, in turn, gives rise to an elevated degree of de-
formation in the resulting sample.
It can be observed that the stresses within the

sample wall diminish as the distance from the sub-
strate plate increases. Furthermore, these values re-
main within a similar range (30�150 MPa) for vary-
ing substrate thicknesses.
Although the results of numerical calculations do

not di�er signi�cantly from those obtained in the
DIC tests, the analyses that were conducted indi-
cate the need for further modi�cation of the model.
The FEM model has to be signi�cantly enhanced,
i.e., (i) for determination of displacements in agree-
ment to sample measurements and (ii) for residual
stresses determination, the di�erences in local ma-
terial constants should be checked, as well as (iii)
the model clamping conditions with releasing stress
after �nishing deposition of all layers.
It is important to note that the element pro-

duced on the substrate plate through the use of
the WAAM method should ultimately be detached
from the substrate itself. This process should be ac-
companied by further release of some of the accu-
mulated stresses from the area where the surfacing
process was initiated.
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